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Abstract

In the intermembrane space (IMS) of mitochondria, the receptor domain of Tim23 has an essential role during
translocation of hundreds of different proteins from the cytosol via the TOM and TIM23 complexes in the outer
and inner membranes, respectively. This intrinsically disordered domain, which can even extend into the
cytosol, was shown, mostly in vitro, to interact with several subunits of the TOM and TIM23 complexes. To
obtain molecular understanding of this organizational hub in the IMS, we dissected the IMS domain of Tim23
in vivo. We show that the interaction surface of Tim23 with Tim50 is larger than previously thought and reveal
an unexpected interaction of Tim23 with Pam17 in the IMS, impairment of which influences their interaction in
the matrix. Furthermore, mutations of two conserved negatively charged residues of Tim23, close to the inner
membrane, prevented dimerization of Tim23. The same mutations increased exposure of Tim23 on the
mitochondrial surface, whereas dissipation of membrane potential decreased it. Our results reveal an intricate
network of Tim23 interactions in the IMS, whose influence is transduced across two mitochondrial
membranes, ensuring efficient translocation of proteins into mitochondria.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Many intrinsically disordered proteins occupy key
positions in cellular signaling networks due to their
ability to interact with different proteins leading to
different cellular outcomes [1]. In the intermembrane
space (IMS) of mitochondria, the intrinsically disor-
dered domain of Tim23 has an essential role in
biogenesis of mitochondria and was shown to interact
with a number of partner proteins. During biogenesis
of mitochondria, hundreds of different mitochondrial
precursor proteins with N-terminal presequences are
translocated from the cytosol to the final place of their
function within the organelle with the help of the TOM
and TIM23 complexes in the outer and inner
membranes, respectively [2—-9]. After initial transloca-

tion across the TOM complex, presequences are
recognized by the IMS-exposed receptors of the
TIM23 complex. In a membrane potential dependent
manner, presequences are then delivered to the
membrane-embedded translocation channel of the
TIM23 complex. Finally, complete translocation of the
polypeptide chain across the inner membrane is
mediated by ATP-dependent action of the matrix-
exposed import motor of the TIM23 complex. If the
translocating protein contains an additional lateral
sorting signal downstream of the presequence,
translocation into the matrix will be stalled and the
TIM23 complex will open laterally to insert the
hydrophobic segment into the inner membrane.
Tim23 is the central, name-giving component of
the TIM23 complex. It contains an N-terminal ca.
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Figure 1. Deletion of the first 70 residues of Tim23 can be tolerated by yeast cells. (a) Sequence conservation of the IMS
segment of Tim23 based on 795 identified sequences. (b) The ability of N-terminal truncation mutants of Tim23 to support
the function of the full-length protein was analyzed on plates containing 5-FOA. Empty vector and a vector encoding the
WT version of Tim23 were used as negative and positive controls, respectively. (c and e) Growth of the indicated Tim23
truncation mutants was analyzed by serial dilution spot assay on plates containing a fermentable- (YPD) or
nonfermentable- (YPLac) carbon source at indicated temperatures. (d and f) Isolated mitochondria (d) and total cell
extracts (f) of the indicated mutants were analyzed by SDS-PAGE and immunoblotting with Tim23 antibody. Tom40 was

used as control.

100-amino-acid-residue-long segment in the IMS
and a C-terminal segment of a similar length in the
inner membrane. The latter segment contains four
predicted transmembrane helices that form, likely
together with Tim17, the translocation channel of the
TIM23 complex [10—-16]. Together with Tim50, the
IMS-exposed domain of Tim23 serves as the
receptor of the TIM23 complex [17-26]. Point
mutations in Tim23 and in Tim50 that destabilize
the interaction of the two proteins in the IMS prevent
transfer of precursor proteins from TOM to TIM23
complex, impairing translocation of proteins along
the presequence pathway and leading to cell death
[25,27,28]. The first ca. 20 residues of Tim23 are
exposed to the cytosolic surface of mitochondria
[29], bringing TOM and TIM23 complexes closer
together and thereby facilitating protein import into
mitochondria. This accessibility of Tim23 in intact
mitochondria to externally added proteases is a
dynamic process and it depends not only on Tim23
interaction with Tim50 [25,26,28] but also on the
translocation activity of the TIM23 complex [30] and
on the integrity of the TOM complex [31].

Besides interacting with Tim50 and presequences,
the IMS domain of Tim23 was also found to interact
with Tim21 [20,32], a nonessential subunit of the
TIM23 complex, Tom22 [25,32], a subunit of the
TOM complex, and to be involved in homodimeriza-
tion of Tim23 [17,33]. Intriguingly, the vast majority of
these various interactions were analyzed only in
vitro, using recombinantly expressed IMS domain of
Tim23 that is largely, if not completely, unfolded
[28,34]. Here, we comprehensively dissected the
IMS domain of Tim23 in vivo.

Results and Discussion

Deletion of first 70 residues of Tim23 can be
tolerated by yeast cells

Sequence analysis of the predicted IMS-exposed
regions of 795 Tim23 proteins [35] shows rather poorly
conserved first ca. 50 residues and a higher sequence
conservation in the second half of the IMS domain
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(Figure 1(a)), in agreement with previous findings
showing that the deletion of the first 50 residues of
Tim23 can be tolerated by yeast cells but that the
removal of the entire IMS domain is lethal [17,18,31].
To dissect the IMS domain of Tim23 more systemat-
ically in vivo, we truncated the protein by 10 residues
at the time and analyzed the ability of the shortened
versions to support the function of the full-length
protein. Yeast cells expressing Tim23 versions
lacking up to 70 residues from the N terminus were
viable (Figure 1(b)). Deletion of 80 or 90 residues from
the N terminus cannot be tolerated by yeast cells. We
analyzed growth of mutants lacking up to 50 residues
in more detail. On a fermentable carbon source, we
observed no obvious growth defect for any of the
truncation mutants (Figure 1(c)). On a nonfermentable
carbon source, cells expressing Tim23 lacking the first
30 residues showed an obvious growth defect at
37 °C. Analysis of mitochondria isolated from cells
expressing truncated versions of Tim23 showed
severely reduced levels of Tim23A30 (Figure 1(d)),
compared to the other truncations, raising the
possibility that the observed phenotype may be due
to lower Tim23 levels. Indeed, growth of yeast cells
was largely recovered upon overexpression of
Tim23A30 (Figure 1(e) and (f)). Though the deletion
of the first 10 residues of Tim23 showed no obvious
growth defect, this region was previously implicated in
Tim21 and Tim50 binding when recombinant proteins
were analyzed [32]. To analyze whether this region of
Tim23 plays a critical role in binding to Tim21 and
Tim50 in vivo, we performed coimmunoprecipitations
from mitochondria isolated from cells expressing wild-
type (WT) or Tim23A10 (Sup. Figure 1). The
coimmunoprecipitation profiles of the two types of
mitochondria were essentially indistinguishable, dem-
onstrating that the first 10 residues of Tim23 may
contribute to but are not essential in vivo for either
Tim50 or Tim21 binding.

Tim23-Tim50 interaction surface is larger than
previously shown

As the sequence conservation after residue 50 of
Tim23 increases, we analyzed the rest of the IMS
domain of Tim23 by alanine scanning mutagenesis.
In the region between residues 51 and 85, consec-
utive residues of Tim23 were mutated to alanines
and the growth of the obtained mutants was
analyzed on both fermentable and nonfermentable
carbon sources (Figure 2(a)). Only one mutant,
68A5, showed a very strong growth defect. The
version of Tim23 in which residues 68 to 72 are
mutated to alanines was growing poorly on glucose-
containing medium at both 24 and 30 °C and not at
all at 37 °C. On a nonfermentable carbon source,
this mutant was essentially inviable. We made
similar observation when the five residues were
mutated to glycines and saw somewhat weaker, but

still obvious, growth defect when 68 N5 mutant was
analyzed (Sup. Figure 2a). This region contains two
conserved residues, Y70 and L71, which were
previously shown to be involved in the interaction
with Tim50 both in vivo and in vitro [21,25,28].
However, the growth phenotype of Y70A/L71A
double mutant is far milder than that of the 68A5
mutant. Sequence analysis of this region showed a
high conservation also of the residue E69. To
dissect the importance of individual residues in this
region, we made a E69A single mutant and a triple
mutantin which all three conserved residues, 69, 70,
and 71, are mutated to alanines, E69A3. E69A
mutant grew like WT on all media and temperatures
analyzed, similar to the previously described Y70A
and L71A single mutants (Figure 2(b)). E69A3 was,
however, growing worse than Y70A/L71A double
mutant, in particular on a nonfermentable carbon
source. Still, it grew better than the 68A5 mutant.
This suggests that the observed phenotype of the
68A5 mutant is cumulative, with contributions of all
five residues. The contribution of the residues V68
and D72 appears though to be the smallest as the
respective single mutants as well as the double
mutant showed no obvious growth defect at any of
the temperatures analyzed (Figure 2(b)). Thisis also
in agreement with their weaker conservation. To
further genetically dissect the role of residue E69,
we combined E69A mutation with either Y70A or
L71A mutations in E69A/Y70A and E69A/L71A
double mutants. E69A/L71A double mutant grew
worse than the single mutants, but still better than
the previously analyzed Y70A/L71A double mutant
(Figure 2(c)). E69A/Y70A double mutant showed no
obvious growth defect. We conclude that the stretch
between residues 68 and 72 contains, in addition to
previously identified Y70 and L71, further function-
ally important residues, in particular E69. Residue
L71 seems to be the most important in this stretch,
though clearly all five residues contribute to the
observed phenotype.

What is the role of E69? We isolated mitochondria
from E69 mutant cells and performed coimmuno-
precipitation experiment from digitonin-solubilized
mitochondria. The interaction between Tim50 and
Tim23 was impaired in the E69A mutant as seen by
both reduced coprecipitation of Tim50 with Tim23
antibodies as well as by reduced coprecipitation of
Tim17 and Tim23 with antibodies to Tim50 (Figure 2
(d)). Interestingly, E69A mutation reduced, but did
not abolish, Tim23-Tim50 interaction. In contrast, in
L71A single mutant and in Y70A/L71A double
mutant, Tim23-Tim50 interaction was essentially
absent. Though in previous NMR studies this stretch
of Tim23 was also identified as important for
interaction between Tim23 and Tim21 [32], we
observed no difference in Tim21 recruitment to
Tim23 in organello in any of the mutants analyzed
(Figure 2(d)). We conclude that, in addition to Y70
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Figure 2. Tim50 binding region on Tim23 is larger than previously identified. (a) Consecutive residues of Tim23 in the
region between residues 51 to 85 were mutated to alanines, and the growth of the obtained yeast strains was analyzed by
serial dilution spot assay as described in Figure 1(c). Explanation for the nomenclature used - the number in front of A
indicates the first residue that was mutated to an alanine and the number behind indicates how many consecutive residues
were mutated to alanines. (b and c) Indicated mutants were analyzed by serial dilution spot assay as described in Figure 1
(c). (d) Mitochondria isolated from WT and the indicated mutant cells were solubilized with 1% digitonin and subjected to
immunoprecipitation with affinity purified antibodies against Tim23 and Tim50. Antibodies from preimmune serum (PI)
were used as a negative control. Samples were analyzed by SDS-PAGE and immunoblotting with indicated antibodies.
Total (T): 20% and pellets: 100%. (e) Recombinant Tim50,1s (10 pM) was mixed with increasing amounts of the indicated
versions of recombinant Tim23,ys (5, 10, and 20 yM) and incubated with an amino group-specific crosslinker
disuccinimidyl suberate (1 mM). Samples were analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. (f) Biotin-
labeled pHsp60 peptide (2 M) was mixed with increasing amounts of the indicated versions of recombinant Tim23us (10,
20, and 30 pM) and incubated with an amino group specific crosslinker disuccinimidyl suberate (50 pM). Samples were
analyzed by SDS-PAGE followed by immunoblotting with Streptavidin Alexa Fluor 680 conjugate.

and L71, residue E69 is also involved in the  observed (Figure 2(e) and Sup. Figure 2b). This

interaction between Tim23 and Tim50.

To further confirm that E69 has a direct role in
Tim23-Tim50 interaction, we turned to a previously
established in vitro system [28] in which we can
directly analyze Tim23-Tim50 interaction without
potentially contributing effects of other components
of the TIM23 complex present in mitochondria. When
recombinantly expressed and purified IMS domains
of Tim23 and Tim50 are incubated together in the
presence of an amino group-specific crosslinker
DSS, a Tim23us_timsomms crosslinking adduct is

adduct is essentially lost when the versions of Tim23
containing L71A mutation, either alone or in combi-
nation with other residues in the 68—72 stretch, were
used. When we analyzed Tim23E69A, the Tim23-
IMs—Timsoims Crosslinking was reduced but not abol-
ished. Thus, this in vitro experiment fully supports
the in organello findings.

Is the stretch between residues 68 and 72 also
involved in binding of Tim23 to presequences?
Considering the positively charged nature of
presequences, negatively charged E69 seemed
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in this respect particularly interesting. Biotinylated
presequence peptide of Hsp60 can be crosslinked
to the recombinantly expressed and purified Tim23-
ms [36]. We observed essentially no reduction in
crosslinking efficiency of the Tim23E69A mutant
compared to WT and rather minor reduction with
L71A and Y70A/L71A mutants (Figure 2(f)). Even
the 68A5 mutation did not completely abolish the
interaction of Tim23,ys with the Hsp60 presequence
peptide. The previous work identified L71 as the
residue with the largest chemical shift changes upon
incubation of Tim23,ys with peptides corresponding
to presequences of ALDH and COXIV [34]. It is
possible that the presequence of Hsp60 may be
recognized in a different way compared to ALDH-
and COXIV presequences. However, it is also
possible that multiple regions of Tim23,ys contribute
to binding of presequences [34]. Still, the reduced
interaction seen with the 68 A5 mutant suggests that
Tim23 binds presequences and Tim50 in at least
partially functionally overlapping manner.

Besides the interaction site for Tim50, the region
between residues 51 and 85 of Tim23 also contains
a region (amino acid residues 58 to 61) that was
previously implicated in Tim23 interaction with
Tom22 [32]. Though the alanine scanning mutagen-
esis did not reveal any obvious growth defect of the
58A5 mutant (Figure 2(a)), we reasoned that the
multiplicity of TOM-TIM23 interactions in vivo [31]
may mask the Tim23-Tom22 interaction identified
by NMR. Tim23-Tom22 interaction was previously
observed in vivo using site-specific UV crosslinking
with a photoactivatable unnatural amino acid p-
benzoyl-phenylalanine (Bpa) introduced at position
41 of Tim23 [25]. We introduced Bpa at 11 positions
within the first 40 residues of Tim23, exposed the
cells to UV light and looked for Tim23—-Tom22
crosslinks. Only when Bpa was introduced at
positions 37 and 40, we observed a UV-specific
crosslink between Tom22 and Tim23 (Sup. Figure
2c). This shows that the Tim23 interaction surface
with Tom22 is found more to the middle of the IMS
domain of Tim23, rather than at its very beginning,
at least under conditions of no translocation. To
analyze the influence of the region between
residues 58 and 61 of Tim23 on the interaction
with Tom22, we combined Bpa at position 40 with
58A5 mutation. The crosslink between Tim23 and
Tom22 was largely retained in this mutant (Sup.
Figure 2d), suggesting that residues 58 to 61 may
not be the major interaction site between Tom22
and Tim23. Interestingly, when we combined Bpa
at position 40 with the Y70A/L71A mutation, we
also observed no major effect on Tim23-Tom22
crosslinking. Even though the same mutation
abolishes Tim23-Tim50 interaction and complete-
ly prevents exposure of Tim23 on the mitochondrial
surface [25,28], Tim23 can apparently still interact
with Tom22 in the IMS.

Mutagenesis analysis of the very C-terminal
segment of the IMS domain of Tim23 reveals
an interaction site for Pam17

Alanine-scanning mutagenesis of the very C-
terminal region of the IMS domain of Tim23 revealed
several partly overlapping mutants that impaired
growth of yeast cells, most prominently on a
nonfermentable carbon source and at an elevated
temperature (Figure 3(a)). We first analyzed 87A5
mutant which grew slower than WT at 37 °C both on
glucose- and on lactate-containing medium. The
same was observed when, instead to alanines,
mutations to glycine or asparagine residues were
made (Sup. Figure 3). This region of the IMS domain
of Tim23 has not been previously implicated in any of
the interactions. The protein profiles of isolated
mitochondria revealed no obvious difference in
endogenous levels of any of the TIM23 subunits or
control mitochondrial proteins analyzed (Figure 3
(b)), suggesting that the impaired expression or
stability of Tim23 are not the reason behind the
growth defect. We did, however, observe an altered
running behavior of Tim23 upon SDS-PAGE in this
mutant. To understand the molecular basis of the
observed impaired growth, we analyzed the ability of
isolated mitochondria to import precursor proteins.
Several artificial and endogenous substrates of the
TIM23 complex were imported with reduced efficien-
cy in 87A5 mitochondria, compared to WT (Figure 3
(c))- The defect was observed irrespective whether
we analyzed translocation into the matrix (bo(1—
167)ADHFR, F1R, and Tim44) or lateral insertion
into the inner mitochondrial membrane (DLD and b,
(1-167)DHFR) by the TIM23 complex. In contrast,
precursor of the ATP/ADP carrier, whose import
does not depend on the TIM23 complex, was
imported in 87A5 mitochondria with efficiency
indistinguishable from WT. In agreement with this
latter finding, 87A5 mitochondria had essentially the
same membrane potential as WT (Figure 3(d)). We
note that imports of by(1-167)ADHFR and F1R} were
affected more than import of Tim44 into 87A5
mitochondria. Interestingly, b,(1-167)ADHFR and
F1R were recently shown to belong to the group of
hypersensitive precursors, import of which is partic-
ularly dependent on the presence of Pami7, a
nonessential subunit of the TIM23 complex with a
modulatory role during translocation of proteins
[30,37,38], and its interplay with Tim50 [37]. Tim44
does not belong to this group, and its import was also
affected to a lesser degree in 87A5 mutant
mitochondria.

Crosslinking of Tim23 in intact mitochondria is a
sensitive indicator of the state of the TIM23
complex [30]. To analyze whether the 87A5
mutation affects the molecular environment of
Tim23, we compared the crosslinking pattern of
Tim23 in WT and 87A5 mutant mitochondria
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Figure 3. Identification of Tim23—Pam17 interaction site in the IMS. (a) Indicated alanine mutants of Tim23 were analyzed by
serial dilution spot assay as described in Figure 1(c). Nomenclature of the mutants was as described in Figure 2(a). (b) Isolated
mitochondria (10, 20, and 40 pg) were analyzed by SDS-PAGE followed by immunoblotting with the depicted antibodies. (c)
Indicated mitochondrial precursor proteins were synthesized in the presence of *°S-methionine and imported into isolated
mitochondria. At indicated time points, aliquots were removed and one-half was treated with proteinase K (PK) to remove non-
imported material. Mitochondria were reisolated and samples analyzed by SDS-PAGE and autoradiography (upper panels).
Quantifications of the import reactions are shown in the lower panels. The amount of PK-protected mature formin the longest time
point in WT mitochondria was set to 100%. Precursor (p), intermediate (i), and mature (m) forms of imported proteins. (d)
Membrane potential of isolated mitochondria was measured using DiSC5(5). (e) Isolated mitochondria were treated with an
amino group-specific crosslinker disuccinimidyl glutarate (DSG). After quenching of the crosslinker, samples were analyzed by
SDS-PAGE and immunoblotting with an antibody against Tim23. *Unidentified crosslinking product of Tim23. (f) Cells expressing
C-terminally His-tagged Tim23 with Bpa introduced at the indicated positions were exposed to UV irradiation, where indicated.
Total cell extracts were prepared under denaturing conditions, and Tim23-His and its crosslinking products were enriched by
binding to NiINTA-Agarose beads. Samples were analyzed by SDS-PAGE and immunoblotting with an antibody against Pam17.
* and ** indicate nonspecific bands, and the arrow indicates the crosslink between Tim23 and Pam17.
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(Figure 3(e)). In WT, Tim23 gives two prominent
crosslinks: a crosslinked Tim23 dimer and a
crosslink to Pam17 [30]. In 87A5 mutant mitochon-
dria, crosslinked Tim23 dimers were present as in
WT. In contrast, the crosslink to Pami17 was
severely reduced and a novel crosslink to a
currently unknown protein of ca. 15 kDa appeared.
The reduced crosslinking efficiency between
Tim23 and Pam17 is in line with the above
described differences in import efficiencies
among the matrix targeted precursors in 87A5
mitochondria. This result thus implicates also
Tim23 in the interplay between Pam17 and
Tim50 during import of hypersensitive precursors.
The reduced crosslinking efficiency between
Tim23 and Pam17 is, however, particularly inter-
esting as crosslinking between Pam17 and Tim23
occurs in the matrix (Pam17 has no lysine residues
exposed to the IMS [38]), suggesting that the
effects of the mutations in the IMS are transduced
through the IM into the matrix. To check whether
Tim23 interacts with Pam17 also in the IMS, we
introduced Bpa at several positions in the region
around residue 87. Indeed, a UV-specific crosslink
between Tim23 and Pam17 was identified when
Bpa was introduced at position 88 in Tim23 (Figure
3(f)). This shows that Tim23 and Pam17 also
interact with each other in the IMS and that the
impairment of this interaction can be sensed on the
other side of the IM in the matrix.

Two conserved negative charges at the border
with the IM affect dimerization of Tim23

The second mutant in the C-terminal region of the
IMS domain of Tim23 we analyzed is 95A2. Neutral-
ization of the two conserved negative charges at
positions 95 and 96 to alanines resulted in a slower
growth at elevated temperatures on both fermentable
and nonfermentable carbon sources (Figure 3(a)).
Reversal of the charges in the 95 K2 mutant resulted in
an even stronger growth defect (Figure 4(a)). Mito-
chondrial protein profiles showed that neither of the
double mutants affected endogenous levels of any of
the TIM23 subunits or any other mitochondrial protein
analyzed (Figure 4(b)). Still, the ability of isolated
mutant mitochondria to import proteins via the TIM23
complex, both into the matrix and into the inner
membrane, was reduced, whereas TIM23-
independent import was unaffected (Figure 4(c)). The
membrane potential of the mutant mitochondria was
marginally, if at all, reduced (Figure 4(d)).

What is the reason behind the impaired ability of
TIM23 to import presequence-containing proteins?
The crosslinking experiment, as described above for
the 87A5 mutant, revealed that the crosslink to
Pam17 was not dramatically reduced in 95A2 and
95 K2 mutants (Figure 4(e)). In contrast, the cross-
linked Tim23 dimers were reduced in 95A2 mutant

and essentially absent in 95 K2. This suggests that
the dimerization of Tim23 is influenced by residues
that are very close to the IM. Is dimerization of Tim23
also affecting its exposure on the mitochondrial
surface? Tim23 is accessible to externally added
protease in intact mitochondria generating a clipped
fragment [25,29,30]. In 95 K2 mutant, the clipped
fragment was generated faster than in WT (Figure 4
(f)), suggesting that dimerization of Tim23 and its
exposure on the surface of mitochondria may be in a
dynamic balance.

Exposure of Tim23 on the surface of mitochondria
is influenced by membrane potential

We determined the position where proteinase K
cuts Tim23 in intact mitochondria. To do so, we
treated intact mitochondria isolated from cells
expressing a C-terminally His-tagged version of
Tim23 with proteinase K, stopped the protease,
solubilized mitochondria in SDS-containing buffer,
and incubated mitochondrial lysate with NiNTA-
Agarose beads. Specifically bound proteins were
separated by SDS-PAGE and blotted onto a PVDF
membrane. Bands corresponding to full-length and
clipped forms of Tim23 were then subjected to
automated Edman degradation. No signal was
detected for full-length protein, suggesting that the
N-terminal amino group of Tim23 is modified. For the
clipped form, we detected the following sequence:
VGGQDTTKP (Figure 5(a)), showing that proteinase
K cuts Tim23 in intact mitochondria after residue 17.

In the end, we analyzed whether membrane
potential across inner mitochondrial membrane
also influences exposure of Tim23 on the mito-
chondrial surface. We energized WT mitochondria
or dissipated their membrane potential before
treatment with proteinase K. Dissipation of mem-
brane potential slowed down the kinetics of Tim23
clipping (Figure 5(b)), suggesting that the events at
the inner mitochondrial membrane can be trans-
duced all the way to the cytosolic surface of
mitochondria.

Conclusions

Here, we have functionally dissected the IMS
domain of Tim23. Our data revealed an intricate
network of Tim23 interactions in the IMS whose
effects are, intriguingly, transduced across both
mitochondrial membranes.

Novel insights into Tim23 interactions with Tim50
and Tom22 suggest that they are relatively indepen-
dent of each other, supporting the notion that TOM-
TIM23 cooperation is ensured by several, partially
redundant contacts [18,25,31,39]. The particularly
interesting feature of the TOM-TIM23 cooperation is
the very N-terminal segment of Tim23, which
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Figure 4. Two conserved negatively charged residues at positions 95 and 96 affect dimerization of Tim23 and its
exposure on the mitochondrial surface. (a) Indicated yeast strains were analyzed by serial dilution spot assay as described
in Figure 1(c). (b) Isolated mitochondria (10 and 25 ug) were analyzed by SDS-PAGE followed by immunoblotting with the
depicted antibodies. (c) /n vitro import of °S-labeled precursor proteins into isolated mitochondria was performed and
analyzed as described in Figure 3(c). Precursor (p), intermediate (i), and mature (m) forms of imported proteins. (d)
Membrane potentials were measured using DiSCs(5). (e) Isolated mitochondria were treated with disuccinimidyl glutarate
(DSG). After quenching of the crosslinker, samples were analyzed by SDS-PAGE and immunoblotting with an antibody
against Tim23. (f) Isolated mitochondria were incubated with proteinase K (PK), where indicated. After 2, 10, 20, and
40 min, samples were removed and the protease digestion was stopped. Mitochondria were reisolated and the samples
analyzed by SDS-PAGE and immunoblotting. Tom70 and Tim50 were used as markers for outer and inner membrane
proteins, respectively. “Full-length and **clipped versions of Tim23.
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Figure 5. Membrane potential modulates exposure of
Tim23 on the mitochondrial surface. (a) The site of Tim23
accessible to proteinase K (PK) in intact mitochondria was
determined by automated Edman degradation. Amino
acids identified by Edman degradation of the clipped form
of Tim23 are underlined in red. The PK-cleavage site is
indicated with a down-arrow. (b) WT mitochondria were
energized in the presence of NADH, ATP and ATP-
regenerating system or incubated in the presence of
valinomycin and oligomycin to dissipate membrane
potential before PK was added. After 2, 10, 20, and
40 min, samples were taken out, and protease was
inhibited. Samples were analyzed by SDS-PAGE and
immunoblotting. Tom70 and Tim50 were used as markers
for outer and inner membrane proteins, respectively. *Full-
length and **clipped versions of Tim23.

extends all the way to the cytosolic surface of
mitochondria, making Tim23 the only so far known
protein that spans two membranes. We determined
that the externally added protease cuts Tim23 after
residue 17. Whether Tim23 crosses the outer
membrane once or as a loop remains unfortunately
unclear. Itis also unclear whether Tim23 reaches the
cytosolic surface of mitochondria through the lipid
bilayer or through a proteinaceous channel in the
outer membrane. If latter, the TOM complex would
be a feasible candidate. What is clear is that this two-
membrane topology of Tim23 brings the two
mitochondrial membranes, and thus also TOM and
TIM23 complexes, closer together, facilitating trans-
location of proteins along the presequence pathway.

Our analysis revealed several events in the IMS
that extend their influence across membranes. First,
we demonstrated an unanticipated direct interaction
of Tim23 with Pam17 in the IMS. The effects of
Tim23-Pam17 interaction in the IMS are sensed in
the matrix, where the two proteins were previously
shown to interact. On the other hand, the effects of
mutations in the very end of the IMS-exposed
domain of Tim23, very close to the inner membrane,
extend to the cytosolic surface of mitochondria — the

95 K2 mutation impaired formation of crosslinked
Tim23 dimers and, at the same time, made Tim23
more readily exposed on the mitochondrial surface.
Another phenomenon that extends its influence from
the inner to the outer membrane through Tim23 is
membrane potential. We observed that dissipation of
the membrane potential across the inner membrane
reduced the exposure of Tim23 on the mitochondrial
surface. Previous work demonstrated an active role
of membrane potential in determining the conforma-
tion of the membrane embedded segments of Tim23
[12,33], suggesting how signals from within mito-
chondria can be transduced to the surface of the
organelle through the IMS domain of Tim23.

Taken together, our results suggest a model in
which an intricate network of Tim23 interactions in
the IMS transduces its influence across two mito-
chondrial membranes, ensuring coordinated and
efficient translocation of proteins from the cytosol
into the mitochondrial matrix.

Materials and Methods

Strains, plasmids, and growth conditions

Tim23 shuffling strain in YPH499 yeast background
[28] was used to generate all yeast mutants. Tim23 N-
terminal truncation mutants and alanine scanning
mutants were made in centromeric yeast vectors
pRS315 and pRS314, respectively, using standard
molecular biology techniques. All constructs were
expressed under the control of endogenous TIM23
promoter and 3'UTR. p415GPD plasmid was used for
overexpression of Tim23A30. The same plasmid was
also used to generate C-terminally His-tagged Tim23
variants with amber Stop codon for incorporation of
Bpa at specified positions. Incorporation of Bpa at the
amber Stop codon-defined positions was made
possible by co-transformation of yeast cells with the
plasmid pBpa2-PGK1 + 3SUP4-tRNAcya [40], which
encodes for the respective tRNAs and aminoacyl-
tRNA synthetase. In all cases, the WT copy of Tim23,
encoded on the URA-plasmid in the Tim23 shuffling
strain, was chased out on the medium containing 5-
fluoroorotic acid.

For drop dilution spot assay, yeast cells were
grown in YPD medium prior to spotting on YPD or
YPLac plates. Mitochondria were isolated from cells
grown at 24 °C in lactate medium containing 0.1%
glucose. For in vivo site-specific crosslinking, yeast
cells were grown in selective glucose medium
supplemented with required markers and 1 mM Bpa.

Multiple sequence alignment

Seven hundred ninety-five Tim23 sequences from
different species [35] were aligned using Clustal
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Omega [41], and the resulting multiple sequence
alignment was converted to WebLogo chart using
Weblogo creation tool at weblogo.berkeley.edu/logo.
cgi [42]. The segments absent in the IMS domain of
yeast Tim23 were excluded from the analysis.

Membrane potential measurements

Membrane potential sensitive dye DiSC3(5)
(500 nM) was added to 1.5 ml of Sl buffer (50 mM
Hepes-KOH, 0.6 M sorbitol, 75 mM KCI, 10 mM Mg
(Ac)s, 2 mM KHyPO4, 2.5 mM EDTA, 2.5 mM
MnCl,, 2 mM NADH (pH 7.2)) and the fluorescent
signal measured in real time (excitation, 622 nm;
emission, 670 nm). Isolated mitochondria (20 ug)
and valinomycin (2 pM) were added to the reaction
at indicated time points.

In vivo site-specific crosslinking

Yeast cells expressing versions of Tim23 with Bpa at
indicated positions were harvested by centrifugation
and resuspended in 10 ml of ice-cold SD medium.
One-half was exposed to UV light (365 nm, 100 W,
230 V) on ice for 1 h, while the other half was kept in
dark. Total cell extracts were prepared [43] and
analyzed by SDS-PAGE and immunoblotting.

For enrichment of His-tagged Tim23 and its
crosslinking products, total cell extracts were diluted
1:10 with 50 mM Tris, 300 mM NaCl, 0.5% (v/v)
triton X-100, 20 mM imidazole, 1 mM PMSF
(pH 8.0) and incubated with NiINTA-Agarose beads
at 4 °C for 30 min on an overhead shaker. Specif-
ically bound proteins were eluted with Laemmli
buffer containing 300 mM imidazole and analyzed
by SDS-PAGE and immunoblotting.

Miscellaneous

Previously described methods were used for drop
dilution spot assay [44], chemical crosslinking in
intact mitochondria [45], coimmunoprecipitation [44],
in vitro crosslinking with purified proteins [28,36],
protein import into isolated mitochondria [22], and
proteinase K treatment of intact mitochondria [31].
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