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SUMMARY

Mitochondrial preproteins contain amino-terminal
presequences directing them to the presequence
translocase of the mitochondrial inner membrane
(TIM23 complex). Depending on additional down-
stream import signals, TIM23 either inserts prepro-
teins into the inner membrane or translocates them
into the matrix. Matrix import requires the coupling
of the presequence translocase-associated motor
(PAM) to TIM23. The molecular mechanisms coordi-
nating preprotein recognition by TIM23 in the inter-
membrane space (IMS) with PAM activation in the
matrix are unknown. Here we show that subsequent
to presequence recognition in the IMS, the Tim50
matrix domain facilitates the recruitment of the
coupling factor Pam17. Next, the IMS domain of
Tim50 promotes PAM recruitment to TIM23. Finally,
the Tim50 transmembrane segment stimulates the
matrix-directed import-driving force exerted by
PAM.We propose that recognition of preprotein seg-
ments in the IMS and transfer of signal information
across the inner membrane by Tim50 determine
import motor activation.

INTRODUCTION

Themajority ofmitochondrial precursor proteins (preproteins) are

imported into the organelle bymeans of amino (N)-terminal, posi-

tively charged a-helical signals called presequences (Vögtle

et al., 2009). These signals target preproteins to the translocase

of the outer mitochondrial membrane (TOM complex) and to

the presequence translocase of the inner membrane (TIM23

complex) (Chacinska et al., 2009; Endo andYamano, 2009;Mok-

ranjac andNeupert, 2009;Maromet al., 2011; Schulz et al., 2015;

HansenandHerrmann, 2019;Pfanner et al., 2019). After transport

by theTIM23 complex into thematrix, thepreproteinN termini are
3092 Cell Reports 30, 3092–3104, March 3, 2020 ª 2020 The Author
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proteolytically removed by the mitochondrial processing pepti-

dase (MPP) (Teixeira and Glaser, 2013; Poveda-Huertes et al.,

2017). Additional sorting signals that are carboxy (C)-terminal to

thematrix-targeted presequence element determine the ultimate

sub-mitochondrial localization of each preprotein. Whereas

largely water-soluble preproteins are transported into thematrix,

a substantial number of preproteins contain hydrophobic stop-

transfer signals that are released into the lipid bilayer via an ill-

defined lateral gate of the TIM23 complex (Dudek et al., 2013;

Glick et al., 1992; Ieva et al., 2014; Mokranjac and Neupert,

2010; Moulin et al., 2019; Schendzielorz et al., 2018).

Three essential subunits constitute the central core of the pre-

sequence translocase. The multi-spanning membrane protein

Tim23 forms a channel that is activated by the membrane poten-

tial (Dc) and gated by the presequence signal. Tim17 is homolo-

gous to Tim23 and regulates its channel activity (Dekker et al.,

1997; Milisav et al., 2001; Truscott et al., 2001; Martinez-Cabal-

lero et al., 2007; Popov-Celeketi�c et al., 2008; Ramesh et al.,

2016; Wrobel et al., 2016; Filipuzzi et al., 2017; Matta et al.,

2017). The single-membrane span Tim50 subunit functions as

a preprotein receptor and promotes Dc- and presequence-

dependent gating of the polypeptide transport channel (Mei-

necke et al., 2006; Lytovchenko et al., 2013). The Dc across

the inner membrane suffices in driving both the electrophoretic

transport of the positively charged residues of the presequence

into the matrix (Martin et al., 1991; Turakhiya et al., 2016) and the

lateral sorting of stop-transfer signals into the membrane (van

der Laan et al., 2007). Translocation of mature polypeptide seg-

ments into the matrix requires both the Dc and the presequence

translocase-associated import motor (PAM)machinery (Mokran-

jac and Neupert, 2010; Dudek et al., 2013; Schulz et al., 2015;

Demishtein-Zohary and Azem, 2017; Craig, 2018). The inward-

directed driving force exerted by the PAM machinery is gener-

ated by matrix-localized mitochondrial Hsp70 (mtHsp70) that

hydrolyzes adenosine triphosphate (ATP) to cyclically bind poly-

peptide segments as they emerge on the matrix exit side of the

TIM23 protein translocating channel (Ungermann et al., 1994;

Voos et al., 1996; Voisine et al., 1999; Liu et al., 2003; Schulz

and Rehling, 2014). Positioning of mtHsp70 at the translocase
(s).
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and its ATP hydrolysis cycles are tightly coordinated by several

co-chaperones via multiple protein-protein interactions. The

Tim44 subunit directly interacts with the matrix side of the

Tim23-Tim17 core of the translocase, thus functioning as a plat-

form for the assembly of mtHsp70 and its co-chaperones (Blom

et al., 1993; Horst et al., 1993; Schneider et al., 1994; Liu et al.,

2003; Hutu et al., 2008; Ting et al., 2014, 2017; Banerjee et al.,

2015). The matrix-localized J-domain of the Pam18 co-chap-

erone together with the J-like protein Pam16 regulates the

ATPase activity of mtHsp70 (D’Silva et al., 2003, 2005; Mokran-

jac et al., 2003b; Truscott et al., 2003; Frazier et al., 2004; Kozany

et al., 2004). The initial step of PAM recruitment to import sites is

facilitated by the transient association of the regulatory compo-

nent Pam17 to the TIM23 complex (van der Laan et al., 2005;

Hutu et al., 2008; Popov-Celeketi�c et al., 2008; Schiller, 2009; Ly-

tovchenko et al., 2013). It remains unclear how the assembly of

import motor subunits and the cyclic activity of the PAMmachin-

ery are adapted to the polypeptide segments that transit through

the TIM23 complex, thus ensuring that only matrix-targeted seg-

ments are ‘‘pulled’’ into the matrix.

Although the receptor, channel, and motor modules of the

TIM23/PAMmachinery have been characterized to some extent,

we know very little about the signal-driven coordination of their

activities and thus the regulation of preprotein import. The inter-

membrane space (IMS) domain of Tim50 (Tim50IMS) is sufficient

for presequence recognition (Meinecke et al., 2006; Mokranjac

et al., 2009). A C-terminal presequence binding domain (PBD)

was mapped between residues 395 and 476 in Tim50IMS (Schulz

et al., 2011; Rahman et al., 2014). In addition, the core domain of

Tim50IMS (residues 164–361) contains a putative peptide binding

groove in close proximity to the channel-forming subunit Tim23

(Qian et al., 2011; Rahman et al., 2014). By acting as a preprotein

receptor, the Tim50 IMS domain plays an early role in import.

Sites of interaction between the Tim50 IMS domain and the

Tim23 subunit promote the handover of preproteins from TOM

to TIM23 and influence the subsequent steps of the import reac-

tion (Geissler et al., 2002; Yamamoto et al., 2002; Chacinska

et al., 2003; Mokranjac et al., 2003a; Tamura et al., 2009; Shiota

et al., 2011;Waegemann et al., 2015). Thus, presequence recog-

nition and transfer to TIM23 represent critical steps for the onset

of both the inner membrane sorting and the PAM-dependent

matrix-targeting pathways. Oddly enough, however, partial

depletion of Tim50most predominantly impairs import of prepro-

teins targeted to the matrix (Geissler et al., 2002; Yamamoto

et al., 2002; Mokranjac et al., 2003a; Tamura et al., 2009).

Whereas this apparent conundrum remains unresolved, it was

recently shown that Tim50 promotes the recruitment of Pam17

to the TIM23 complex, identifying an important link between

Tim50 and matrix translocation (Schendzielorz et al., 2017).

Notably, this study uncovered an additional function of Pam17

in promoting the Dc-dependent import of mature polypeptide

segments, which occurs after Dc-dependent matrix transloca-

tion of the presequence signal (Schendzielorz et al., 2017).

In contrast to the extensively characterized Tim50 IMS

domain, the functions of the Tim50 N-terminal moiety,

composed of the water-soluble matrix domain (Tim50Mx) and

the transmembrane segment (Tim50TM), are unknown. In this

study, we reveal an unexpected role of the N-terminal portion
of Tim50 in promoting cell viability under growth conditions

that require particularly high mitochondrial activity. We show

that Tim50Mx and Tim50TM function in coordination with

Tim50IMS and that all three Tim50 domains fulfill specific regula-

tory roles during matrix translocation of preproteins segments.

Upon presequence recognition at the TIM23 complex, the

Tim50Mx specifically promotes the recruitment of Pam17 to the

translocase. Subsequently, Tim50IMS licenses docking of PAM

components to the TIM23 complex. Finally, Tim50TM determines

the import-driving activity of PAM. Taken together, our findings

uncover Tim50 as a central coordinator that regulates the

multi-step matrix import reaction by transducing distinct

stimuli across the mitochondrial inner membrane to the PAM

machinery.

RESULTS

The Matrix and Transmembrane Domains of Tim50
Promote Efficient Preprotein Import
Previous studies have suggested that Tim50, in addition to pre-

sequence recognition, may play a regulatory role at late steps of

the import reaction (Tamura et al., 2009; Schendzielorz et al.,

2017), but the molecular basis of this putative function is un-

known. In a screen for Tim50 subdomains that may influence

late preprotein import steps, we generated Saccharomyces

cerevisiae tim50 mutant alleles encoding two truncated forms

of Tim50, both possessing the intact IMS PBD (Figure 1A). In

one strain, termed tim50TM/IMS, a large portion of Tim50Mx was

deleted by fusing the presequence of Tim50 directly upstream

of its transmembrane segment (Figure S1). In a second strain,

termed tim50IMS, only the IMS domain was expressed and tar-

geted to mitochondria by fusion to the bipartite presequence

of cytochrome b2 (Cyb2; Figure S1). In the resulting fusion pro-

tein, the matrix-targeting Cyb2 presequence is cleaved off by

MPP in the matrix. The following hydrophobic stop-transfer

segment is laterally sorted into the inner membrane and subse-

quently removed by the inner membrane protease (IMP). Thus,

the C-terminally fused water-soluble Tim50 domain is released

into the IMS. On synthetic medium containing lactate as a pre-

dominant carbon source, a growth condition that requires a

particularly high mitochondrial activity, the tim50 mutant strains

revealed a growth defect at 37�C, but not at lower temperatures

(Figure 1B; Figures S2A and S2B). The conditional growth defect

was most severe for the mutant strain lacking both the matrix

domain and the transmembrane segment of Tim50. This result

was surprising, because it has been previously reported that

Tim50IMS is sufficient to promote presequence recognition and

preprotein import by the TIM23 complex (Meinecke et al.,

2006; Mokranjac et al., 2009; Schulz et al., 2011; Malhotra

et al., 2017).

To investigate the effect of Tim50 truncations on the prese-

quence import pathway, we isolated mitochondria from wild-

type and mutant cells cultured at 24�C (Figure S2A). The

steady-state levels of mitochondrial proteins were unaltered un-

der these permissive conditions (Figure S2C). The import of ra-

diolabeled ADP/ATP carrier protein (AAC), which is independent

of the TIM23 complex (Kang et al., 2018), was similarly efficient in

wild-type and mutant mitochondria (Figure S2D). In addition,
Cell Reports 30, 3092–3104, March 3, 2020 3093



Figure 1. The N-Terminal Moiety of Tim50 Promotes Preprotein Import into the Matrix

(A) Schematic representation of Tim50 truncation protein variants. IMS, intermembrane space; TM, transmembrane segment; Mx, matrix; PBD, presequence

binding domain. The amino acid positions delimiting the indicated protein domains are reported.

(B) Serial dilutions of strains expressing either wild-type or the indicated truncated forms of TIM50 on synthetic defined medium containing lactate at 30�C
or 37�C.
(C) Measurement of the membrane potential (Dc) of isolated mitochondria on the basis of quenching of the potential sensitive fluorescent dye 3,30-dipro-
pylthiadicarbocyanine iodide. The mitochondrial Dc is proportional to the gain of fluorescence measured upon its uncoupling with valinomycin. Arrows indicate

the addition of mitochondria (Mito.) and valinomycin.

(D–F) Radiolabeled Cyt1 (D), Tim44 (E), or Atp2 (F) were imported into wild-type or truncated tim50mitochondria. The amounts of MPP-processed and Proteinase

K-resistant proteins were quantified for each time point and normalized to the corresponding protein amounts imported into wild-type mitochondria after the

longest period of time. Data are plotted as mean ± SEM (n = 3). i, intermediate; m, mature.

See also Figures S1 and S2.
lack of the Tim50 matrix and TM domains did not cause dissipa-

tion of the mitochondrial Dc across the inner mitochondrial

membrane, as judged by the uptake of the Dc-sensitive dye

3,30-dipropylthiadicarbocyanine iodide into mitochondria (Fig-

ure 1C). We conclude that the TIM23 channel-gating function

of Tim50 is intact in these mutant strains, which is in agreement

with the notion that the recombinant, purified Tim50IMS domain is

sufficient to induce gating transitions of a channel formed by the

Tim23 protein (Meinecke et al., 2006). Thus the conditional

growth defects of tim50TM/IMS and tim50IMS strains point to a

so far unexplored regulatory role of the Tim50 N-terminal moiety

during preprotein import that is required for cell growth under

stringent conditions. To further explore this scenario, in vitro syn-
3094 Cell Reports 30, 3092–3104, March 3, 2020
thesized and radiolabeled model preproteins were incubated

with isolatedmitochondria. Import of the innermembrane-sorted

cytochrome c1 (Cyt1) subunit of the cytochrome bc1 complex

occurred with wild-type-like efficiency in tim50TM/IMS and was

moderately impaired in tim50IMS mitochondria (Figure 1D).

Import of matrix-targeted Tim44 was partially defective in the

tim50-mutant mitochondria (Figure 1E). This defect was most

obvious at early and intermediate time points of the import reac-

tion, suggesting impaired kinetics of import. Notably, import of

thematrix-localized subunit b of the F1Fo ATP synthase complex,

Atp2, was strongly inhibited at all time points assessed in both

mutant mitochondria (Figure 1F). We conclude that the N-termi-

nal domains of Tim50 support translocation of polypeptide



Figure 2. The N-Terminal Moiety of Tim50

Promotes Pam17- and Motor-Dependent

Import

(A) The import-driving activity exerted by the PAM

machinery was estimated for wild-type and the

indicated mutant mitochondria. Radiolabeled

b2(167)D-DHFR was first accumulated at mitochon-

drial import sites for 15 min in the presence of

methotrexate. After addition of valinomycin to un-

couple the membrane potential, the radiolabeled

protein was chased up to 15 additional minutes (Dt).

The relative amount of MPP-processed intermediate

protein i-b2(167)D-DHFR, which is Proteinase K

resistant, over the total amount of i-b2(167)D-DHFR

at the start of the chase phase was quantified. The

amount of intermediate that formed after the pulse

phase was set to 100%. Data are plotted as mean ±

SEM (n = 3). p, precursor; i, intermediate.

(B–E) Radiolabeled Pam18 (B, D, and E) or Atp2 (C)

were imported into the indicated mitochondria as

described in Figures 1D–1F. ssc1-3 mitochondria

(B and C) were subjected to heat shock prior to the

import reaction. The amounts of Proteinase

K-resistant mature protein were quantified and

plotted over time. Data are plotted as mean ± SEM

(n = 3). m, mature.

See also Figure S3.
segments into the matrix and contribute to efficient mitochon-

drial biogenesis.

Tim50Mx and Tim50TM Promote Pam17 Function and
Import Motor Activity
Because import of mature Atp2 polypeptide segments requires

not only PAM activity but also a high mitochondrial Dc, and is

therefore particularly dependent on Pam17 (Gambill et al.,

1993; Frazier et al., 2004; van der Laan et al., 2005; Schendzie-

lorz et al., 2017), we explored whether any of these functions

were affected by the Tim50 truncations. First, we investigated
Cell R
the import-driving activity exerted by the

PAM machinery on a polypeptide segment

accumulated at mitochondrial import sites

(Figure 2A, cartoon). To this end, a chimeric

preprotein consisting of the matrix-target-

ing element of the Cyb2 presequence

fused to the passenger protein dihydrofo-

late reductase (DHFR), termed b2(167)-

DDHFR (Koll et al., 1992; Voos et al.,

1993), was stalled at the TOM-TIM23

import sites (Figure 2A, first incubation).

The N-terminal Cyb2 matrix-targeted pre-

sequence is efficiently translocated by

both the TOM and TIM23 complexes

and cleaved off by MPP leading to the

generation of the intermediate form of

the protein, termed i-b2(167)DDHFR. At

the C terminus of the fusion protein, the

DHFR moiety binds methotrexate, which

stabilizes folding and prevents this portion
of the fusion protein from passing through the TOM complex

(Figure 2A, cartoon). As a result, the i-b2(167)DDHFR accumu-

lates in a two-membrane-spanning conformation (Dekker et al.,

1997; Chacinska et al., 2003, 2010). The Dc across the inner

membrane can be then dissipated with the potassium-specific

ionophore valinomycin to abolish the Dc component of the in-

ward-directed import-driving force and allow an unbiased

assessment of PAM functionality (Figure 2A, second incubation)

(Voisine et al., 1999; Frazier et al., 2004; Ieva et al., 2014;

Schendzielorz et al., 2017). In wild-type mitochondria, the

import-driving activity of PAM constrains the folded DHFR
eports 30, 3092–3104, March 3, 2020 3095



Figure 3. Distinct Roles of Tim50Mx and Tim50TM in Modulating TIM23-PAM Interactions

(A) Protein A-tagged Tim23 mitochondria harboring wild-type or the indicated Tim50 mutant forms were solubilized with digitonin and subjected to IgG affinity

purification. Total and elution fractions were analyzed using SDS-PAGE and immunoblotting. Total, 2.5%; elution, 100%. The signals of proteins co-eluted with

tagged Tim23 (bait protein) were quantified and normalized to the relative amount of the bait protein in each sample. Data are represented asmean ± SEM (n = 5).

A one-tailed t test for unequal variances was performed: **p % 0.01.

(legend continued on next page)
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moiety proximal to the TOM complex, thus restricting its acces-

sibility to externally added Proteinase K. The import-driving ac-

tivity exerted by the PAM machinery can be inferred from the

fraction of i-b2(167)DDHFR that resists proteolysis. With

tim50TM/IMS mitochondria, less i-b2(167)DDHFR was generated

during the first incubation, yet the fraction of i-b2(167)DDHFR

protected from Proteinase K after the second incubation was

comparable with that obtained using wild-type mitochondria

(Figure 2A, lanes 1–6 and quantifications), indicating normal

import-driving activity generated by PAM in the absence of the

Tim50Mx domain. Notably, a similar protection pattern was

observed for pam17D mitochondria, which produce less

i-b2(167)DDHFR but have a wild-type like import motor-driving

activity (Figure S3) (Schendzielorz et al., 2017). In contrast,

i-b2(167)D-DHFR was largely digested by Proteinase K when

accumulated at the import sites of tim50IMS mitochondria (lanes

7–9 and quantifications). We conclude that the transmembrane

domain of Tim50 stimulates the import-driving activity exerted

by the PAM machinery on the incoming polypeptide segments.

To investigate whether the deletions of the matrix and trans-

membrane Tim50 domains impair the function of Pam17, we

set out to identify a model protein the import of which strongly

depends on Pam17, but not on import motor function. We found

that the J-protein of the PAM machinery, Pam18, fulfills this cri-

terion. Pam18 contains a single transmembrane segment

exposing a small N-terminal domain to the IMS and the function-

ally critical J-domain to the matrix. This protein is imported by

means of an atypical mitochondrial targeting signal that was re-

ported to consist of its transmembrane segment and a C-termi-

nally adjacent positively charged amphipathic helix (Mokranjac

et al., 2007). First we asked to what extent import of Pam18 re-

quires import motor activity. To this end, we used mitochondria

harboring a temperature-sensitive mutant form of mtHsp70 that

is encoded by the ssc1-3 allele (Gambill et al., 1993). Upon heat

shock, import of radiolabeled Pam18 in ssc1-3 mitochondria

was only partially affected (Figure 2B), whereas import of Atp2

in these mutant mitochondria was fully abolished (Figure 2C).

In contrast to the mild effect observed upon mtHsp70 inactiva-

tion, import of Pam18 into pam17D mitochondria was strongly

impaired (Figure 2D) (Schendzielorz et al., 2017), indicating that

Pam17 plays a critical role during import of Pam18. Therefore,

we used import of this model protein as a proxy for Pam17 func-

tions in tim50-mutant mitochondria. Import of Pam18 into

tim50TM/IMS mitochondria was reduced by more than half

compared with import into wild-type mitochondria (Figure 2E,

lanes 5–8). This defect was more severe than that observed for

the import of the same model protein in ssc1-3 mitochondria

(Figure 2B), suggesting that the Pam17 function is specifically
(B) Schematic representation of the Tim50Mx/TM-PA construct. PA, protein A tag.

(C) YPH499 strains transformed either with the empty vector pRS426 (Christians

diluted and spotted onto synthetic defined media containing 2% dextrose and in

(D) Radiolabeled preproteins were imported into the indicated mitochondria as

mediate; m, mature.

(E) Wild-type mitochondria or mitochondria harboring a protein A tag fused either

affinity purification. Bound proteins were eluted using either ammonium acetate o

fractions were analyzed using SDS-PAGE and immunoblotting. Tim50Mx/TM-P

elution, 100%.

See also Figure S4.
impaired in mitochondria lacking the Tim50Mx domain. The addi-

tional deletion of Tim50TM in tim50IMS mitochondria worsened

import of Pam18 (Figure 2E, lanes 9–12), probably accounting

for the contribution of PAM activity to efficient import of this

model protein. Taken together, our results show that Tim50Mx

specifically promotes Pam17 function, whereas Tim50TM is

linked to the subsequent steps of import-driving force generation

by the PAM machinery.

The N-Terminal Moiety of Tim50 Interacts with
Translocase-free Pam18 and Hsp70
Next we asked whether the N-terminal parts of Tim50 influence

the recruitment of distinct PAM subunits to the TIM23 complex.

We performed native affinity purification of the translocase

harboring wild-type or N-terminally truncated forms of Tim50.

Wild-type Tim50 and Tim50TM/IMS were efficiently co-isolated

with protein A-tagged and digitonin-solubilized Tim23 (Figure 3A,

lanes 4 and 5). Tim50IMS was not detected in the elution fraction

(Figure 3A, lane 6). Because expression of truncated Tim50IMS

supports cell growth under permissive conditions (Figure 1B)

(Mokranjac et al., 2009) and does not substantially affect the

mitochondrial Dc (Figure 1C), we infer that Tim50IMS does pro-

ductively interact with Tim23 in intact mitochondria, but this

interaction is not stable upon detergent solubilization (Malhotra

et al., 2017). Pam17 was inefficiently co-eluted with tagged

Tim23 in mitochondria harboring Tim50TM/IMS (Figure 3A, lane

11 and quantifications), whereas other PAM components, like

mtHsp70, Pam18 and Tim44, were recovered in the elution frac-

tion with wild-type like efficiency. Additional lack of the Tim50

transmembrane segment in tim50IMS mitochondria did not

further enhance the Pam17 recruitment defect observed in

tim50TM/IMS mitochondria (Figure 3A, lane 12 and quantifica-

tions). Despite the strong impairment of the PAM activity (Fig-

ure 2A), Pam18, Tim44, and Hsp70 were co-isolated from

tim50IMS mitochondria with a particularly high efficiency, sup-

porting a regulatory role of Tim50TM in motor organization and

cycling at the TIM23 complex (Figure 3A, lane 12) (Schulz and

Rehling, 2014). Therefore, the loss of PAM-mediated import-

driving force in tim50IMS mitochondria cannot be explained by

a defective physical interaction between TIM23 and PAM, but

it appears to relate to the functional cooperation of the channel

and import motor modules. The impaired association of Pam17

with the TIM23 complex in mitochondria lacking the N-terminal

portion of Tim50 is likely to be a major cause of the import defect

of Pam17-dependent preproteins, like Pam18 (Figure 2E).

To gain further insights into the role of the Tim50Mx and

Tim50TM domains in preprotein import, we generated a fusion

protein (Tim50Mx/TM-PA) in which the C-terminal IMS domain of
on et al., 1992) or the pACS1 plasmid (encoding Tim50Mx/TM-PA) were serially

cubated at 30�C or 37�C.
described in Figures 1D–1F. Data are plotted as mean ± SEM (n = 3). i, inter-

to Tim23 or to Tim50Mx/TM were solubilized with digitonin and subjected to IgG

r cleavage of the protein A tag by digestion with TEV protease. Total and elution
A was detected using peroxidase anti-peroxidase antibodies. Total, 2.5%;
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Tim50 was replaced by a protein A affinity tag (Figures 3B and

S4A). We expressed this construct from a multi-copy plasmid

in a wild-type strain containing the endogenous TIM50 gene.

Surprisingly, expression of Tim50Mx/TM-PA impaired yeast growth

at 37�C (but not at 30�C), thus revealing a partial dominant-nega-

tive phenotype under these conditions (Figure 3C). Mitochondria

isolated from cells expressing Tim50Mx/TM-PA grown under

permissive conditions had a wild-type-like Dc, indicating that

the presence of Tim50Mx/TM-PA does not interfere with the

channel-gating function of the endogenous Tim50 protein (Fig-

ure S4B). Mitochondria containing Tim50Mx/TM-PA were sub-

jected to import of differentially targeted preproteins. The

PAM-independent inner-membrane-sorted preprotein Cyt1 (Fig-

ure 3D, lanes 1–8) and Pam18 (Figure 3D, lanes 9–16) were effi-

ciently imported. In contrast, import of PAM-dependent Atp2

was partially impaired (Figure 3D, lanes 17–24 and quantifica-

tions), suggesting that expression of Tim50Mx/TM-PA interferes

with the activity of the import motor. Mitochondria harboring a

protein A tag fused to either Tim50Mx/TM or, for comparison,

Tim23 were solubilized with digitonin and subjected to IgG affin-

ity purification. Because our Tim50-specific antiserum recog-

nizes only the Tim50IMS domain, IgG-bound proteins were eluted

using ammonium acetate to allow immuno-detection of the

Tim50Mx/TM-PA bait protein (Figure 3E, lanes 4–6) or by proteo-

lytic cleavage of the protein A tag (lanes 10–12 and 16–18).

Only small amounts of TIM23 core subunits were co-eluted

with Tim50Mx/TM-PA (Figure 3E, lane 12). The inefficient co-isola-

tion of the TIM23 core subunits was expected, as the IMS

domain of Tim50 is important for the interaction with Tim23

(Alder et al., 2008; Tamura et al., 2009; Qian et al., 2011;Malhotra

et al., 2017; Dayan et al., 2019). We conclude that most of

Tim50Mx/TM-PA is not assembled with the core of the TIM23 com-

plex and is therefore translocase-free. Pam17 co-eluted to some

extent with Tim50Mx/TM (Figure 3E, lane 18). Intriguingly, how-

ever, Pam18 and mtHsp70 were efficiently co-eluted with both

protein A-tagged Tim50Mx/TM and Tim23. The Tim44 subunit

that docks mtHsp70 to the TIM23 complex was not co-isolated

with tagged Tim50Mx/TM (Figure 3E, lane 18). Thus, protein

A-tagged Tim50Mx/TM associates with Pam18 and mtHsp70 in

the absence of the translocase core complex and of the PAM

organizing subunit Tim44. These observations led us to the hy-

pothesis that the Tim50Mx/TM interacts with a translocase-free

pool of the chaperone/co-chaperone module Hsp70/Pam18. A

distinct fraction of the Pam18 was previously found associated

with respiratory chain complexes independently of TIM23 (Wie-

demann et al., 2007). It has been proposed that this fraction

contributes to switches between the PAM-independent inner

membrane sorting state of TIM23 and the stepwise assembly

of the TIM23/PAM machinery for matrix import (Wiedemann

et al., 2007; Dudek et al., 2013). The notion that Tim50Mx/TM

may interact with this respiratory chain bound pool of Pam18 is

supported by the co-isolation of the cytochrome bc1 complex

subunit Rip1 with Tim50Mx/TM-PA (Figure 3E, lane 18). As ex-

pected, Rip1 was also co-eluted with tagged Tim23 (Figure 3E,

lane 16), because the presequence translocase associates

with respiratory chain complexes and this local coupling facili-

tates the Dc-dependent step of the inner membrane sorting re-

action (van der Laan et al., 2006). We suggest that a molecular
3098 Cell Reports 30, 3092–3104, March 3, 2020
crosstalk between the N-terminal region of Tim50 and TIM23-

free Pam18/Hsp70 may influence import motor assembly and/

or its reaction cycle (Chacinska et al., 2005; Wiedemann et al.,

2007; Popov-Celeketi�c et al., 2008; Schulz and Rehling, 2014;

Schendzielorz et al., 2018).

Tim50IMS Promotes a Step of Motor Assembly
Subsequent to Pam17 Recruitment
Finally, we asked whether Tim50IMS cooperates with the Tim50

N-terminal moiety in promoting motor activity, thereby exerting

a function that is downstream of presequence-induced gating

of the TIM23 channel. To this end, we screened a collection of

conditional temperature-sensitive tim50 mutant strains for allele

variants that cause import defects not ascribable to impaired

presequence recognition or to TIM23 channel gating. The allele

tim50-7 was selected on the basis of the following criteria: (1)

conditional growth at temperatures lower than 37�C (Figure 4A),

(2) mutations mapping solely in the IMS domain (Figure 4B), and

(3) wild-type-likemembrane potential (Figure 4C). In addition, the

tim50-7 mutations affect neither the steady-state levels of mito-

chondrial proteins (Figure S5A) nor the Dc-dependent import of

AAC into isolated mitochondria via the TIM22 complex (Fig-

ure S5B), indicating the absence of major pleiotropic effects on

mitochondrial biogenesis under permissive growth conditions.

Heat shock of isolated mitochondria, however, partially inacti-

vated the Tim50-7 variant, leading to uncoupling of the mito-

chondrial Dc (Figure S5C). Thus, all further analyses were

conducted without subjecting mitochondria to heat shock.

Import of Cyt1 into wild-type and tim50-7 mitochondria

occurred at similar rates (Figure S6A), indicating that the IMS

domain of Tim50-7 does fulfill its presequence receptor function.

In contrast, import of Atp2 was strongly defective (Figure S6B),

suggesting that Tim50-7 specifically interferes with preprotein

import into the matrix. We then imported chimeric Cyb2-DHFR

model preproteins, which differentially depend on the import

motor. First we tested import of b2(167)D-DHFR, which is matrix

targeted and requires the import-driving activity of PAM (Voos

et al., 1993; Frazier et al., 2004). Import of this construct into

tim50-7 mitochondria was strongly affected (Figure 4D). The

related chimeric construct b2(167)-DHFR is similar in length but

differs for the additional presence of the active inner mem-

brane-sorting signal of Cyb2. This fusion protein, which is sorted

into the inner membrane by TIM23 and processed twice, is less

dependent on import motor activity (Voos et al., 1993; Truscott

et al., 2003). Compared with the matrix-translocated b2(167)D-

DHFR, import of the inner membrane-sorted b2(167)-DHFR

into tim50-7 mitochondria was clearly less defective (Figure 4E).

The chimeric construct b2(220)-DHFR contains the entire bipar-

tite presequence and a longer segment of the mature domain of

Cyb2, including the heme-binding domain. Unfolding of the

heme-binding domain during import requires PAM activity

(Voos et al., 1993). In line with the results obtained for the import

of other PAM-dependent preproteins, Atp2 and b2(167)D-DHFR,

import of b2(220)-DHFR was substantially defective in tim50-7

mitochondria (Figure 4F). We conclude that the extent of import

defect for a series of well-characterized and related model pre-

proteins in tim50-7mutant mitochondria correlates with their de-

gree of importmotor dependence.We cannot, however, fully rule



Figure 4. Expression of tim50-7 Impairs Import Motor Assembly at a Stage Subsequent to Pam17 Recruitment to TIM23
(A) Serial dilutions of wild-type and tim50-7 strains. Diluted cells were spotted onto YPD plates and incubated at the indicated temperatures.

(B) Schematic representation of Tim50 domains and list of amino acid substitutions encoded by the tim50-7 allele.

(legend continued on next page)
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out minor effects of the tim50-7mutations on PAM-independent

inner membrane sorting of preproteins.

We aimed to obtain more insight into the molecular basis for

the reduced efficiency of PAM-dependent preprotein import in

tim50-7 mitochondria. To this end, we expressed protein

A-tagged Tim23 in the tim50-7 strain and analyzed the physical

coupling of TIM23 and PAM by IgG affinity purification from digi-

tonin extracts of isolated mitochondria. Because ATP levels in-

fluence motor organization (Rassow et al., 1994; Schneider

et al., 1994; von Ahsen et al., 1995; Liu et al., 2003; Miyata

et al., 2017), mitochondria were supplied with or depleted of

ATP prior to affinity purification. The amounts of Tim50 that co-

purified with Tim23 were comparable with mitochondria

harboring either wild-type Tim50 or Tim50-7 (Figure 4G). Like-

wise, Tim21, which associates with the PAM-independent inner

membrane sorting form of TIM23, and Pam17 were co-eluted

with similar efficiency. In contrast, the amounts of co-eluted

Tim44 and Pam18 were reduced by almost half with tim50-7

mitochondria, independently of ATP supply. The amount of co-

eluted mtHsp70 was also reduced, although to a slightly lower

extent. We conclude that expression of the tim50-7 allele does

not interfere with the association of Pam17 with TIM23 but im-

pairs the subsequent stepwise recruitment of essential import

motor subunits. The functionality of Pam17 at the TIM23 com-

plex was further confirmed by the observation that the Pam17-

dependent Pam18 protein was efficiently imported into isolated

tim50-7 mitochondria (Figure 4H). We therefore infer that the

import defect observed in tim50-7 mitochondria is caused by a

defect in the dynamic assembly of the import motor at preprotein

import sites downstream of the Pam17-mediated functions.

DISCUSSION

How the receptor, channel, and motor functions of the TIM23/

PAM machinery are coordinated to achieve accurate and effi-

cient preprotein import at the inner membrane is a major open

question in mitochondrial biogenesis. Previous models inher-

ently implied that themolecular nature of the preprotein segment

within the protein-conducting channel triggers dynamic

switches in the assembly and activity state of the TIM23 complex

(Chacinska et al., 2005, 2010; Popov-Celeketi�c et al., 2008; Endo

and Yamano, 2009; Mokranjac and Neupert, 2010; van der Laan

et al., 2010; Schulz et al., 2015). However, there is emerging ev-
(C) Measurement of the membrane potential with isolated wild-type and tim50-7

(D–F) Top: schematic representation of the Cyb2-DHFR chimeric model preprot

dase; IMP, inner membrane protease; HBD, heme-binding domain. Bottom: radi

and tim50-7 mitochondria and analyzed as in Figures 1D–1F. The amounts of the

DHFR (E) and m-b2(220)-DHFR (F) proteins were quantified. Data are plotted as

(G) Mitochondria harboring a protein A tag N-terminally fused to Tim23 (Tim23PA

subjected to ATP depletion. ATP was subsequently supplemented or not as indic

purification. Total and elution fractions were analyzed using SDS-PAGE and im

amounts of signals of the indicated Tim23 co-eluted proteins were quantified and

of co-eluted PAM proteins are reported for the condition that favored interaction s

Hsp70). Tim50 and Tim21 were quantified for the +ATP condition. Data are repre

performed: *p % 0.05 and **p % 0.01; ns, non-significant (p R 0.05).

(H) Radiolabeled Pam18 was imported into wild-type and tim50-7 mitochondria an

(n = 3).

See also Figures S5 and S6.

3100 Cell Reports 30, 3092–3104, March 3, 2020
idence that structural and functional changes in the TIM23 com-

plex and PAMmachinery may already be triggered upon prepro-

tein binding to the TIM23 receptor domain on the IMS side of the

inner membrane (Tamura et al., 2009; Schulz et al., 2011; Lytov-

chenko et al., 2013; Schendzielorz et al., 2017). The molecular

requirements for such information transfer across the inner

membrane have been unknown. We have used a combination

of domain dissection and conditional mutant analysis to eluci-

date the role of Tim50 after presequence-mediated gating of

the TIM23 channel by Tim50IMS (Figure 5, step 1). We show

that the matrix domain of Tim50 is a critical determinant for the

TIM23-Pam17 association (Figure 5, step 2). Once recruited to

the channel module, Pam17 can then contribute to prime trans-

location into the matrix of polypeptide segments downstream of

the presequence (van der Laan et al., 2005; Popov-Celeketi�c

et al., 2008; Schiller, 2009; Lytovchenko et al., 2013; Schendzie-

lorz et al., 2017). Our results further reveal that the subsequent

stepwise association of the import motor with TIM23 is initiated

by the C-terminal IMS domain of Tim50 (Figure 5, step 3). Amino

acid substitutions that map solely in the IMS domain of the

Tim50-7 variant described here lead to an import motor assem-

bly defect downstream of the Pam17 recruitment step. Notably,

these amino acid substitutions in Tim50IMS mimic specific muta-

tions in Tim44, the matrix-localized organizer of the PAM com-

plex, that cause a PAM assembly defect independent of

Pam17 recruitment (Hutu et al., 2008). We show that the trans-

membrane segment of Tim50 is not required for PAM recruit-

ment to TIM23 but supports the generation of an inward-directed

driving force on the preprotein by the import motor (Figure 5,

step 4). When the PAMmachinery starts to pull on the N-terminal

portions of a matrix-destined polypeptide segment, its C-termi-

nal regions may still interact with the Tim50 receptor domain on

the IMS site. It would be conceivable that this preprotein-Tim50

interaction determines the follow-up assembly and functional

state of the PAM machinery at the trans site of the inner mem-

brane. Interactions between the Tim50IMS domain with the chan-

nel-forming Tim23 subunit have been previously proposed to

influence channel and import motor activities (Tamura et al.,

2009; Lytovchenko et al., 2013; Malhotra et al., 2017; Dayan

et al., 2019). On the basis of our findings, the Tim50 membrane

anchor emerges as an important functional link coupling the re-

ceptor and the motor modules of the TIM23-PAM complex,

which are on opposite sides of the inner membrane. In the
mitochondria as described in Figure 1C.

eins. MTS, matrix-targeting sequence; MPP, mitochondrial processing pepti-

olabeled preproteins were imported for different periods of time into wild-type

matrix-targeted i-b2(167)D-DHFR (D) or inner membrane-targeted m-b2(167)-

mean ± SEM (n R 3). p, precursor; i, intermediate; m, mature.

) and either wild-type Tim50 or the mutant form Tim50-7 protein variant were

ated. Mitochondria were solubilized with digitonin and subjected to IgG affinity

munoblotting using the indicated antisera. Total, 2.5%; elution, 100%. The

normalized for the amount of eluted Tim23 in the same sample. Quantifications

tability (+ATP in the case of Pam17 and�ATP in the case of Tim44, Pam18, and

sented as mean ± SEM (n R 3). A one-tailed t test for unequal variances was

d analyzed as in Figures 1D–1F. Plotted data correspond to mean value ± SEM



Figure 5. Schematic Representation of the

Roles of Tim50 during Preprotein Import

Step 1: the IMS domain of Tim50 controls the

opening of the TIM23 channel. Recognition of a

presequence signal by Tim50 induces channel

gating, initiating the Dc-dependent transport of the

presequence by TIM23. Step 2: thematrix domain of

Tim50 is a critical determinant for the TIM23-Pam17

association. Pam17 in turn facilitates further Dc-

dependent transport steps downstream of prese-

quence translocation. Step 3: the IMS domain of

Tim50 licenses the subsequent stepwise associa-

tion of the import motor subunits with TIM23. Step 4:

the transmembrane segment of Tim50 stimulates

the generation of an inward-directed driving force

on the preprotein by the import motor. For clarity,

only the essential core subunits of the TIM23 com-

plex and the PAM subunits are represented. The

Tim50 domains promoting each of the described

steps are highlighted with green stripe patterns.
case of inner membrane-targeted preproteins, the incoming

polypeptide containing a stop-transfer signal may occupy a po-

sition of the TIM23 channel with a facilitated access to the

external lipid bilayer rather than to the pulling activity of the

import motor (Popov-Celeketi�c et al., 2008; Chacinska et al.,

2010; Ieva et al., 2014; Schendzielorz et al., 2018). Thus, muta-

tions in Tim50 or its depletion may have marginal effects on inner

membrane targeting of preproteins that have small matrix do-

mains and do not strictly require PAM activity. However, the co-

ordination of the Tim50 IMS receptor function with the PAM as-

sembly and functional state may be particularly important for the

import of preproteins that contain both motor-dependent matrix

domains and inner membrane-integral domains. The complex

biogenesis of such preproteins is likely to require multiple

switches within the import machinery that involve the cycling of

PAM subunits, such as Pam18 and mtHsp70 (Liu et al., 2003;

D’Silva et al., 2004; Bohnert et al., 2010; Schulz and Rehling,

2014).

Taken together, we propose that dynamic rearrangements in

the IMS domain of the Tim50 receptor, most likely induced by

the interaction with the preprotein polypeptide segments, trigger

the assembly and activation of the import motor on the matrix

side of the TIM23 preprotein-conducting channel. Our data sup-

port a model in which Tim50 plays a key role in the orchestration

of the functional interplay between the TIM23 complex and PAM
machinery that allows accurate discrimination of matrix-translo-

cated polypeptide segments.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast (S. cerevisiae) strains used in this study and their genotypes are described in the KEY RESOURCES TABLE. S. cerevisiae

strains were cultured in yeast peptone media (1% [w/v] yeast extract, 2% [w/v] Bacto peptone) supplemented with either 3%

[w/v] glycerol (YPG) or 2% [w/v] dextrose (YPD), or in synthetic defined medium containing 0.67% (w/v) Difco-yeast nitrogen

base, a dropout amino acid mix and 3% (w/v) glycerol, or 2% (w/v) dextrose, or 2% lactate and 0.1% dextrose. Yeast cultures

were conducted at temperatures ranging between 17�C and 37�C as described in the Method Details and in Figure Legends.

METHOD DETAILS

Yeast Strains, Plasmids and Growth Conditions
Mutant strains were generated from S. cerevisiae YPH499 (MATa, ade2-101, his3-D200, leu2-D1, ura3-52, trp1-D63, lys2-801) (Si-

korski and Hieter, 1989). To generate temperature-sensitive tim50 mutant strains, tim50 alleles obtained by error-prone PCR or the

wild-type TIM50 gene were cloned into the centromeric plasmid pFL39. The obtained pFL39-derivative plasmids were transformed

by plasmid shuffling into a tim50 deletion strain, where the open reading frame of TIM50 had been previously replaced with the ADE2

cassette using homologous recombination. Transformants were tested for growth at 24�C, 30�C and 37�C both on fermentative and

respiratory media. The sequence of the tim50-7 allele (Wenz et al., 2014), amplified from the corresponding mutant strain, encodes

the amino acid substitutions V289A, K363E, E400G, K435N, I451V. The pFL39 derivative plasmid containing the wild-type TIM50

gene was also used as a template to generate tim50 truncation alleles. The plasmid harboring the tim50TM/IMS allele was obtained

by inverse PCR. The plasmid harboring tim50IMS was obtained by In-Fusion Cloning (Takara) using a construct encoding the

S. cerevisiae Cyb2 amino acid sequence 2-167 (amplified from plasmid B18, see below) which was fused in between codons 5

and 132 of the Tim50 encoding sequence. Both alleles were transformed by plasmid shuffling into a tim50 deletion strain as described

above. To generate tim50 mutant strains that express a N-terminally protein A-tagged form of Tim23, a construct encoding a HIS3

selection cassette, the NOP1 promoter, and a tandem protein A sequence followed by the cleavage site for the tobacco etch virus

(TEV) protease was fused to the second codon of chromosomal TIM23 using homologous recombination (Geissler et al., 2002). A

strain expressing both wild-type Tim50 and the protein A-tagged Tim50Mx/TM was obtained by transforming YPH499 with pACS1.

This multicopy plasmid harbors the PGK1 promoter and terminator regions flanking an open reading frame that encodes the first

142 residues of Tim50 fused via the TEV protease cleavage site to a tandem protein A sequence. YPH499 transformed with themulti-

copy empty vector pRS426 was used as a control reference strain expressing only the wild-type copy of TIM50. The pam17D and

ssc1-3 strains were previously described (Gambill et al., 1993; van der Laan et al., 2005).

Mitochondria Isolation, Analysis of Protein Content and Mitochondrial Dc Measurement
To isolate mitochondria, all strains were cultured in glycerol-containing media at 24�C, except the strain ssc1-3,which was grown at

17�C. Collected cells were subjected to enzymatic digestion of the cell wall and mechanical disruption of the plasma membrane.

Mitochondria were subsequently isolated using differential centrifugation (Meisinger et al., 2006). The mitochondrial protein content

was solubilized in Laemmli buffer (2% [w/v] SDS, 10% [w/v] glycerol, 60 mM Tris-HCl, pH 6.8, 0.01% [w/v] bromophenol blue, 2 mM

phenylmethylsulfonyl fluoride [PMSF], 1% [v/v] 2-mercaptoethanol) and denatured at 95�C for 5 min. Proteins were separated by

NuPAGE (Thermo Fisher Scientific) polyacrylamide gel electrophoresis, transferred onto a PVDFmembrane and decorated with spe-

cific antisera. The mitochondrial Dc was measured by monitoring the fluorescence of the potential sensitive dye 3,30-dipropylthiadi-
carbocyanine iodide (DISC3(5)) using a fluorometer with excitation and emissionwavelengths set to 622 nmand 670 nm, respectively.

The response time was set to 1 s, the slit width was 5 nm. Mitochondria were diluted to a concentration of 20 mg/ml into a cuvette

containing 3 mL of Dc-measurement buffer (0.6 M sorbitol, 10 mM MgCl2, 0.5 mM EDTA, 20 mM KPi, pH 7.2, 0.1% [w/v] bovine

serum albumin [BSA], 5 mM malate, 5 mM succinate) with the addition of 2 mM DISC3(5). Upon uptake and quenching of the

DISC3(5) fluorescence, samples were supplemented with 1 mM valinomycin to uncouple the membrane potential. The gain of fluo-

rescence measured upon uncoupling was used to estimate the degree of mitochondrial Dc accumulation in different mitochondrial

samples. Where indicated, in vitro heat shock of isolated mitochondria was conducted prior to measurements, by incubating 200 mL

of Dc-measurement buffer containing 60 mg of mitochondria at 37�C for 15 min. This reaction was added to a cuvette containing

2.8mL ofDc-measurement buffer and 2 mMDISC3(5) at room temperature. In all cases, fluorescencemeasurements were conducted

at 25�C.

In Vitro Preprotein Synthesis and Import into Isolated Mitochondria
A series of pGEM4Z-derivative plasmids, containing genes under the transcriptional control of the SP6 promoter, that encode

respectively b2(167)-DHFR (B03), b2(167)D-DHFR (B04), b2(220)-DHFR (B18), Atp2 (F01), Cyt1 (C06), AAC (A01), Tim44 (T44), and

Pam18 (P18), were used. For in vitro synthesis and radiolabeling of precursor proteins, the pGEM4Z-derived plasmids were added

to the SP6 TNT Quick Coupled transcription/translation rabbit reticulocyte lysate system (Promega) in the presence of [35S]methio-

nine. Isolated mitochondria were diluted in import buffer (3% [w/v] BSA, 250 mM sucrose, 80 mM KCl, 5 mMMgCl2, 2 mM KH2PO4,

5 mM methionine, 10 mM, MOPS-KOH, pH 7.2), and supplemented with 2 mM ATP, 2 mM NADH as well as an ATP regenerating

system (5 mM creatine phosphate, 0.1 mg/ml creatine kinase). Mitochondria were supplemented with an AVO mix (8 mM antimycin
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A, 1 mM valinomycin, 20 mM oligomycin) (�Dc reactions) or an identical volume of ethanol (+Dc reactions). Import reactions were

started by the addition of lysate containing radiolabeled proteins tomitochondria and stopped by adding the AVOmix (+Dc reactions)

or an identical volume of ethanol (�Dc reactions). All reaction mixtures were then cooled on ice. Samples were split into two equal

aliquots, one of whichwas supplementedwith 50 mg/ml Proteinase K for 15min on ice. The proteasewas then inactivated using 2mM

PMSF. Where indicated, heat shock was conducted prior to import by incubating mitochondria in import buffer at 37�C for 5 min

(ssc1-3) or 15 min (tim50-7). To assess the import-driving activity exerted by the PAM machinery, radiolabeled b2(167)D-DHFR

was first supplemented with 5 mMmethotrexate (MTX) for 5 min at 25�C to stabilize the folding of the DHFR moiety. This preparation

of b2(167)D-DHFR was added to mitochondria diluted in import buffer containing 5 mMMTX, 2 mM ATP, 2 mM NADH, 5 mM creatine

phosphate and 0.1 mg/ml creatine kinase. After a first incubation time of 15 min, an aliquot corresponding to a third of each reaction

was withdrawn and cooled on ice (Dt = 0 min, +Dc, � Proteinase K). The remaining two thirds of the reactions were supplemented

with 1 mM valinomycin and incubated at 25�C for the indicated chase time, prior to digestion with 50 mg/ml Proteinase K for 15 min on

ice (Dt = 3min andDt = 15min,�Dc, + Proteinase K). After protease inactivation with 2mMPMSF,mitochondria were re-isolated. The

protein content of mitochondria subjected to import reactions was solubilized using a denaturing protocol as described above,

except in the case of ADP/ATP carrier (AAC) import. AAC import reactions were subjected to Proteinase K digestion, prior to re-isola-

tion of mitochondria and analysis by blue native gel electrophoresis to resolve radiolabeled AAC (Palmisano et al., 1998; Ryan et al.,

1999). To this end, mitochondria were gently resuspended in ice-cold digitonin buffer (20 mM Tris-HCl, pH 7.4, 10% [w/v] glycerol,

50 mM NaCl, 0.1 mM EDTA, 1 mM PMSF), containing 1% (w/v) digitonin, and incubated on ice for 15 min. After a clarifying centri-

fugation step, solubilized proteins were separated on a 6%–16.5% acrylamide blue native gel. All radiolabeled proteins were de-

tected by autoradiography using a Storm phosphorimager (GE Healthcare) and processed using the MultiGauge software (FujiFilm).

Removal of non-relevant gel lanes is indicated by white spaces separating the adjacent parts of the gels shown in the figures.

Native Isolation of Protein Complexes by IgG Affinity Purification
IgG affinity chromatography was conducted adapting previously established protocols (Geissler et al., 2002; Truscott et al., 2003;

Chacinska et al., 2005; van der Laan et al., 2005; van der Laan et al., 2007). Isolatedmitochondria were solubilized in buffer containing

1% (w/v) digitonin, for 30min at 4�C. After removing the insoluble material by centrifugation, the supernatant was incubated with IgG-

Sepharose beads. Samples were mixed by agitation for 1.5 h at 4�C to allow binding of the protein A tag to immobilized IgGs. After

extensive washes of the resin with buffer containing 0.3% (w/v) digitonin, bound proteins were eluted using either ammonium acetate

or TEV protease (Thermo Fisher). Where indicated, mitochondria were subjected to ATP depletion or supplemented with ATP prior to

solubilization. To this end, mitochondria were diluted in import buffer to 1mg/ml and supplemented with 20 mMoligomycin, 0.2 Units/

ml apyrase and incubated at 25�C for 15 min. After re-isolation, mitochondria were resuspended in import buffer, supplemented with

20 mM oligomycin, 2 mM NADH and divided in two aliquots. One aliquot (�ATP) was directly incubated at 25�C for 10 min. The other

aliquot (+ATP) was supplemented with 2mMATP, 5mMcreatine phosphate and 0.1mg/ml creatine kinase and incubated at 25�C for

10 min. This incubation was followed by solubilization of protein contents with digitonin as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

To quantify signal intensities, the MultiGauge (Fujifilm) analysis software was used. For import experiments, signals were normalized

to those obtained for the referencewild-type sample at the longest time point. The import-driving force generated by the importmotor

on b2(167)D-DHFR was estimated by quantifying the fraction of Proteinase K-resistant intermediate form of the accumulated prepro-

tein, i-b2(167)D-DHFR, obtained after the indicated chase time (Dt). Values were normalized to the amount of i-b2(167)D-DHFR gener-

ated during the first incubation (Dt = 0 min, + Dc, � Proteinase K). The intensities of bands corresponding to proteins co-eluted with

IgG affinity purified Tim23 were normalized to the relative amount of yielded bait protein. In all graphs, the error bars represent the

standard error of the mean (SEM) obtained from a number (n) of independent experiments as indicated in the Figure Legends.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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