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ABSTRACT Mitochondrial life cycle and protein import are intricate cellular processes,
which require precise coordination between the transport machineries of outer and in-
ner mitochondrial membranes. Presequence translocase performs the indispensable
function of translocating preproteins having N-terminal targeting sequences across the
inner membrane. Tim23 forms the core of the voltage-gated import channel, while
Tim17 is presumed to maintain the stoichiometry of the translocase. However, mecha-
nistic insights into how Tim17 coordinates these regulatory events within the complex
remained elusive. We demonstrate that Tim17 harbors conserved G/AXXXG/A motifs
within its transmembrane regions and plays an imperative role in the translocase as-
sembly through interaction with Tim23. Tandem motifs are highly essential, as most
of the amino acid substitutions lead to nonviability due to the complete destabiliza-
tion of the TIM23 channel. Importantly, Tim17 transmembrane regions regulate the
dynamic assembly of translocase to form either the TIM23 (PAM)-complex or TIM23
(SORT)-complex by recruiting the presequence translocase-associated motor (PAM)
machinery or Tim21, respectively. To a greater significance, tim17 mutants displayed
mitochondrial DNA (mtDNA) instability, membrane potential loss, and defective im-
port, resulting in organellar dysfunction. We conclude that the integrity of Tim17
transmembrane regions is critical for mitochondrial function and protein turnover.
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The vast majority of mitochondrial proteins are encoded by nuclear genes and
synthesized on cytosolic ribosomes with an amino-terminal positively charged

cleavable signal sequence. The efficient import of mitochondrial proteins requires
precise coordination between the translocases of the outer membrane (TOM complex)
and the inner membrane (TIM23 complex) (1–9). After initial recognition and transport
through TOM complex, these preproteins are actively sorted based on their destination.
The preproteins directed toward the matrix compartment possess an N-terminal pos-
itively charged presequence and are imported into the matrix compartment with the
aid of presequence translocase (TIM23 complex) (1–10). The core of presequence
translocase consists of a membrane-bound channel component formed by Tim23 and
Tim17 (11–15). Tim23 and Tim17 are phylogenetically related integral membrane
proteins and have similar transmembrane topology. Tim23 contributes to the formation
of voltage-gated protein-conducting pores, while the evidence suggests that Tim17 is
majorly involved in regulating the channel activity (16–23). Other components such as
Tim50 and Tim21 act as receptors and coordinate with the intermembrane space (IMS)
domain of Tim23 to facilitate preprotein recognition and transfer from the TOM
complex to presequence translocase (16, 17, 22, 24–32). Mgr2 has been recently
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identified as a member of active, preprotein-conducting translocases and functions as
a gatekeeper to regulate the lateral release of preproteins into the inner membrane. In
addition, Mgr2 also assists in Tim21-mediated coupling of Tim23 to the respiratory
chain complexes III and IV (33–35).

The membrane potential (Δ�m) across the inner membrane serves as the initial
driving force for the preprotein import by presequence translocase (36). The complete
translocation of preproteins into the matrix is facilitated by mitochondrial heat shock
protein 70 (mtHsp70), which forms the core of the import motor and is recruited to the
import channel via a membrane tether, Tim44 (37–41). The presequence translocase-
associated motor (PAM) J-protein components, Pam18-Pam16 heterodimer, regulate
the ATPase cycle of mtHsp70 together with the nucleotide exchange factor Mge1 in an
ATP-dependent manner (42–48). The organization and recruitment of the PAM sub-
complex to the core channel are mediated by additional nonessential components of
presequence translocase, Pam17 and Tam41 (41, 49–52).

Due to the lack of high-resolution structural insights, the organization of TIM23
pores and the formation of protein-conducting channels together with Tim17 are
largely unknown and constitute an intriguing aspect of the presequence translocase
yet to be uncovered. A preliminary analysis using reconstituted proteoliposomes
suggests that Tim23 forms a gated twin pore and that depletion of Tim17 or its
truncation at the N terminus disrupts the architecture of the core channel (21, 23, 53).
Intriguingly, impaired interaction of Tim17 with the TM2 region of Tim23 has been
largely attributed to loss of Δ� leading to defective import (22, 54, 55). These obser-
vations collectively indicate that Tim17 plays an important role in modulating the
voltage-dependent structural dynamics of the TIM23 channel. Moreover, the organiza-
tion of the human TIM23 channel is highly intricate due to the presence of two Tim17
paralogs (Tim17A and Tim17B), which organize into two separate translocation chan-
nels (56). Recent reports indicate that upregulation of Tim17A expression is associated
with the progression of breast cancer and could serve as a hallmark for the detection
and prognosis of breast cancer. At the same time, knockdown experiments using small
interference RNA (siRNA) indicated an oncogenic activity of TIMM17A in breast cancer,
suggesting that it might represent a novel class of mitochondrial targets for tumor
therapy (57, 58). Furthermore, overexpression of TIMM17A could rescue mitochondrial
DNA (mtDNA) loss in human NT2 teratocarcinoma cells containing A3243G mutant
mtDNA, which previously have been shown to lose mtDNA (59). This explicitly empha-
sizes the critical requirement of uncovering the role of Tim17 in maintenance of
architecture of presequence translocase, thereby regulating and reprogramming the
mitochondrial functions in cancer cells.

The G/AXXXG/A motifs are frequently present within the transmembrane regions
and are known to favor helix-helix interactions in polytopic membrane proteins.
Intriguingly, these motifs gained more attention as the three-dimensional structure of
the transmembrane domain of glycophorin A could provide insight into how the
glycine residues of the GXXXG motif stabilize helix-helix interactions and aid in ho-
modimerization, thus underlining its central importance in the assembly process of
membrane proteins (60–64). At the amino acid sequence level, both Tim17 and Tim23
contain a large number of G/AXXXG/A motifs within the transmembrane segments.
Recent reports highlight that conditional mutants isolated within the G/AXXXG/A
motifs of Tim23 transmembrane regions were found to impair Tim23 homodimerization
as well as interactions with other components such as Tim17 (22, 65).

In the present report, we have delineated the importance of G/AXXXG/A motifs of
Tim17 in the assembly of the core TIM23 channel. These motifs of Tim17 are responsible
for the precise helix-helix packing, thus stabilizing the geometry of TIM23 pore through
heterotopic interactions. Our biochemical and genetic analysis comprehensively pro-
vides evidence for the role of Tim17 in the recruitment of PAM subcomplex and Tim21
to the core channel forming Tim23. In addition, our report highlights the profound role
of G/AXXXG/A motifs of Tim17 in the maintenance of inner membrane potential,
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mitochondrial integrity, and mtDNA stability, thereby signifying its importance in
preserving the architecture of presequence translocase.

RESULTS
Conserved G/AXXXG/A motifs within the transmembrane regions of Tim17 are

essential for its function. Tim17 protein (Tim17) is an essential subunit of the
presequence translocase, sharing significant structural similarity with Tim23 and
consisting of four predicted transmembrane regions (TM1, TM2, TM3, and TM4) with
both its amino and carboxyl termini facing the IMS region (53, 66). Multiple-
sequence alignment of Tim17 across species reveals the presence of several conserved
G/AXXXG/A motifs in TM regions (see Fig. S1 in the supplemental material). To
determine the importance of G/AXXXG/A motifs in Tim17 function, we have performed
site-directed mutagenesis systematically to convert amino acids from glycine to either
leucine or alanine, and similarly, alanines in these motifs were replaced with leucines. The
mutant plasmids were transformed into a haploid Δtim17 strain containing a wild-type
functional copy of the TIM17 gene on a URA3-based plasmid. The presence of the URA3
gene allowed the selection of cells that had lost the plasmid carrying the wild-type TIM17
gene on 5-fluoroorotic acid (5-FOA) medium. To test the growth phenotype, wild-type and
mutant cells were spotted on either 1% yeast extract–2% peptone–2% glucose (YPD) or 1%
yeast extract–2% peptone–3% glycerol (YPG) medium and incubated under permissive and
nonpermissive temperature conditions. Three isolates with mutations from the TM1 region,
namely, tim17G19A, tim17G19A/A23L, and tim17G25L, exhibited a temperature-sensitive (Ts)
phenotype (Fig. 1A). Of these, the tim17G19A mutant displayed a Ts phenotype at 37°C in
YPG medium only (Fig. 1A). At the same time, changing the glycine at position 19 to leucine
(tim17G19L) caused the organism to display a lethal phenotype (data not shown). On the
other hand, the tim17G19A/A23L and tim17G25L double mutant showed growth sensitivity in
both YPD and YPG media at 37°C (Fig. 1A).

Similarly, two mutants with single or double amino acid substitutions in the TM2
region were isolated, namely, the tim17G66L and tim17A58L/G70L mutants, which showed
temperature sensitivity at 37°C (Fig. 1A). Furthermore, the tim17A58L/G70L mutant dis-
played severe growth defect even at 34°C on YPG medium (Fig. 1A). In addition to that,
two Ts mutants were isolated from the TM3 region, namely, the tim17G95L and tim17G99L

mutants, which were found to be sensitive at 37°C on YPD/YPG media, while the
tim17G99L mutant exhibited severe growth defects at 34°C (Fig. 1A). On the other hand,
single-amino-acid substitutions in G/AXXXG/A motifs of the TM4 region did not yield
any growth defects (Fig. 1A). Strikingly, tandem amino acid replacements in G/AXXXG/A
motifs of every transmembrane region (TM1 to -4) exhibit a lethal phenotype (Fig. 1B).
These mutants include those with tim17G25L/G29L (TM1), tim17G62L/G66L, tim17G62L/G70L,
tim17G66L/G70L (TM2), tim17G95L/G99L, tim17G99L/G107L, tim17G99L/G107A (TM3), and
tim17G123L/G127L (TM4) mutations, which exhibited nonviability in medium containing
5-FOA (Fig. 1B). In summary, mutations in G/AXXXG/A motifs from all the TM regions of
Tim17 that are indicated in Fig. 1C resulted in either a Ts or a lethal phenotype,
suggesting that all the transmembrane regions play an indispensable role in perform-
ing the essential functions of Tim17.

Tandem G/AXXXG/A motifs maintain the stability of Tim17. To determine the
role of G/AXXXG/A motifs in the stability of Tim17, we measured the steady-state levels
of mutant protein in the lysates. Most of the single-point mutations in G/AXXXG/A
motifs were found to be stable and showed comparable Tim17 levels as well as other
subunits of the presequence translocase, including Tim23, Tim50, Tim44, Tim21, and Mge1
(Fig. 2A to C). However, two mutants, namely, the tim17G25L (TM1) and tim17A58L/G70L (TM2)
mutants, showed significant reduction in the protein levels compared to other subunits
of presequence translocase, whose levels remained unaltered (Fig. 2A to C). We
hypothesized that the reduction in steady-state protein levels associated with the
tim17G25L (TM1) and tim17A58L/G70L (TM2) mutations might be a consequence of its
reduced half-life. In order to test this hypothesis, we measured the relative abundance
of proteins after inhibiting the protein translation using cycloheximide. Notably, the
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two mutants showed an enhanced rate of Tim17 degradation as a function of time,
indicating that the decreased level of mutant protein is a consequence of compromised
stability (Fig. 2D). To rule out the possibility that the growth defects associated with the
Ts mutant were not due to reduced protein levels, we overexpressed the mutants
under the control of the centromeric TEF promoter. Interestingly, as indicated in Fig. 2E,
both tim17G25L and tim17A58L/G70L mutants failed to complement the growth defects at
nonpermissive temperatures, even though the expression levels were equivalent to
wild-type levels (Fig. 2F), suggesting that the Ts phenotype of mutants was indeed a
consequence of its intrinsic functional defect.

FIG 1 Isolation of Ts mutants from different transmembrane regions of Tim17 protein. (A) Growth phenotype
analysis. Wild-type (WT) and tim17 mutant strains isolated from transmembrane regions (TM1, TM2, TM3, and TM4)
were allowed to grow until mid-log phase in liquid YPD medium at 30°C. Yeast cells corresponding to an A600 of
optical density at 600 nm (OD600) of 0.5 were harvested, serially diluted, and spotted onto YPD or YPG medium.
Plates were incubated at the indicated temperatures, and images were captured after 72 h. (B) Growth phenotypes
of double tim17 mutants. Mutants from tandem G/AXXXG/A motifs were spotted onto medium supplemented with
5-fluoroorotic acid (5-FOA) and incubated at 30°C, and images were captured after 72 h. (C) Modular representation
of Tim17 protein. The topology of different helices and loops and the positions of the amino acids spanning each
of the segments of the Tim17 protein are highlighted. Amino acid positions of the Ts mutants from TM1, TM2, and
TM3 and the lethal mutant from the TM4 region are indicated.
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Similarly, our findings also highlight that the lethality associated with the double
mutations in G/AXXXG/A motifs of TM1, TM3, and TM4 is due to a reduction in the
protein levels as a result of the compromised stability of Tim17 (Fig. 3A to C). However,
TM2 lethal mutants did not show much difference in the stability of the protein
compared to the wild type (Fig. 3A to C). Further, we analyzed the growth defects
of overexpressed mutant proteins by plasmid shuffling on 5-FOA (Fig. 3D). Surpris-
ingly, only the tim17G123L/G127L-TEF strain was able to produce viable colonies on
5-FOA, while the other mutants were nonviable. To analyze the growth phenotype
of the tim17G123L/G127L-TEF mutant, we subjected it to serial dilution assay on YPD and
YPG. Remarkably, the tim17G123L/G127L-TEF mutant displayed a severe growth defect at all
temperatures analyzed (Fig. 3E). However, the steady-state protein levels of different
subunits of the presequence translocase in the tim17G123L/G127L-TEF mutant were found
to be comparable with wild-type levels (Fig. 3F). In conclusion, our findings provide the
first evidence to indicate that the tandem G/AXXXG/A motifs are critical for maintaining
the stability of the transmembrane regions of Tim17.

FIG 2 Measurement of steady-state protein levels and phenotypic analyses of transmembrane regions (TM1 to -3) mutants of
Tim17. (A to C) Protein expression analysis. Steady-state protein levels of the wild type and tim17 mutants (from TM1, TM2,
TM3) were analyzed by Western blotting using specific antibodies for different components of presequence translocase. (D)
Analysis of protein half-lives. Wild-type and mutant cells were treated with cycloheximide (50 �g/ml) to inhibit the protein
translation, and cells were collected at different time intervals. Lysates were prepared and analyzed by Western blotting (AU,
arbitrary units). The amounts of different proteins were quantified by densitometry using ImageJ software. (E) The wild type
and tim17 mutants (from TM1 and TM2) expressed under the control of the centromeric TEF promoter were serially diluted and
spotted on the indicated media and incubated at different temperatures. (F) Protein overexpression is analyzed for tim17
mutants (TM1 and TM2) using desired specific antibodies by Western blotting.
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FIG 3 Analysis of steady-state proteins levels of lethal mutants. (A) C-terminal FLAG-tagged tim17 mutants were transformed into
wild-type isolates harboring endogenous Tim17 (pRS-316 Tim17), and expression levels of mutant proteins were analyzed by Western
blotting using anti-FLAG antibody. (B) Protein levels of tim17 mutants after overexpressing under the control of centromeric TEF
promoter were analyzed as described earlier. (C) Analysis of protein half-life. Yeast cells expressing C-terminal FLAG-tagged wild-type
and mutant Tim17 under an endogenous Tim17 (pRS316 Tim17) background were treated with cycloheximide (50 �g/ml) to inhibit
the protein translation; cells were collected at different time intervals. Lysates were prepared and analyzed by Western blotting (AU,
arbitrary units). The amounts of different proteins were quantified by densitometry using ImageJ software. (D) Spotting assay. Double
mutants from tandem G/AXXXG/A motifs overexpressing Tim17 under the control of centromeric TEF promoter were spotted on
medium supplemented with 5-fluoroorotic acid (5-FOA) and incubated at 30°C. Images were captured after 72 h. (E) Growth
phenotype analysis. Yeast strains expressing the wild type, tim17G123L, tim17G127L (under the control of the endogenous promoter), and
tim17G123L/G127L-TEF (under the control of the centromeric TEF promoter) from the TM4 segment were serially diluted, spotted onto the
indicated media, and incubated at different temperatures. (F) Protein expression analysis of tim17 mutants. The steady-state protein
levels of Tim17 and presequence translocase complex components in TM4 mutants were analyzed by immunodecoration with specific
antibodies.

Matta et al. Molecular and Cellular Biology

March 2017 Volume 37 Issue 6 e00491-16 mcb.asm.org 6

http://mcb.asm.org


The integrity of Tim17 transmembrane regions is critical for preprotein sorting
into matrix and inner mitochondrial membrane. To evaluate the conditional growth
phenotype of tim17 mutants, we first tested their ability to retain preprotein sorting
into the mitochondrial matrix and inner membrane. To determine the matrix sorting,
we subjected the mutants to in vivo precursor accumulation analysis using Hsp60 as a
model protein, and the removal of N-terminal signal sequence by the matrix-processing
peptidase was monitored. To induce phenotypic effects, the wild type and all Ts
mutants were subjected to heat shock at 37°C and the accumulation of preproteins was
monitored. In contrast to wild-type organisms, all the Ts mutants showed significant
preprotein accumulation of Hsp60 precursor correlating with their observed growth
phenotype (Fig. 4A).

In order to gain insights into the role of G/AXXXG/A motifs of Tim17 in preprotein
import to matrix and inner membrane of mitochondria, we performed in vitro import
kinetics. We have utilized two model proteins. The first, cytb2 (1–167)-DHFR, comprised
of the mouse dihydrofolate reductase (DHFR) fused to the N-terminal 167 amino acids
of cytochrome b2, has an inner membrane sorting signal and thus localizes into the
inner membrane of mitochondria. The second model protein, cytb2 (1–167)Δ19-DHFR,
harbors a deletion of 19 amino acids of the inner membrane sorting signal and thereby
localizes to the matrix. Mitochondria were isolated from yeast cells grown at permissive
temperature and preincubated at 37°C to induce the mutant phenotype, followed by
incubation with saturating amounts of two different precursor proteins in separate import
reaction mixtures, and the import kinetics were monitored by Western blotting. In the case
of inner membrane targeting, tim17A58L/G70L, tim17G99L, and tim17G123L/G127L-TEF mutants
showed a severe defect in the import efficiency, while tim17G19A, tim17G19A/A23L,
tim17G25L, tim17G66L, and tim17G95L mutants showed an intermediate defect consis-
tent with their growth phenotype (Fig. 4B and C). On the other hand, tim17G19A,
tim17G19A/A23L, tim17A58L/G70L, and tim17G99L mutants exhibited a significant defect in
matrix targeting, while tim17G25L, tim17G66L, tim17G95L, and tim17G123L/G127LTEF mutants
showed an intermediate import defect (Fig. 4D and E). Similarly, overexpression of
tim17G25L and tim17A58L/G70L under the control of the TEF promoter also failed to rescue
both in vivo and in vitro import defects (data not shown). In summary, we report that
G/AXXXG/A motifs from transmembrane regions of Tim17 play a crucial role in both
inner membrane sorting and matrix sorting via presequence translocase.

Tim17 transmembrane regions anchor PAM subcomplex and Tim21 to the core
TIM23 channel. In order to unravel the role of Tim17 in maintaining the architecture
of presequence translocase, we initially subjected tim17 mutants to mitochondrial
fractionation analysis by sonication and sodium carbonate extraction. All the mutant
proteins were found to be partitioned into the pellet fraction, indicating that they were
properly targeted and inserted into the inner membrane of mitochondria (data not
shown).

To address the influence of G/AXXXG/A mutation from different regions of Tim17 in
maintaining the architecture of presequence translocase, the digitonin-lysed wild-type
and mutant mitochondria were subjected to coimmunoprecipitation (co-IP) using
anti-FLAG antibody directed against C-terminally FLAG-tagged Tim23. Our findings
highlight that Ts mutants from the TM1 region, including tim17G19A, tim17G19A/A23L, and
tim17G25L-TEF, showed a significant reduction in the copurification of Tim17 with Tim23
(Fig. 5A and B). At the same time, TM1 Ts mutants also showed impairment in the
recruitment of the import motor-forming PAM subcomplex, including Pam18 and
Pam16 (Fig. 5A and B). Furthermore, there was a compromised interaction of Tim21
with the core complex (Fig. 5A and B), while Tim50 and Tim44 were efficiently
recovered together with Tim23. Similarly, all the Ts mutants from TM2, TM3, and TM4
showed impairment in the interaction of Tim17, Pam18, Pam16, and Tim21 with the
core TIM23 channel irrespective of their mutations in these motifs across the full length
of the protein (Fig. 5C to E). To further validate these observations, we analyzed the
stability of TIM23 core complex in tim17 mutants using blue native PAGE (BN-PAGE). All
the Ts mutants from different TM regions of Tim17 showed impaired formation of a
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FIG 4 Critical role of Tim17 in regulating both matrix sorting and inner membrane sorting. (A) In vivo precursor
accumulation assay. Wild-type and tim17 mutant cells were grown to early log phase and subjected to heat shock at 37°C
for 4 h. Cell lysates were prepared and analyzed by Western blotting using Hsp60-specific antibodies; Un, uninduced; In,
induced. (B) In vitro import kinetic analysis. Purified mitochondria from wild-type and different mutant yeast strains were
subjected to heat shock at 37°C for 30 min to induce phenotype, followed by incubation with saturating amounts of
purified cytb2 (1–167)-DHFR at 25°C. The reaction was terminated by the addition of valinomycin at different time intervals;
aliquots were subjected to proteinase K treatment. The samples were subsequently analyzed by Western blotting using an
anti-DHFR antibody; p, precursor; i and i*, intermediates. (C) The signal intensity of imported intermediate bands obtained
from Western blots was quantified by densitometry using ImageJ software for cytb2 (1–167)-DHFR after normalizing the
amounts of precursor imported in the wild type at 20 min as 100% import. (D and E) Mitochondria from wild-type and
tim17 mutant cells were subjected to heat shock at 37°C for 30 min to induce phenotype followed by incubation with
saturating amounts of purified cytb2 (1–167)Δ19-DHFR at 25°C. The import reaction was terminated by valinomycin at
indicated time intervals, followed by treatment with proteinase K. The samples were subsequently analyzed by Western
blotting using an anti-DHFR antibody; p, precursor; i, intermediate (D). The imported intermediate bands were quantified
by densitometry using ImageJ software after normalizing the amounts of precursor imported in the wild type at 20 min
as 100% import (E).
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FIG 5 All the TM regions of Tim17 are essential for Tim23 interaction. (A to E) Purified mitochondria from the wild type and tim17
mutants (TM1 to -4) were subjected to heat shock at 37°C for 30 min to induce phenotype. The mitochondria were lysed with
digitonin-containing buffer, and the lysates were subjected to co-IP using anti-FLAG antibody. Samples were separated on
SDS-PAGE gels and subjected to Western blot analysis using the indicated specific antibodies to detect the different components
of presequence translocase. Twenty-five percent of the total sample served as loading control (Input) against 100% of
immunoprecipitated product. The amounts of different immunoprecipitated proteins were quantified by densitometry using
ImageJ software.
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distinct core complex with a molecular mass of 90 kDa corresponding to Tim23 and
Tim17 (Fig. 6A, arrowheads). Besides, mutants also failed to assemble into higher-
molecular-mass core complexes than those of the wild type, suggesting a compro-
mised interaction of partner subunits with the core TIM23 channel (Fig. 6A, arrow-
heads). Likewise, our findings also highlight that the lethality of tim17G62L/G66L,
tim17G62L/G70L, and tim17G66L/G70L (TM2) double mutants is attributable to the complete
destabilization of the core channel due to the defective interaction of mutant Tim17
with Tim23 (Fig. 6B). Together, these observations provide direct evidence to highlight
that the G/AXXXG/A motifs of Tim17 transmembrane regions play a pivotal role in
maintaining the architecture of presequence translocase.

Tim17 plays a critical role in the maintenance of mitochondrial DNA integrity.
Mitochondrial DNA (mtDNA) is packaged into nucleoid structures having several
mtDNA molecules bound to DNA binding proteins to form a nucleoprotein complex.
Abf2 and Ilv5 are key mtDNA binding proteins that play a crucial role in the mainte-
nance of mtDNA stability (67, 68). Interestingly, TIM17 is identified as a multicopy
suppressor of mtDNA instability in Δilv5 cells, and its overexpression was able to rescue
the mitochondrial DNA loss in cells lacking Abf2 (59). In order to unravel the role of
Tim17 in the maintenance of mtDNA stability, we assessed the growth of tim17 mutants
at a permissive temperature on YPD medium or YPD supplemented with ethidium
bromide (EtBr), which promotes mtDNA loss to generate a petite-negative phenotype
(�0). Strikingly, as indicated in Fig. 7A, all the tim17 mutants from transmembrane
regions exhibited a petite-negative phenotype, as they failed to produce viable colo-
nies on EtBr-supplemented YPD medium. Since overexpression of TIM17 stabilizes the
mtDNA in Δilv5 and Δabf2 cells, we tested whether overexpression of ILV5 and ABF2 can
suppress the mtDNA instability in tim17 mutants. Notably, the overexpression of ABF2 was
able to completely rescue the petite-negative phenotype of tim17G19A, tim17G19A/A23L, and
tim17G123L/G127L-TEF mutants, while the rescue was partial with the remaining tim17
mutants (Fig. 7B). Similarly, overexpression of ILV5 was also capable of suppressing the
petite-negative phenotype of tim17G19A, tim17G19A/A23L, and tim17G123L/G127L-TEF mu-
tants (Fig. 7B).

To investigate the effects of mutations in G/AXXXG/A motifs on mtDNA nucleoid
structures, the wild type and tim17 mutants expressing a mitochondrially targeted

FIG 6 The integrity of Tim17 transmembrane regions is important for maintaining the architecture of
presequence translocase. (A) Analysis of stability of protein complexes using BN-PAGE. The digitonin-
solubilized mitochondria from the wild type and tim17 mutants were subjected to BN-PAGE followed by
immunoblotting against Tim23 antibodies. The positions of the complexes of the wild type are indicated
by arrowheads. Twenty-five percent of the input sample was used as loading control. (B) Co-IP analysis.
Tim17 and tim17 TM2 region lethal mutant proteins were C-terminally FLAG-tagged and transformed into
a strain harboring endogenous Tim17 (pRS316-Tim17). Mitochondria were isolated and subjected to heat
shock at 37°C for 30 min, followed by lysis in digitonin buffer. The lysates were subjected to co-IP using
anti-Tim23 antibody. Samples were separated on SDS-PAGE gels and immunoblotted using anti-FLAG
antibody. Twenty-five percent of the input was used as loading control.
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sequence (MTS)-mCherry construct were grown to the mid-log phase under permissive
conditions and stained with the mtDNA-specific dye SYTO18, and nucleoid morphology
was analyzed by fluorescence imaging. As indicated in Fig. 7C, a colocalization of
mitochondrial mCherry red with green SYTO18 dye, resulting in yellow or orange

FIG 7 Cells lacking functional Tim17 protein exhibit a petite-negative phenotype. (A and B) Growth phenotype
analysis. Wild-type and mutant yeast cells were grown to mid-log phase at 30°C in liquid YPD medium.
Equivalent amounts of cells from each strain were serially diluted and spotted onto YPD medium or YPD medium
containing 40 �g/ml ethidium bromide. The plates were incubated at the permissive temperatures for 3 days,
and images were captured after 72 h (A). Similarly, the wild type and tim17 conditional mutants were
transformed with either ILV5 or ABF2 on a centromeric plasmid under the control of the TEF promoter. The
transformed yeast strains were serially diluted and spotted onto YPD medium containing 40 �g/ml ethidium
bromide and incubated at the permissive temperatures for 3 days. Images were captured after 72 h (B). (C and
D) Quantification of the nuclei number in tim17 mutants. Yeast cells were transformed with mitochondrially
targeted mCherry and allowed to grow to mid-log phase at 30°C. The cells were stained with 10 mM SYTO 18
for 20 min, followed by imaging analysis using a Delta Vision Elite fluorescence microscope (GE Healthcare), and
the images were analyzed using SoftWoRx 6.1.3 software. The images from mCherry and SYTO 18 were superim-
posed (merge). The cells in all the panels were imaged at identical exposures to compare the fluorescence intensity
levels. Bars, 5 �m. (C). Similarly, wild-type and the indicated tim17 mutant strains were grown to mid-log phase,
followed by incubation at the restrictive temperature of 37°C for 0, 4, and 8 h. The mitochondrial nucleoid
morphology was examined at each time interval by staining with SYTO 18 to a final concentration of 10 mM, followed
by imaging analysis using a Delta Vision Elite fluorescence microscope (D). The cells in all the panels were subjected
to identical exposures. Bars, 5 �m.
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fluorescence, indicates the specific staining of mtDNA nucleoid structures. Under
permissive conditions, most of the tim17 mutants displayed numbers of mtDNA
nucleoid structures equivalent to the numbers of the wild type, with punctate mor-
phology similar to that of the wild type (Fig. 7C, compare middle panels with SYTO18
labeling). A time course analysis was performed at restrictive temperature (37°C) to
measure the stability of mtDNA nucleoid structures in tim17 mutants. At all the time
points analyzed, wild-type isolates maintained many punctate nucleoids (25 � 5, n �

20) with normal morphology. However, tim17 mutants showed fewer nucleoids (7 � 3,
n � 20) with coalescent nucleoid morphology at 4 and 8 h (Fig. 7D). Collectively, these
findings indicate that mutations in G/AXXXG/A motifs of Tim17 result in aberrations in
nucleoid quantity and morphology, signifying its importance in the maintenance of
mtDNA stability.

Tim17 G/AXXXG/A motifs are important for maintaining inner membrane
potential. Translocation via presequence translocase is energetically driven by active
membrane potential (Δ�m) across the inner membrane. Reduced Δ�m has been impli-
cated in diminished rates of protein import across the inner membrane (22, 36, 53). To
assess whether the mutations in G/AXXXG/A motifs of Tim17 impart loss in Δ�m, we
stained the cells with the polarity-sensitive JC-1 dye (69). In the presence of intact Δ�m,
the JC-1 dye is taken up by mitochondria to form an aggregate that gives a charac-
teristic red fluorescence at 590 nm. On the other hand, dissipation in Δ�m will result in
the retention of dye outside the mitochondria, giving rise to a characteristic green
fluorescence at 530 nm. The ratio of red to green fluorescence indicates the retention
of Δ�m across the inner membrane. Valinomycin, a potassium ionophore that disrupts
the membrane polarity in isolated mitochondria, served as a positive control. Notably,
compared to the wild type, all the tim17 mutants showed more than 35% reduction in
the ratio of red to green fluorescence, indicating reduced Δ�m across the inner
membrane (Fig. 8A and B). To check whether the loss of Δ�m leads to decrease in the
organellar functionality, wild-type and mutant cells were stained with MitoTracker Deep
Red-A dye, which is a membrane potential-dependent indicator of active mitochondrial
mass (70–72). After inducing the phenotype by heat shock, the wild type and tim17
mutants were subjected to functional mass estimation using MitoTracker Deep Red-A
fluorescence through flow-cytometric analysis (22). In agreement with our hypothesis,
compared to the wild type, all the tim17 mutants exhibited a significant decrease in
fluorescence, indicating that mutations in G/AXXXG/A motifs of Tim17 caused the
reduction in functional mitochondria (Fig. 8C and D).

Defective import and loss of Δ�m are often associated with the generation of
reactive oxygen species (ROS) due to improper electron channeling across the electron
transport chain (ETC) complexes leading to the formation of superoxide and hydroxyl
radicals. Therefore, to assess the effects of mutations in tim17 on maintaining the free
radical balance, we performed MitoSOX staining and analyzed mitochondrial superox-
ide levels by flow cytometry. Convincingly, all the tim17 mutants displayed a significant
elevation in the mitochondrial superoxide levels compared to wild-type levels (Fig. 9A).
This finding further explains the loss of functional mitochondria in tim17 mutants, as
elevated superoxide levels are known to cause organellar dysfunction. Since organellar
dysfunctions have shown to perturb the overall cellular redox balance in the cells, we
next assessed the overall cellular ROS levels by 2=,7=-dichlorodihydrofluorescein diace-
tate (H2DCFDA) staining. As expected, all the tim17 mutants exhibited a significant
increase in overall cellular ROS levels (Fig. 9B), indicating that Tim17 plays an important
role in maintaining the cellular free radical balance.

Enhanced ROS production, mtDNA instability, and loss of Δ�m are often implicated
with alterations in mitochondrial morphology (73–76). So, we investigated the role of
Tim17 in the maintenance of the organellar integrity; wild-type and all tim17 mutant
strains were transformed with an MTS-mCherry construct, which decorates the mito-
chondria exclusively. After inducing the phenotype by heat shock, cells were subjected
to fluorescence imaging to visualize the mitochondrial morphology. Strikingly, the loss
of functional Tim17 led to mitochondrial fragmentation, as all the mutants showed

Matta et al. Molecular and Cellular Biology

March 2017 Volume 37 Issue 6 e00491-16 mcb.asm.org 12

http://mcb.asm.org


small punctate structures while the wild type retained its tubular network of mitochon-
dria (Fig. 9C, compare zoomed images on the right). In summary, our studies provide
compelling evidence to highlight the role of Tim17 in the maintenance of mitochon-
drial integrity and biogenesis.

DISCUSSION

Tim17 contains conserved G/AXXXG/A signature motifs in different TM regions,
which are often found in multispanning membrane proteins, including glycophorin A,
the subunits of the mitochondrial ATP-synthase complex, and the amyloid precursor
protein (61–65). These signature motifs are important for mediating homotypic as well
as heterotypic interactions, thereby assisting cross talk between membrane proteins.
Our previous analysis on Tim23 highlighted that these signature motifs are indispens-
able for maintaining the architecture of presequence translocase (22). In the current
report, we elucidate the significance of G/AXXXG/A signature motifs in all TM regions
that are critical for Tim17 in vivo functions. Our genetic analysis for the first time reveals
that all the TM regions of Tim17 are indispensable for cell viability, unlike what is seen

FIG 8 The functional Tim17 protein is essential for maintaining the membrane polarity across the inner membrane. (A and
B) Measurements of inner membrane polarity. Purified mitochondria from wild-type and tim17 mutant cells were stained
with JC-1 dye for 15 min at room temperature. The fluorescence emission scan was recorded from 500 to 620 nm with an
excitation of 490 nm (A). The mean fluorescence intensity obtained in the spectral analysis was quantified (B). *, P � 0.05;
**, P � 0.01; ***, P � 0.001. (C and D) Determination of functional mitochondrial mass. The indicated wild-type and tim17
mutant strains were grown to mid-log phase at 30°C, followed by treatment of heat shock at 37°C for 4 h. The cells were
subjected to staining with MitoTracker Deep Red-A dye for 20 min and were analyzed by flow cytometer using the BD
FACSCanto II analyzer (C). The mean fluorescence intensity obtained in FACS analysis was quantitated to estimate the
relative total mass in the wild type and tim17 mutants (D). ***, P � 0.001.
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in Tim23, where TM3 and TM4 are dispensable for growth (22). Strikingly, our biochem-
ical analysis using conditional mutants from all TM regions has revealed that recruit-
ment of Tim17 to the core TIM23 channel is significantly impaired, thus highlighting the
importance of these motifs in the maintenance of core TIM23 channel integrity. It has
been previously reported that the interaction of Tim17 with Tim23 is essential for the
proper organization of TIM23 complex (21). Since Tim23 exists as a dimer and can
recruit two Tim17 proteins, destabilization of the core channel due to mutations in
transmembrane regions of Tim17 might interfere in its helix-helix packing, with Tim23
leading to perturbations in helical periodicity. Although the tim17G19A mutation is a
consensus in nature, it leads to the formation of an AXXXA motif (alanine at 19th and
23rd positions) which is known to maintain the thermostability of membrane proteins,
but intermolecular hydrogen bonds are unlikely to be involved to the same extent as
GXXXG motifs due to the increased interhelical distance caused by alanine compared

FIG 9 Analysis of ROS levels and mitochondrial morphology in tim17 mutants. (A) Measurement of mitochondrial
superoxide levels by MitoSOX staining. WT and mutant yeast strains grown to mid-log phase were given heat shock at 37°C
for 8 h followed by staining with MitoSOX and subsequently analyzed by flow cytometry. The relative fluorescence
intensity is represented as the fold mean fluorescence intensity (MFI). *, P � 0.05; **, P � 0.01; ***, P � 0.001. (B) Analysis
of total cellular ROS by H2DCFDA staining. After growing to mid-log phase, WT and mutant yeast strains were given heat
shock at 37°C for 8 h, followed by staining with H2DCFDA, and analyzed by flow cytometry. The relative fluorescence
intensity is represented as the fold mean fluorescence intensity (MFI). *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Analysis
of mitochondrial morphology. Wild-type and tim17 mutant strains expressing the MTS-mCherry construct were grown to
mid-log phase at 30°C. The cells were subjected to heat shock at 37°C and incubated for 4 h to induce the mutant
phenotype. Samples were collected and were mounted for imaging analysis using a Delta Vision Elite fluorescence
microscope. The images were analyzed using SoftWoRx 6.1.3 software. The cells in all the panels were imaged at identical
exposures to compare the fluorescence intensities. Bars, 5 �m.
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to glycine (62). Additionally, most of the dual replacements of glycine residues in
tandem G/AXXXG/A motifs were found to be lethal, and the lethality of these mutants
was a consequence of the complete destabilization of the core channel. Moreover,
these double mutants displayed reduced steady-state levels due to lower stability,
indicating that the association of Tim17 with Tim23 is indispensable for the assembly
of presequence translocase.

Mitochondrial protein translocation mediated by presequence translocase of inner
membrane is dynamic in nature, as it can differentially assemble either into the TIM23
(PAM) complex or into the membrane-embedded TIM23 (SORT) complex in order to
facilitate the preprotein import (17, 22, 77, 78). Importantly, all the G/AXXXG/A condi-
tional mutants from different TM regions exhibited a significant decrease in the
association of Pam18 and Pam16 to the core channel, indicating that Tim17 acts as an
anchor for the recruitment of the “import motor” to assemble into the TIM23 (PAM)
complex. On the other hand, a diminished copurification of Tim21 with Tim23 suggests
that Tim17 also plays an indispensable role in the assembly of the membrane-
embedded TIM23 (SORT) complex. Previous evidence highlights that Tim17 has been
shown to play a key role in matrix sorting and membrane insertion of preproteins (17,
22, 53). In correlation with these observations, the conditional mutants of all TM regions
showed a significant decrease in their ability to translocate inner membrane as well as
the matrix sorted preproteins, thereby highlighting a dual role of Tim17 in protein
translocation across the inner membrane, where it can recruit the PAM complex for
targeting preproteins into the matrix and it can also anchor Tim21 to facilitate the
membrane insertion of preproteins. Collectively, our analyses provide comprehensive
evidence to highlight the role of G/AXXXG/A motifs from TM regions of Tim17 in
regulating the dynamicity of presequence translocase and facilitating the protein
import into the matrix and inner membrane sorting.

Voltage gating is an important event in protein translocation via presequence
translocase, as it acts as the initial driving force for preprotein import. Recent reports
highlight that the TM2 helix of Tim23 forms a core of the protein-conducting channel
with one side facing the nonpolar environment and the opposite side facing the
aqueous channel lumen. At the same time, the TM2 region of Tim23 undergoes
structural changes in the absence of Δ�m, leading to the channel opening toward the
more polar environment (54, 55). Intriguingly, our previous study showed that the TM2
region of Tim23 plays an inevitable role in interacting with Tim17, which in turn helps
in recruiting the PAM machinery. Further, our investigation also revealed that overex-
pression of Tim17 in TM2 mutants of Tim23 could suppress the Δ�m defects to a
significant level (22). In line with the above observations, G/AXXXG/A conditional
mutants from all TM regions of Tim17 exhibited significant reduction in Δ�m, thus
underlining its indispensable role in maintaining inner membrane polarity. Presumably,
the loss of membrane polarity due to mutation in G/AXXXG/A motifs can arise as a
consequence of perturbed helix-helix packing between Tim23 and Tim17. A recent
report highlights that the Tim17 disulfide bond is critical for protein translocation and
channel gating (79). Additionally, mutants lacking the Tim17 disulfide bond showed
larger Tim21-bound TIM23 complexes and depleted TIM23 core complex, suggesting
“extensive remodelling of TIM23-complex” (79). On the other hand, our findings
highlight that the mutations in G/AXXXG/A motifs result in complete destabilization of
the TIM23 complex due to defective recruitment of Pam18, Pam16, and Tim21. This
impaired recruitment of partner subunits subsequently affects the proper channeling of
preproteins via the TIM23 complex, thus resulting in defective import. In summary,
these results provide compelling evidence that Tim17 acts as a key regulator of channel
gating by asserting voltage-coupled conformational dynamics of Tim23.

Proteins encoded by the mitochondrial genome are essential for its biogenesis. The
mutations, deletions, or depletion of mitochondrial DNA (mtDNA) can lead to a
plethora of inherited diseases, including mtDNA depletion syndrome (MDDS) (80–82).
Previous evidence suggests that TIM17 is a multicopy suppressor of the mtDNA
instability phenotypes in ilv5Δ and abf2Δ cells, thus highlighting its possible involve-
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ment in the maintenance of mtDNA stability (59). Our genetic and biochemical findings
provide a direct evidence to highlight a role of Tim17 in the maintenance of mtDNA
stability, as the G/AXXXG/A conditional mutants failed to grow on EtBr-supplemented
medium, resulting into a petite-negative phenotype (Fig. 7A). Besides, mutants exhibit
aberrant mitochondrial nucleoid structure and quantity, thus firmly establishing the
role of Tim17 in the maintenance of mitochondrial genome and copy number. Earlier
findings suggest that Tim54, a component of carrier translocase, plays an indirect role
in maintaining the mtDNA stability by promoting the assembly of Yme1p (83). Similarly,
we envision that the mtDNA instability in tim17 mutants could be a secondary effect
due to the defective import of proteins required for stability and replication of mtDNA.
Moreover, elevated mitochondrial oxidative stress is well known to cause mtDNA
damage, leading to its fragmentation as well as accelerating the mitochondrial fission
process. As a result, an accumulation of fragmented mitochondrial structures with
coalescence morphology was observed with a low mtDNA copy number, thus promot-
ing the formation of petite ([rho�]/[rho0]) phenotypes. Nevertheless, these insightful
observations highlight the critical nature of G/AXXXG/A motifs of Tim17 in the dynamic
organization of presequence translocase and mitochondrial genome maintenance.

In summary, our findings reveal previously elusive important functional attributes of
Tim17 protein as a key regulator of Tim23 complex architecture, inner membrane
polarity, mitochondrial morphology, and its genome maintenance. In humans, the
altered expression of Tim17 paralogs was shown to be associated with mtDNA loss and
cancer progression. Therefore, our results provide a fundamental platform to explore
the role of Tim17 in the intricate organization of mammalian presequence translocase
and its possible connection in the mitochondrial reprogramming pertinent to cancer
progression.

MATERIALS AND METHODS
Genetic methods and yeast strains. The yeast strains used in this study are listed in Table S1 in the

supplemental material. The TIM17 gene was PCR amplified using genomic DNA from positions �500
to �500 and cloned into pRS314 vector. Plasmids encoding mutant tim17 were obtained by performing
site-directed mutagenesis with high-fidelity Pfu-Turbo polymerase (Stratagene) using appropriate prim-
ers containing the required point mutations. The plasmid having the desired point mutation was
transformed into a haploid Δtim17 strain (50) harboring a wild-type functional copy of the TIM17 gene
on a URA3-based plasmid and selected on auxotrophic synthetic defined (SD) medium. The strains
harboring only mutant tim17 were selected by plasmid shuffling in the presence of 5-FOA. The colonies
were tested for the Ts phenotype by spotting on 1% yeast extract, 2% peptone, and 2% glucose (YPD)
or 1% yeast extract, 2% peptone, and 3% glycerol (YPG) followed by incubation at different temperatures.

In vitro import assay. In vitro import kinetics assays were performed with purified precursor proteins
Cyb2 (1–167)-DHFR(His) and Cyb2 (1–167)Δ19-DHFR(His) as described previously (22). After inducing the
phenotype at 37°C, wild-type (WT) and mutant mitochondria were incubated either with Cyb2 (1–167)-
DHFR(His) or with Cyb2 (1–167)Δ19-DHFR(His) in import buffer (250 mM sucrose, 10 mM morpholinepro-
panesulfonic acid [MOPS]-KOH [pH 7.2], 80 mM KCl, 5 mM dithiothreitol, 5 mM MgCl2, 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 by dissipating the membrane potential using 10 �g/ml of valinomycin (Sigma). Nonimported
precursor proteins were removed by treatment with 0.1 mg/ml proteinase K (PK) for 20 min on ice,
followed by addition of 1 mM phenylmethylsulfonyl fluoride (PMSF; US Biological) to inhibit proteinase
K. The samples were separated on SDS-PAGE gels and processed for immunoblotting using specific
antibodies. Image quantification was performed using ImageJ software.

Co-IP and BN-PAGE. Purified wild-type and mutant mitochondria expressing FLAG-tagged Tim23
were subjected to heat shock for 30 min at 37°C to induce phenotype. Immunoprecipitation was
performed using antibodies (Sigma) directed against FLAG tag. The mitochondrial lysates were prepared
by resuspending 2 mg of mitochondria in the 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. The cleared
mitochondrial lysates were incubated with preequilibrated anti-FLAG-bound protein G-Sepharose beads
for 1 h at 4°C. The beads were washed with the lysis buffer, and the samples were separated on
SDS-polyacrylamide gels, followed by immunodecoration using specific antibodies.

For BN-PAGE analysis, mitochondria (200 �g) were first subjected to heat shock, followed by lysis in
90 �l of ice-cold digitonin buffer (1% digitonin [recrystallized], 20 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 50
mM NaCl, 10% glycerol, 1 mM PMSF) for 45 min at 4°C. The unsolubilized material was removed by
centrifugation for 20 min at 50,000 � g. After addition of 10 �l 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.

Analysis of mitochondrial DNA loss and mitochondrial morphology. To investigate the mito-
chondrial DNA instability, wild-type and mutant strains were grown to early log phase. Yeast cells
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corresponding to A600 of 0.5 were collected and subjected to 10-fold serial dilution. Each dilution was
spotted on YPD or on YPD supplemented with 40 �g/ml of ethidium bromide. The plates were incubated
at the permissive temperature of 30°C, and images were acquired at 72 h.

Visualization of mitochondria and analysis of mtDNA stability were performed as described previ-
ously (84–86). To visualize mitochondria, the yeast cells were transformed with pRS415 vector containing
presequence of subunit 9 (pSU9) followed by mCherry fluorescent protein, which decorates the mito-
chondria exclusively. The cells were washed twice with 1� phosphate-buffered saline (PBS) and mounted
with Antifade (Invitrogen) on agarose pads, and images were acquired with a Delta Vision Elite
fluorescence microscope (GE Healthcare) using a 100� objective lens. Images were subsequently
deconvolved and analyzed using SoftWoRx 6.1.3. software.

For analysis of mitochondrial DNA integrity, yeast cells expressing mitochondrially targeted mCherry
fluorescent protein were grown to mid-log phase and incubated with 10 mM SYTO18 for 15 min at room
temperature (25°C). Stained yeast cells were thoroughly washed and suspended in HEPES buffer and
mounted with Antifade (Invitrogen) on agarose pads. Images were acquired with a Delta Vision Elite
fluorescence microscope (GE Healthcare) using a 100� objective lens. The �ex and �em used for SYTO18
were 468 nm and 533 nm, respectively, and the images were further analyzed using SoftWoRx 6.1.3.
software.

Quantification of protein half-lives. Wild-type and mutant yeast cells were grown in liquid YPD
medium to mid-log phase at 30°C. Cycloheximide (50 �g/ml; US Biological) was added to the cultures to
inhibit protein translation. Following the treatment, equal amounts of cells were collected at 0, 15, 30,
and 60 min. Cell lysates were prepared and separated on SDS-polyacrylamide gels, followed by
immunoblotting using the desired antibody. Data were quantified using ImageJ and analyzed using
GraphPad Prism 5.

Fluorescence and flow-cytometric analysis. To analyze membrane potential, 50 �g of mitochon-
dria was first subjected to heat shock at 37°C, followed by incubation with JC-1 dye for 10 min at 25°C
in the dark. Valinomycin (0.1 M) was added to wild-type mitochondria and used as a positive control for
complete depolarization. The fluorescence measurement was performed using a JASCO spectrofluorom-
eter (model 6300) at a fixed excitation wavelength of 490 nm, and the emission spectrum was recorded
from 500 to 620 nm. The ratio of 590 to 530 nm was used as an indicator of membrane polarization.

For assessment of functional mitochondrial mass, wild-type and mutant strains were grown to early
log phase and subjected to heat shock for 2 h. Cells were harvested, washed with PBS, and incubated
with 10 mM MitoTracker Deep Red A dye (Invitrogen) in the dark for 15 min. Subsequently, cells were
subjected for fluorescence-activated cell sorter (FACS) analysis using an excitation wavelength of 488 nm
and an emission wavelength of 520 nm (Becton, Dickinson [BD] FACSCanto II flow cytometer). The data
were analyzed using WinMDI, version 2.9, software.

Statistical analyses. Statistical analyses were performed using GraphPad Prism 5.0 software. Error
bars represent standard errors (SE) and are derived from three replicates. For significance testing by
one-way analysis of variance, Dunnett’s multiple-comparison posttest and Tukey’s multiple-comparison
tests were used to compare mutant against WT values and between columns, respectively. The amounts
of different proteins in Fig. 2D, 3C, and 4C and E were quantified by densitometry using ImageJ software
and illustrated in the form of a line graph.

Miscellaneous. Orthologous Tim17 sequences from different species, including Saccharomyces
cerevisiae, Neurospora crassa, Schizosaccharomyces pombe, Arabidopsis thaliana, and Homo sapiens, were
retrieved from the NCBI database, and multiple-sequence alignment was performed using ClustalW2
program, which does a pairwise alignment followed by creation of a guide tree to carry out a multiple
alignment. Isolation of mitochondria and precursor accumulation analysis (Hsp60) were performed as
described in previously published protocols (22). Measurement of ROS was carried out as described
earlier (84). The antisera used for immunodecoration against yeast-specific proteins, such as Hsp60,
Mge1, Ydj1, Tim23, Tim17, Tim50, Tim44, Pam18, and Pam16 were raised in rabbits, as reported earlier
(22). The Tim17 protein tagged with FLAG was detected using an anti-FLAG antibody (Sigma). All
immunoblot analyses were performed using an enhanced chemiluminescence system (PerkinElmer)
according to the manufacturer’s instructions.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
MCB.00491-16.

TEXT S1, PDF file, 0.5 MB.
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