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Mapping protein interactions in the active TOM-
TIM23 supercomplex
Ridhima Gomkale 1, Andreas Linden 2,3, Piotr Neumann 4, Alexander Benjamin Schendzielorz1,

Stefan Stoldt5,6, Olexandr Dybkov 7, Markus Kilisch8, Christian Schulz1, Luis Daniel Cruz-Zaragoza 1,

Blanche Schwappach 8, Ralf Ficner 4,9, Stefan Jakobs 5,6,9, Henning Urlaub 2,3 & Peter Rehling 1,9,10✉

Nuclear-encoded mitochondrial proteins destined for the matrix have to be transported

across two membranes. The TOM and TIM23 complexes facilitate the transport of precursor

proteins with N-terminal targeting signals into the matrix. During transport, precursors are

recognized by the TIM23 complex in the inner membrane for handover from the TOM

complex. However, we have little knowledge on the organization of the TOM-TIM23 tran-

sition zone and on how precursor transfer between the translocases occurs. Here, we have

designed a precursor protein that is stalled during matrix transport in a TOM-TIM23-

spanning manner and enables purification of the translocation intermediate. Combining

chemical cross-linking with mass spectrometric analyses and structural modeling allows us to

map the molecular environment of the intermembrane space interface of TOM and TIM23 as

well as the import motor interactions with amino acid resolution. Our analyses provide a

framework for understanding presequence handover and translocation during matrix protein

transport.
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Multiple import pathways facilitate the transport of
mitochondrial proteins from the cytosol into the var-
ious mitochondrial compartments. The TOM complex

(translocase of the outer mitochondrial membrane) serves as the
general entry gate for mitochondrial proteins1–3. One of the
predominant mitochondrial protein import pathways, is the so-
called presequence pathway, which is dedicated to the transport
of precursor proteins with N-terminal, amphipathic α helical
targeting signals, presequence, across the inner membrane. Along
the transport pathway across the outer and inner mitochondrial
membranes, the presequence is sequentially recognized by several
receptors thereby providing translocation specificity and
velocity4–6.

Precursors are recognized on the outer surface of mitochondria
by cytosol-exposed receptors Tom20 and Tom22 that are func-
tionally supported by other presequence-binding TOM subunits
Tom5, Tom70, and the pore-forming Tom407–11. At the exit of
the Tom40 channel, the intermembrane space (IMS) domain of
Tom22 serves as a trans-binding site for the presequence12–14.
Recent structural and biochemical analyses of the Saccharomyces
cerevisiae TOM complex provide us with a blueprint on how
precursors are transported through the TOM complex2,3,15.
However, the subsequent steps of transport are not well
understood.

For inner membrane translocation, precursor proteins need to
be handed over from the outer membrane TOM complex to the
TIM23 complexes in the inner membrane. Once precursor
translocation across the inner membrane is achieved, a transient
translocation intermediate of a TOM-TIM23-spanning precursor
is formed demonstrating that the translocation processes across
the two membranes occur in a synchronized manner16–19.
Accordingly, for the handover of the precursor from TOM to the
TIM23 complex, both complexes need to be in proximity to each
other. A complex set of protein interactions among IMS-domains
of Tom22, Tim50, Tim23, and Tim21 and with the presequence
of the incoming precursor are thought to facilitate precursor
transfer across the IMS to the TIM23 complex. However, a
molecular understanding of these processes in the context of the
translocation machineries is still missing. For precursor recog-
nition at the inner membrane, the Tim50IMS-domain acts as the
primary presequence receptor. In addition to Tom22IMS,
Tim50IMS, and Tim23IMS interact with presequences in the
intermembrane space20–25. Tim21IMS promotes dissociation of
the precursor from Tom22IMS26,27.

For inner membrane translocation, the Tim23 channel is
regulated in a precursor-dependent manner: Tim23IMS facilitates
dimerization of the channel-forming Tim23 protein in a pre-
sequence and membrane potential-dependent manner28–30. In
the presence of presequences, the dimer dissociates, leading to
activation of the channel28,29,31. The membrane potential subse-
quently drives the positively charged presequence across the inner
membrane. For full translocation of the precursor across the
membrane, Tim44 and mtHsp70 of the PAM complex engage the
polypeptide chain at the exit of the Tim23 channel. During
transport of the polypeptide, the ATPase activity of Hsp70 has to
be regulated by the Pam18 (Tim14) J-protein and its regulator
Pam16 (Tim16)32–38.

Despite the available biochemical data on individual protein
interactions and receptor functions, the complex mechanism of
protein transfer, along with the interplay of interactions between
the TOM, TIM23, and PAM complex subunits during import of a
protein are not understood. Moreover, we lack spatial informa-
tion on the organization of the translocase components that
enable precursor transfer between outer and inner membranes.

In this work, we utilize a precursor protein with a tightly folded
C-terminal blocking moiety to generate and stabilize the TOM-

TIM23 translocation intermediate both in vivo and in vitro.
Utilizing a cross-linking-based mass spectrometry approach, we
define interactions of translocase constituents in the presence and
absence of accumulated precursor with amino acid resolution.
Based on molecular modeling approaches of protein interactions,
we propose a model of the TOM-TIM23 transition zone and
provide insight into precursor transport from the outer mem-
brane TOM to the inner membrane TIM23 complex and on
interactions in the mitochondrial import motor.

Results and discussion
A supercomplex-stabilizing precursor stalled in mitochondrial
import. Transport of presequence-containing mitochondrial
proteins requires cargo handover from the outer membrane TOM
to the inner membrane TIM23 complex. Upon inner membrane
translocation of the precursor a translocation intermediate
spanning both TOM and TIM23 complexes is established by the
precursor39. At the analytical level, the 20 nm long TOM-TIM23
supercomplex could be stabilized and monitored upon import of
a mitochondrial precursor with a C-terminally fused folded
domain that cannot pass the TOM complex16–18,40. Here we
designed a precursor protein consisting of the N-terminus of the
mitochondrial presequence-containing Jac1 fused to superfolder
GFP (sfGFP) to stabilize translocases in a supercomplex trans-
location intermediate (Fig. 1a). Upon expression in Sacchar-
omyces cerevisiae cells, co-localization of the Jac1sfGFP precursor
with mitochondria was observed by fluorescence microscopy
(Supplementary Fig. 1a, b). Furthermore, Jac1sfGFP and translo-
case subunits displayed the expected high degree of proximity in
STED super-resolution images (Fig. 1b). To define the
supercomplex-forming capacity of Jac1sfGFP, we purified the
fusion protein and performed in vitro import into mitochondria.
Analysis of the translocase complexes TOM and TIM23 by Blue
Native (BN)-PAGE revealed precursor-dependent formation of a
TOM-TIM23 supercomplex that increased in abundance with the
amounts of added Jac1sfGFP (Fig. 1c). In agreement with the
formation of a TOM-TIM23 supercomplex occupied by Jac1sfGFP,
accumulation of increasing amounts of Jac1sfGFP in mitochondria
led to saturation of presequence import sites, reflected by reduced
import capacity for a [35S]-labeled mitochondrial matrix protein
F1β (Atp2) (Fig. 1d).

When solubilized mitochondrial protein complexes were
analyzed by glycerol gradient centrifugation, TOM and TIM23
complex subunits displayed a Jac1sfGFP-dependent shift in their
running pattern towards higher molecular weight fractions
(Supplementary Fig. 1c). Signal intensity analyses revealed the
TOM-TIM23 supercomplex to be predominantly migrating in
fraction 6 (Fig. 1e). We concluded that, the Jac1sfGFP fusion
protein localized to mitochondria in vivo and in vitro and led to
the formation of a precursor saturated translocase supercomplex
consisting of TOM and TIM23 complexes.

Purification of the TOM-TIM23 supercomplex. To define the
supercomplex biochemically, we solubilized wild-type (WT)
mitochondria following the import of Jac1sfGFP and immunoi-
solated the translocation intermediate using a GFP Nanobody
(Nb) coupled to sepharose. As expected, together with the GFP-
containing precursor, components of the TOM (Tom40, Tom22,
Tom20, Tom5), TIM23 (Tim23, Tim17, Tim50, Tim21) and
PAM (Tim44, Hsp70, Pam18, Pam16) complexes were specifi-
cally isolated (Fig. 2a). For preparative TOM-TIM23 super-
complex purification, we devised a two-step approach. First, a
yeast strain expressing HisSUMOstar-Tim23 (HisS*Tim23) was
generated allowing for native TIM23 complex isolation via His-
tagged Tim23 followed by SUMOstar protease cleavage41. As the
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second purification step, GFP-Nb affinity purification was
applied. The TIM23 complex was isolated in the presence and
absence of imported Jac1sfGFP. Upon HisS*Tim23 purification, a
similar pattern of purified proteins was apparent in both condi-
tions (Fig. 2b, lanes 2 and 3), except for additional bands of
Jac1sfGFP and Tom40 in the sample with accumulated Jac1sfGFP

(lane 3). We then applied these eluted samples to a GFP Nb

column, to specifically isolate supercomplex components. The
purified fraction was specifically enriched in components of the
TOM, TIM23, and PAM complexes (Fig. 2b, lane 5), as confirmed
by immunodetection and mass spectrometry. Thus, as has been
previously established, both the Tim21-containing motor free and
the Tim21-free PAM-containing forms of the supercomplex were
isolated42. Accordingly, the TOM-TIM23 supercomplex could be
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natively purified from mitochondria after import of Jac1sfGFP in
preparatory scale. Hence, this strategy represents a means to
biochemically purify and define supercomplex organization.

Next, we addressed the oligomerization state of selected Tim
and Pam subunits in the translocase. To this end, we utilized yeast
strains, which expressed a wild-type copy of the protein of
interest and a tagged variant. ALFA-tagged Tim23, Tim17,
Tim50, Tim44, Pam16, and Pam18 were expressed in yeast along
with their corresponding wild-type variant. Solubilized mito-
chondria were subjected to immunoisolation using a nanobody
directed against the ALFA tag. The TIM23 complex subunits
Tim23ALFA, Tim17ALFA, and Tim50ALFA clearly co-isolated their
corresponding wild-type counterpart (Fig. 2c). Hence, more than
one copy of Tim23, Tim17, and Tim50 were present in the
TIM23 complex. For Tim21, a FLAG-tagged variant was used for
immunoisolation. Both, wild-type Tim21 and Tim21FLAG were
present in the purified fraction, indicating that more than
one copy of Tim21 is present in the TIM23 complex (Fig. 2d). In
case of the motor complex subunits Tim44ALFA, Pam18ALFA, and
Pam16ALFA, none of the tagged proteins copurified its wild-type
counterpart in significant amounts, indicating that Tim44,
Pam16, and Pam18 are most likely present as a single copy at
the translocase (Fig. 2e). Taken together, TIM23 complex
subunits are mostly present in multiple copies in the translocase
while motor subunits predominantly appear to be present in a
single copy.

Dissecting translocase organization by chemical cross-linking.
To define protein organization and dynamics during protein
import, we combined complex isolation with chemical cross-
linking. To this end, the TIM23 complex was isolated following
the import of Jac1sfGFP. The purified complex was subjected to
chemical cross-linking using amino-reactive homobifunctional
long spacer cross-linkers such as DSS (11.4 Å spacer) and DSSO
(10.1 Å spacer) and heterobifunctional short spacer length cross-
linkers, e.g., SDA (3.9 Å spacer) and EDC (0 Å spacer), to cover
maximal protein cross-links at various spacer distance con-
straints. In western blot analyses, we observed cross-linked
adducts of Tom20, Tom22, Tom40, Tim21, Tim23, and Tim44
upon DSS, DSSO, and EDC treatment (Supplementary Fig. 2a).
Based on this, we subjected cross-linked samples obtained from
DSS-, SDA-, and EDC-mediated cross-linking to mass spectro-
metric analyses to define protein interaction sites with amino acid
resolution (Supplementary Data 1). To corroborate the cross-link
data obtained for the purified protein complexes, we carried out
two complementary approaches. First, we performed in organello
cross-linking with DSS and EDC, and second, we performed in
organello cross-linking with DSS followed by TIM23 complex
isolation (Supplementary Data 1).

Interactions of the TIM23 complex. The cross-linking data
allowed us to define interaction sites between TOM, TIM23, and
PAM (presequence translocase-associated import motor) com-
plex constituents (Fig. 3a, b). The IMS domain of the Tim50
receptor displayed multiple interactions with the IMS-localized
N-terminus of the Tim23 channel and Tim21IMS (Fig. 3a). The
interaction of Tim50IMS could be mapped to the predicted coiled-
coil domain of Tim23IMS, which is in agreement with a role of
Tim50 in Tim23 oligomerization28,30,39,40. Interestingly, the
Tim50/Tim23 cross-link was only detected in the absence of a
precursor, suggesting that a conformational change in Tim50IMS

alters its relative position to Tim23 in the open state of the
translocation channel. The Tim23 channel showed multiple
interactions with Tim17. Cross-links between Tim17 and
Tim23IMS were preferentially obtained with short distance cross-
linkers EDC and SDA and the matrix cross-link with the longer
distance cross-linker DSS (Fig. 3a and Supplementary Data 1).
Moreover, the C-terminus of Tim17 appeared to be positioned in
proximity to Tim21IMS and also cross-linked to several regions
along the polypeptide chain of Tim23 (Fig. 3a).

Interestingly, we observed cross-links between Tim17 and the
extreme N-terminus of Tim23 (aa 2). The topology of the
N-terminus of Tim23 has remained controversial in the field as it
has been proposed to localize to the cytosolic face of the outer
membrane43,44. In our opinion, the presence of an interaction
between the N-terminus of Tim23 and Tim17 clearly favors the
concept of a location of the Tim23 N-terminus in the IMS (see
also below). Furthermore, using Tim23 cross-linking information
from isolated complex and in organello cross-linking approaches,
we obtained multiple intra-protein cross-links throughout the
putative Tim23IMS, and inter-protein cross-links with IMS-
exposed domains of other translocase subunits (Supplementary
Fig. 3a). To further support an intermembrane space localization
of the TIM23IMS, we generated single cysteine
Tim23 substitutions at various positions within the first 60
amino acids, in a TIM23 deletion background. These mutants
complemented the lethal tim23Δ growth phenotype and purified
mitochondria displayed wild-type-like protein levels (Supple-
mentary Fig. 3b). Mitochondria and mitoplasts from these
mutants were subjected to a cysteine modification assay using
maleimide activated streptavidin, that cannot pass the intact outer
membrane. For all mutants, Tim23-specific modified bands could
be observed only in mitoplasts, indicating the localization of these
residues in the IMS (Supplementary Fig. 3c). Together, these
results support the idea that the N-terminus of Tim23 is localized
within the intermembrane space.

The extreme N-terminus of the Mgr2 gate keeper protein
displays cross-links to Tim21IMS and Tim23IMS. Considering that
the Tim23 channel dimerizes through the N-terminal domain, it

Fig. 1 Jac1sfGFP localizes to mitochondria and accumulates in a TOM-TIM23 supercomplex. a Design of Jac1sfGFP supercomplex forming protein and its
schematic representation within the TOM-TIM23 supercomplex. b STED super-resolution microscopy of yeast cells expressing Jac1sfGFP. Cells were
labeled with antibodies against GFP (green) and Tom40 (magenta) or Tim23 (magenta). Representative images from three biological replicates are
depicted. c Increasing amounts of purified Jac1sfGFP were imported into wild-type mitochondria. Mitochondria were solubilized and supercomplex formation
was monitored by BN-PAGE followed by immunoblotting using indicated antibodies. Four independent experiments were carried out. d Indicated amounts
of purified Jac1sfGFP were imported for 30min into 50 µg mitochondria. Mitochondria were briefly washed and [35S]-labeled F1β was imported for 15min.
The reaction was stopped by the addition of AVO followed by PK (Proteinase K) treatment. Samples were analyzed by SDS-PAGE and digital
autoradiography. The imported precursor was quantified as percent of the 0 µM protein sample with PK treatment (100% control) (lane 3). Results are
presented as mean ± SEM, n= 4. e After import, solubilized mitochondria with or without imported Jac1sfGFP were subjected to glycerol gradient
centrifugation. Fractions were analyzed by SDS-PAGE and immunoblotting. The signal intensity of supercomplex subunits were quantified and normalized
as % of the total signal. ps: presequence, aa: amino acid, sfGFP: superfolder GFP, TOM: translocase of the outer mitochondrial membrane, TIM23:
presequence translocase of the inner mitochondrial membrane, PAM: presequence translocase-associated motor complex, OMM: outer mitochondrial
membrane, IMS: intermembrane space, IMM: inner mitochondrial membrane, p: precursor, m: mature (processed) form, AVO: a mixture of Antimycin A,
Valinomycin Oligomycin.
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is tempting to speculate that the lateral gate for membrane
insertion of precursors, which is controlled by Mgr2, is positioned
at the N-terminal portion of Tim23. In addition to the cross-link
of Mgr2 to Tim23IMS, we also detected cross-links to Tim21IMS,
both of which were found in the presence and absence of an

accumulated precursor. The IMS domain of Tim21 appears to
represent a hot spot of interactions. Within the TIM23 complex,
Tim21IMS reveals cross-links to Tim50IMS, Tim17 C-terminus,
and Mgr2. While cross-links between Tim21IMS aa 161,164, and
190 and Tim50IMS were detected only in the absence of a

a

d

b

67-

45-

29-

21-

12-

6-

GFP Nb

SUMO* protease

Jac1sfGFP+ - + - +

+ + + + +

- - - + +

HisS*Tim23WT

Hsp70

Tim44
Jac1sfGFP/Tim50

Tom40

Pet9

Tim23
Tim21

Tim17

Tom22

GFP Nb

SUMO* 
Protease

mitochondria

kDa

1 2 3 4 5

- GFP

- Tom22

- Tom5

- Tom40

- Tom70

- Tom20

- + - + Jac1sfGFP

Total Elution

1 2 3 4

e

- Tim21FLAG

- Tim21WT

- FLAG

- Tim50

- Tom40

Ti
m

21
FL

AG

Ti
m

21
FL

AG
 +

 T
im

21
W

T

Ti
m

21
FL

AG

Ti
m

21
FL

AG
 +

 T
im

21
W

T

Total Elution

1 2 3 4

- Aco1

- Tim23

- Tim21

- Tim17

- Tim50

Jac1sfGFP- + - +
Total Elution

5 6 7 8

-

- Hsp70

- Pam17

- Pam16

- Pam18

- Tim44

Jac1sfGFP+ - +
Total Elution

9 10 11 12

Total Elution

Tim44ALFA

Pam18ALFA

Tim44ALFA

Tim44

Pam18ALFA

Pam18

1 2 3 4 5 6 7 8

Ti
m

44
A

LF
A

Pa
m

18
A

LF
A

Pa
m

16
A

LF
A

Ti
m

44
A

LF
A

Pa
m

18
A

LF
A

Pa
m

16
A

LF
A

Ti
m

50
A

LF
A

Ti
m

50
A

LF
A

Tim50ALFA

Pam16ALFA

Tim21

Pam16
Pam16ALFA

kDa

20-

50-

20-

25-

37-

20-

kDa

50-

37-

20-

20-

c

- Tim23

- Tim23ALFA

- Tim50ALFA

- Tim23ALFA

- Tim17

- Tim50ALFA

- Tim50

- Aco1

W
T

Ti
m

23
A

LF
A

Ti
m

50
A

LF
A

W
T

Ti
m

23
A

LF
A

Ti
m

50
A

LF
A

Total Elution

1 2 3 4 5 6

kDa

50-

25-

25-

50-

15-
100-

- Tim17ALFA

- Tim17

- Tim23

- Tim50

- Aco1

W
T

Ti
m

17
A

LF
A

W
T

Ti
m

17
A

LF
A

Total Elution

7 8 9 10

100-

kDa

15-

15-

25-

50-

kDa kDa kDa

50-

37-
25-

20-

10-

75-

25-
20-

50-

20-

100-

75-

15-

45-

21-

21-

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26016-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5715 | https://doi.org/10.1038/s41467-021-26016-1 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


precursor, Tim21IMS aa 135 cross-linked to the extreme
C-terminus of the Tim50IMS was only detected in the presence
of a precursor, suggesting that the C-terminal presequence-
binding domain of Tim5022 folds towards Tim21 once the
precursor has been passed to the channel.

The mitochondrial import motor associates to the TIM23
complex at the matrix side of the inner membrane to drive matrix
transport of precursors. The cross-linking analyses identified
multiple interaction sites between the import motor and the
membrane module constituents of the TIM23 complex (Fig. 3b).
At the matrix side of the inner membrane, Tim50matrix contacts
the N-terminal half of the motor constituent Tim44 and
mtHsp70, as observed using short spacer cross-linkers. A role
of Tim50 in the import of matrix proteins has been observed
previously and a recent study suggested a function for Tim50 in
PAM recruitment to the translocase17,18,45–48. The observed
direct interaction between Tim44 and Tim50 provides a
molecular explanation for this Tim50 function. In addition, the
first loop of Tim17 is cross-linked to Pam17 C-terminal matrix
segment, and also to Tim44, the latter being in agreement with
the previous analyses49. The PAM complex cross-links are further
discussed in a subsequent section. In summary, these analyses
allow us to propose domain positions within the presequence
translocase and the PAM complex and indicate that upon
precursor translocation subunits undergo dynamic positional
rearrangements relative to each other.

Defining precursor positioning in the supercomplex and the
TOM–TIM23 junction. Upon exit from the TOM complex, the
precursor’s presequence becomes exposed to the intermembrane
space and the IMS-exposed domains of supercomplex compo-
nents engage with the amphipathic helix to facilitate the handover
of the precursor from TOM to TIM23. For this, the two com-
plexes need to be in close proximity to each other. We, therefore,
aimed to utilize the available data to obtain a molecular model of
the TOM-Tim23 interface during precursor transfer.

The obtained cross-linking data defined the position of the
accumulated Jac1sfGFP precursor in the translocases. The
N-terminal residues 19 and 93 cross-linked to the matrix localized
Mge1 and Tim44 respectively. Additionally, cross-linked peptides
of Jac1sfGFP (residues 125−150) were obtained with the IMS-
exposed domains of Tim21 and Tim50, and the Tom40 channel.
Accordingly, this region represents the IMS-exposed portion of
the arrested precursor (Fig. 4a). Taking into consideration, that
approximately 23 amino acids helical segment with a length of
35 Å suffices to span a lipid bilayer, we estimated based on cross-
linking analysis of Jac1sfGFP that a 40 amino acid segment in most
likely alpha-helical conformation could be used as a molecular
ruler spanning the intermembrane space (Fig. 4b).

We used the available TOM complex structure (PDB id: 6JNF)2

and completed undefined Tom40 domains by using the Rosetta
tools designed for atomic model refinement and rebuilding
against low-resolution cryo-EM maps. The missing IMS domain

of Tom22 was built by using ab initio folding in Rosetta
(Supplementary Fig. 4a, b). For positioning of the TIM23
complex, we employed available NMR-based structural informa-
tion on Tim23 (PDB id: 7CLV)50, and remodeled the flexible 60
amino acid long N-terminal tail using cross-link guided
molecular modeling. The available X-ray structure of Jac1 could
be used to model the N-terminal portion of the precursor (PDB
id: 3UO3)51. The calculated ideal 40 amino acid alpha-helix
positioned between TOM and TIM23 together with the cross-
links between the N-terminus of Tim23IMS (K25) and Tom5
(K50) and Tom40 (K148) allowed us to position the Tim23IMS at
the TOM complex (Fig. 4b, c).

The model of Tim21 was prepared based on crystal structure
2CIU27. The atomic model of the N-terminal fragment of
Tim50IMS domain (residues 171−361) was obtained from the
PDB (PDB id: 3QLE)24. The missing C-terminal fragment of
Tim50 (residues 365−488) was modeled using cross-link guided
molecular modeling utilizing Rosetta ab initio folding52. Three
sets of at least 150,000 decoys were generated employing different
amounts of cross-link derived spatial restraints. Low Rosetta score
models were further subjected to clustering using MaxCluster.
The best model of C-terminal fragment of Tim50 was selected
based on the Rosetta score.

Previously, negatively charged residues on Tom22IMS have
been shown to interact with positively charged residues on the
Tim21IMS surface27. Here, we obtained cross-links between K145
of Tom22 with multiple residues of Tim21IMS (Supplementary
Data 1) in the presence of Jac1sfGFP. These interaction sites locate
to the outer surface of the β-sheet and the β-hairpin (Fig. 4d).
This data was corroborated by western blotting analyses of cross-
links between Tom22 and Tim21. In the absence of Tim21, the
purified complex did not display the higher molecular weight
cross-link adducts of Tom22 (Supplementary Fig. 2b). For
incorporating the IMS-domain of Tim50 into the model, we
utilized the cross-links with Tim23 and Tom22 as positional
constraints (Fig. 4e). EDC cross-linking of whole mitochondria
revealed interaction of Tom22 E144 and K145 with Tim50IMS.
Additionally, multiple cross-links were obtained between
Tim23IMS and Tim50IMS (Supplementary Data 1). Interestingly,
Tim50IMS cross-links occurred at different faces of Tim21 in the
absence and presence of the precursor (Supplementary Data 1),
indicating a positional or conformational rearrangement upon
protein import. This finding is in line with the observation that
presequences trigger dissociation of Tim21 from Tim5025.
Together, Tim21, Tim23, and Tim50 facilitate interactions with
the TOM complex during precursor transport and position the
receptor Tim50IMS and Tim23IMS for recognition of a precursor
(Fig. 5a). The proximity between various TOM and TIM
components in the IMS would therefore promote its efficient
handover (Fig. 5b).

Based on our cross-link-based atomic model, we estimated the
possible volume available for a presequence exiting the Tom40
pore into the intermembrane space. This volume was determined

Fig. 2 Purification of TOM-TIM23 supercomplex. a Jac1sfGFP was imported into wild-type mitochondria and the TOM-TIM23 supercomplex isolated using
a GFP nanobody. Samples were analyzed by SDS-PAGE and western blotting. Representative image from n > 3 biological replicates. b Preparative isolation
of the TIM23 complex from HisS*Tim23 (HisSUMOstar-Tim23) mitochondria with or without accumulated Jac1sfGFP. After SUMO* protease-mediated
elution, the TOM-TIM23 supercomplex was specifically purified with GFP nanobody (Nb). Samples were analyzed by SDS-PAGE, colloidal coomassie
staining, and mass spectrometry. The experiment was repeated independently for n > 3. Plasmids containing ALFA- tagged c Tim23, Tim17, and Tim50 and
e Tim50, Tim44, Pam16, and Pam18 were transformed into WT yeast. Mitochondria isolated from these cells were solubilized and subjected to ALFA
immunoprecipitation. Total and elution fractions were analyzed by SDS-PAGE and immunoblotting. ALFA-tagged proteins (upper panel) were detected
using an anti-ALFA Nanobody conjugated with HRP. d Mitochondria were isolated from Tim21FLAG expressing cells transformed with empty plasmid or
plasmid encoding untagged Tim21 (TIM21WT). Following FLAG immunoisolation, samples were analyzed by SDS-PAGE and western blotting. For c−e,
experiments were repeated for n= 3.
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Fig. 3 Analyses of cross-links in the TOM-TIM23 supercomplex. Schematic representation of inter-protein cross-links identified for a TIM23 complex
subunits and b PAM complex subunits by LC-MS/MS analysis following cross-linking of the isolated complex with DSS (11.4 Å spacer), EDC (0 Å spacer),
and SDA (3.9 Å spacer). The cross-links can be found in Supplementary Data 1, approach 1, and Supplementary Data 2. Numbers indicate amino acid
residue. IMS: intermembrane space, IMM: inner mitochondrial membrane.
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as approx. ranging between 28,237 Å3 or 2.82 × 10−23 L and
46,659 Å3 or 4.66 × 10−23 L (Fig. 6c, d). Accordingly, the
concentration of a presequence in that given IMS space could
be up to 35.6−58.8 mM (Fig. 6c, d). Interestingly, the relatively
low presequence affinity of the IMS-exposed receptors deter-
mined in solution was in the range of 0.5 mM in case of
Tim23IMS and 4−45 µM Tim50IMS20,21,25. Accordingly, the
association of the receptors with the presequence is favored in
the TOM-TIM23 restricted space. Moreover, the proximity of the

receptor domains at the trans side of the TOM complex would
allow direct handover of the precursor between the receptor
domains. To this end, the organization of the TOM-TIM23
interaction zone points towards a presequence affinity trap
model, wherein a high association and dissociation rate of a
presequence with IMS-exposed translocase subunits could
facilitate efficient handover and transport from the TOM to the
TIM23 complex, following which it encounters the PAM complex
in the matrix.

a

Matrix IMM IMS OMM Cytosol

Jac1sfGFP

Tim44Mge1

Tom40

Tim50

Tim21

aa

b

d

e

OMM

IMS

IMM

c

Fig. 4 N-terminus of Tim23 is localized in proximity to the TOM complex. aMapping of cross-links obtained between Jac1sfGFP and various supercomplex
subunits, indicating its relative position within the supercomplex. b Structural model representation of Tim23 relative to the TOM complex, indicating
cross-links (red dashed line) between Tim23 (K25, gray), Tom40 (K148, green), and Tom5 (K50, yellow) in the intermembrane space (IMS). Red helix
represents the region of Jac1sfGFP predicted to be localized in the IMS based on (a). The model utilizes structural information from available TOM complex:
6JNF and Tim23: 7CLV structures. The color code indicates individual subunits. c Close-up view of the Tim23-Tom40 and Tim23-Tom5 cross-links.
d Illustration showing Tim21-Tom22 cross-links using the structure of the IMS domains of Tim21 (cyan, PDB id: 2CIU). e Interaction between Tim50-Tim23
and Tim50-Tom22 based on cross-links. Tim50 (mustard) is indicated as a combination of the known structure of Tim50CORE (PDB id: 3QLE) and an ab
initio predicted model for the C-terminal domain. OMM: outer mitochondrial membrane, IMS: intermembrane space, IMM: inner mitochondrial membrane.
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Interaction of Tim44 with presequences. In agreement with
Tim44´s role as a scaffold protein, our analysis confirmed mul-
tiple interactions between Tim44 and motor components
including Pam16, Pam18, and mtHsp70 (Fig. 3b). Cross-links of
Tim44 were solely obtained with the C-terminal substrate-bind-
ing domain of mtHsp70. In case of the matrix-exposed Pam16
and Pam18, these proteins were only cross-linked to the
N-terminus of Tim44 and in a precursor-dependent manner.
Moreover, Pam18 and Pam16 displayed several cross-links with
each other. In this case, we observed precursor-dependent and
-independent cross-links indicative of conformational dynamics
of the heterodimer. In addition, the C-terminal segment of
Pam18 was found cross-linked to the terminal matrix loop of
Tim23 (Fig. 3b).

Interestingly, we also identified a cross-link between Tim44
and the matrix exposed, N-terminal portion of Jac1 downstream
of the presequence (Fig. 4a and Supplementary Data 1). Already
early work suggested a function of Tim44 in preproptein
recognition53–56 and recent work confirmed an interaction
between presequence peptides and Tim4421,49. These observa-
tions and the multiple interactions of Tim44 with motor
constituents led us to assess presequence-Tim44 association
further. To this end, we imported presequence peptide probes
containing the photoreactive amino acid derivative para-

benzoylphenylalanine (BPA) on the different faces of the helix22

into energized mitochondria. After UV-irradiation, we were able
to detect photo-adducts of Tim44 with presequence peptides in a
membrane potential-dependent manner (Fig. 7a), confirming the
interaction of Tim44 with presequences in intact mitochondria
during import.

To asses if the interaction between Tim44 and a presequence
was direct and independent of other translocase components, we
purified full-length Tim44 from E. coli and repeated the cross-
linking approach using the photo-peptides. Coomassie-staining
revealed a specific Tim44-peptide adduct that was confirmed by
immunoblot using Tim44 specific antibodies and streptavidin-
HRP conjugate that detects the biotinylated peptides (Fig. 7b).
Tim44 contains two domains, an intrinsically disordered
N-terminal domain (NTD), and a C-terminal domain (CTD)
for which structural data exists57. To narrow down the
presequence binding domain, we purified the shortened
C-terminal domain (Tim44C-term) (aa 244-431) from E. coli and
tested interaction with the presequence photo-peptides. Again,
after UV-irradiation a specific cross-link between Tim44 CTD
and presequence peptide could be visualized, indicating that the
CTD binds to the presequences (Fig. 7c).

Since the cross-linking approach only allows for qualitative
analysis, we used surface-plasmon resonance spectroscopy (SPR)

Fig. 5 Overview of inter-protein interactions in the IMS. a Schematic representation of the overall model of the TOM-TIM23 supercomplex in the
presence of Jac1sfGFP (blue ribbon), based on cross-links. b Zoomed inset from (a) in three different orientations, indicating cross-links between IMS
domains of Tom22 (orange), Tim21 (cyan), Tim23 (gray), and Tim50 (mustard).
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to determine the affinity of Tim44 to presequence peptides. For
this, His-tagged Tim44 was immobilized on a Ni2+ chelator
sensor chip and presequence association was monitored over a
wide range of concentrations (Fig. 7d). In line with previous
results21, Tim44 presented a KD in the lower µM range
(36.25 µM) with the model peptide pALDH while there was no
interaction with a scrambled peptide pALDH-s. Next, we used
Tim44C-term for the SPR analysis and found a slightly higher
affinity to presequence peptide (15.5 µM) (Fig. 7e). Based on
cross-linking analyses, previous work presented evidence that the
NTD of Tim44 facilitates presequence interaction49. Our SPR
results indicate that the CTD is able to bind presequences with
similar affinity as the full-length Tim44, expanding the model of
Tim44 action during precursor import. However, as the NTD of
Tim44 could not be purified in a soluble form for SPR analyses,
we can not exclude that both domains are capable of presequence
recognition.

Over the past decades, significant advances have been made
regarding the components and mechanisms of protein transport
along the presequence import pathway. However, the lack of
structural information on the TIM23 complex represents an

obstacle for a molecular understanding of precursor transport
across the intermembrane space, from the TOM to the TIM23
complex and across the inner membrane. For precursor handover
from the outer to the inner membrane, a tight, presequence
modulated co-operation of Tom and Tim proteins is required, yet
we lack information on the topology of the constituents during
translocation.

In this study, we performed biochemical and structural
proteomic analyses to identify and define interaction sites in
the TOM-TIM23 transition zone of the intermembrane space to
understand how precursor transfer is facilitated. We utilized a
strategy to specifically isolate the TOM-TIM23 supercomplex
following import of an accumulated precursor, Jac1sfGFP. Cross-
linking analyses were carried out on the isolated protein complex
providing us with a large number of intermolecular cross-links
(Supplementary Data 1). In addition, we utilized two comple-
mentary strategies. We performed cross-linking on intact
mitochondria and purified the TOM-TIM23 supercomplex after
in organello cross-linking. Complex purification prior to cross-
linking allowed for a deeper analysis than the in organello
approaches, probably due to the higher enrichment of Tom, Tim,

Fig. 6 Model of presequence handover in the IMS. Surrounding components of Tom40 in the context of exiting Jac1 presequence towards a Tom22 and b
Tim50, facilitating its stepwise transfer from the TOM to the TIM23 complex. c Dimensions of a cuboid encapsulating the spatial volume available in the
IMS for a presequence upon its exit from the TOM pore. Numbers indicate distances in Å. d Close-up view of the cuboid in (c). The color code indicates
individual subunits.
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and Pam proteins in the purified complex. However, the in
organello analyses allowed us to confirm cross-links and also
provided complementary sets of interactions (Supplementary
Data 1 and Supplementary Table 1). Inter-protein cross-links
obtained from all three approaches are summarized in Supple-
mentary Data 2.

The cross-linking-MS analyses allowed us to position Tim23
relative to the TOM complex. These analyses revealed that the
IMS domains of Tim and Tom proteins are in close proximity to
support precursor handover. Different views exist in the
mitochondrial import field regarding whether Tim23 spans the

outer mitochondrial membrane. In the context of this long-
standing controversy, our data indicate that the N-terminus of
Tim23 is positioned at the intermembrane space side of the TOM
complex. However, we acknowledge that these different views
cannot be completely resolved based on our experimental
evidence. Tim23IMS also interacts with the IMS domains of
Tim17, Tim50, Tim21, and Mgr2, indicating the flexibility of the
Tim23 N-terminus in the intermembrane space. The topology of
the TIM23 complex’ IMS domains at the Tom40 channel defines
a restricted space for the incoming presequence. The proximity of
receptor sites would allow for efficient precursor transfer. At the
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same time, considering, the relatively low affinity for prese-
quences measured for Tim50IMS and Tim23IMS in solution, a
high local concentration of the presequence at the Tom40
channel exit would favor receptor association. Accordingly, the
TOM-TIM23 interface represents an affinity trap for prese-
quences emerging from TOM (Fig. 6a, b). In addition to a view of
interactions in the IMS, our analyses also provide insight into
interactions among import motor constituents, as well as between
motor constituents and the TIM23 complex. Previous work has
shown that the N-terminus of Pam18 engages with the
C-terminus of Tim17 in the IMS for motor recruitment26,41.
Interestingly, we observed cross-links of Tim21IMS to Tim17’s
C-terminus. Accordingly, the mechanistically enigmatic switch of
the translocase between TIM23SORT (motor-free, TIM21 asso-
ciated) and TIM23MOTOR26,58 could be linked to mutually
exclusive interactions of Pam18 or Tim21 to the Tim17
C-terminus. Furthermore, an interaction of Tim50 with the
scaffold protein Tim44 could explain the observed effect of Tim50
on motor-driven matrix protein import. Presequence binding of
Tim44 CTD points towards a concerted mechanism of action
with the NTD for protein import. To this end, our data provide
an interaction map of the constituents of the active translocase
that enables concerted precursor transport across two biological
membranes (Supplementary Movie 1). Moreover, the atomic
modeling of the TOM-TIM23 interface provided here allows us to
grasp the molecular crowding of Tom and Tim proteins in the
intermembrane space of the two translocase and to integrate
biochemical data on the interplay between individual TOM and
TIM23 components into a spatial context.

Methods
Yeast growth and handling. Yeast strains were grown in YP media (1% yeast
extract, 2% peptone) containing 2% glucose (YPD) or 3% glycerol (YPG) as a
carbon source. YPH499 (MATa ade2-101, his3-Δ200, leu2-Δ1, ura3-52, trp1-Δ63,
lys2-801, ATCC® 204679™), BY4741 (MATa his3Δ1, leu2Δ0, met15Δ0, ura3Δ0,
Euroscarf), and HisS*Tim2341 strains were grown at 30 °C with shaking. A complete
list of yeast strains generated in this study is provided in Supplementary Table 2.
Jac1sfGFP was expressed in BY4741 cells. For this Jac1sfGFP was cloned into
p425Gal1 under an inducible Galactose promoter. The resulting plasmid (pRG13)
was transformed into BY4741 and transformants were selected on SSuc-Leu
(selective sucrose media lacking leucine). For expression of ALFA-tagged translo-
case subunits, an empty plasmid with ALFA tag and ALDH terminator in pRS414
was constructed (pRG26). Subsequently, various translocase subunits with
approximately 500 bp upstream promoter region were cloned 5′ of the ALFA tag,
leading to the generation of plasmids as mentioned in Supplementary Table 3.
Following this, the plasmids were transformed into YPH499, and transformants
were selected on SD-Trp (selective glucose media lacking tryptophan). Addition-
ally, WT Tim21 in pFL39 plasmid was transformed into Tim21FLAG strain and
selected on SD-Trp. For Tim23 Cysteine mutants, a Tim23 shuffling strain MB29
(MATa ade2 his3 leu2 ura3 trp1 lys2 tim23::LYS2 [YCplac33-TIM23]) was
generated45, in which a LYS2 cassette replaced the endogenous TIM23. This was
carried out in a strain containing a plasmid expressing TIM23 with URA3 as the
marker. TIM23 gene and 1 kb upstream and downstream of the gene were cloned
into pRS413 (HIS3 marker), and point mutations were introduced using site-
directed mutagenesis (Supplementary Table 3). These plasmids were transformed
into the shuffling strain, following which selection against Ura3 containing wild-
type TIM23 harboring plasmids was carried out on 5-Fluoroorotic acid (5-FOA).
These cells were grown on YPD and YPG at 30 °C for mitochondrial preparation.

Isolation of mitochondria. Differential centrifugation of yeast extracts was carried
out to isolate mitochondria59. Briefly, yeast strains were cultured in respective media
at 30 °C to OD600 of 1.5−2.5 and harvested. The pellet was washed with water,
following which it was treated in DTT buffer (10mM DTT, 100mM Tris/HCl, pH
9.4) for 30 min at 30 °C with shaking. Subsequently, cells were washed and treated
with Zymolyase buffer (20mM KPO4, pH 7.4, 1.2M sorbitol, and 0.57mg/L
zymolyase) for 1 h at 30 °C with shaking. Cells were harvested. Pellet was resus-
pended in cold homogenization buffer (600mM sorbitol, 10 mM Tris/HCl, pH 7.4,
1 g/L BSA, 1 mM PMSF, and 1mM EDTA) and cells were homogenized using a
homogenizer. Differential centrifugation was carried out to obtain mitochondria.
They were subsequently resuspended in SEM buffer (250mM sucrose, 20 mM
MOPS/KOH pH 7.2, 1 mM EDTA). Following protein concentration estimation by
Bradford analysis, they were aliquoted in appropriate volume, flash-frozen in liquid
nitrogen, and stored at −80 °C.

Superfolder-GFP expression, Immunofluorescence staining, and STED nano-
scopy of yeast cells. For fluorescence microscopy, wild-type BY4741 cells
transformed with the Jac1sfGFP plasmid (pRG13) were grown in SSuc-Leu media at
30 °C overnight. The next day, cells were induced with 2% galactose for 1 h.
Subsequently, 0.5 µM MitoTrackerTM Orange CMTMRos (Thermo Fisher Scien-
tific, MA, USA) was added to the culture. Cells were kept shaking for 20 min.
Afterwards, cells were harvested, washed once with media, and analyzed using a
DeltaVision fluorescence microscope (GE Healthcare, IL, USA).

For confocal and STED microscopy, yeast cells containing the pRG13 plasmid
were grown in a medium containing 2% glucose as the sole carbon source. sfGFP
expression was induced via the addition of 2% galactose to the medium. One hour
after induction, the cells, grown to the early exponential growth phase
(OD600= 0.4–0.7), were fixed with formaldehyde and further treated as described
previously60. Detection of specific epitopes was realized by incubation of the cells
with antisera specific to GFP (Anti-GFP [3E6], Mouse, Thermo Fisher Scientific,
Cat.no. A11120, Lot number 1859591), Tom40 and Tim23 respectively (4 °C, 16 h).
Primary antibodies were detected using secondary antibodies custom labeled with
Abberior STAR RED (Abberior, Göttingen, Germany) or Alexa Fluor 594 (Thermo
Fisher Scientific, Waltham, MA, USA) (RT, 90 min).

STED nanoscopy was achieved using a 775 nm quad scanning STED
microscope (Abberior Instruments, Göttingen, Germany). The microscope was
equipped with a UPlanSApo 100×/1,40 Oil objective (Olympus, Tokyo, Japan) and
excitation lasers with wave lengths of 561 nm (excitation of Alexa Fluor 594) and
640 nm (excitation of STAR RED) respectively. A pixel size of 15 nm was applied
and besides contrast stretching no further image processing was applied.

Protein expression and purification. For the expression of recombinant proteins
in E. coli, plasmids were transformed into competent BL21 cells. For Jac1sfGFP and
GFP nanobody expression, cells were precultured in LB-antibiotic media overnight
at 37 °C. Following this, cells were diluted to an OD600 of 0.1. Upon reaching OD600

of 0.6, protein expression was induced by treatment with 1 mM IPTG for 4 h with
shaking at 37 °C for Jac1sfGFP and at 30 °C for GFP nanobody. Cells were harvested.
The bacterial cell pellet was lysed, following which the supernatant was applied to
their respective affinity columns. For Jac1sfGFP, which has a 6X His tag followed by
Sumo protease cleavage site at the N-terminus, HisTrap columns (GE Healthcare)
were used. Purification was carried out using ÄKTA Purifier 10 (GE Healthcare).
Briefly, the filtered supernatant obtained after lysis was applied to a HisTrap col-
umn pre-equilibrated with HisTrap buffer A (40 mM Tris/HCl pH 7.4, 500 mM
NaCl, 10 mM Imidazole). After loading, the column was washed with HisTrap
buffer A and eluted with a linear gradient of HisTrap buffer B (40 mM Tris/HCl
pH 7.4, 500 mM NaCl, 500 mM Imidazole). Fractions were collected and analyzed
using SDS-PAGE followed by Coomassie Brilliant Blue staining. Fractions con-
taining protein of interest were pooled. Dialysis was carried out overnight in
dialysis buffer (20 mM Tris/HCl pH 7.4, 100 mM NaCl). After dialysis, the protein
solution was concentrated with Amicon centrifugal filters (Merck) with a 10 kDa
cut-off column. SUMO protease treatment (1 mg protease/200 mg protein along
with 1 mM DTT) was carried out overnight at 4 °C on a shaker. This was followed
by size exclusion chromatography using HiLoad 16/60 Superdex 200 columns (GE
Healthcare). Protein was applied to pre-equilibrated column with buffer (20 mM
Tris/HCl pH 7.4, 100 mM NaCl). Fractions were collected and analyzed using SDS-
PAGE and Coomassie Brilliant Blue staining. Desired fractions were pooled and
following concentration estimation, protein was aliquoted, snap-frozen, and stored
at −20 °C.

For GFP nanobody, GSTrap column (GE Healthcare) was used. The affinity
purification procedure was the same as above, except for the buffers used (Buffer A:
140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3; buffer B:
50 mM Tris/HCl, 10 mM reduced glutathione, pH 8.0). After affinity purification,
the protein was aliquoted and stored at −20 °C.

Purification of full length Tim44 for SPR and in vitro photo cross-linking was
done as follows: E.coli BL21 cells expressing His6-tagged full length Tim44 without
presequence were resuspended in cracking buffer (20 mM Tris pH 8.0, 500 mM
NaCl, 15 mM Imidazole, one complete EDTA-free protease inhibitor pill, 2 mM
PMSF) and lysed using Emulsiflex. The lysate was centrifuged and filtered
supernatant was applied on a 1 ml HisTrap FF column. After washing with 10%
buffer A, elution was carried out with a stepwise increasing concentration of buffer
B (20 mM Tris pH 8.0, 500 mM NaCl, 500 mM Imidazole). Fractions containing
protein were pooled and dialysis was carried out overnight at 4 °C in dialysis buffer
(10 mM MOPS, 5 mM MgCl2, 2 mM KH2PO4, 20 mM KCl, 10 mM Imidazole, pH
7.5). For SPR analysis, protein was further subjected to size exclusion
chromatography using Superdex 75 HiLoad 16/60 (Buffer: 50 mM HEPES pH 7.4,
150 mM NaCl, 50 μM EDTA).

His tagged Tim44C-term for SPR: The C-terminal domain of Tim44 (residues
244−431) was cloned into a pPROEX HTc plasmid, resulting in a construct with
an N-terminal His6 tag followed by a TEV cleavage site. Following transformation
into BL21 E. coli, expression was obtained by inducing the cells with 1 mM IPTG
for 4 h at 37 °C. Purification was carried out similar as for Tim44 full length, except
the Tris buffer used was at pH 7.4. Purified protein was subjected to size exclusion
chromatography using Superdex 75 HiLoad 16/60 with buffer containing 50 μM
EDTA, 50 mM HEPES pH 7.4, 150 mM NaCl.
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His tagged Tim44C-term for in vitro photo cross-linking: The same Tim44C-term

construct as above was expressed in BL21 Tuner cells by inducing with 0.2 mM
IPTG for 5 h at 30 °C. Following lysis in lysis buffer (50 mM HEPES pH 7.5,
300 mM KCl, 10 mM Imidazole, 5% (v/v) Glycerol, 1 mM PMSF, one complete
EDTA-free protease inhibitor pill and DNaseI) using Emulsiflex, cleared lysate was
applied to a HisTrap column. Protein was eluted with a linear gradient of elution
buffer (50 mM HEPES pH 7.5, 300 mM KCl, 300 mM Imidazole, 5% (v/v)
Glycerol). Pooled fractions containing protein were concentrated and subjected to
size exclusion chromatography (Buffer: 50 mM HEPES pH 7.5, 200 mM KCl, 5%
(v/v) Glycerol) using Superdex 75 HiLoad 16/60. Fractions containing protein were
pooled and protein concentration was determined using Bradford assay.

Import of precursor proteins and generation of the TOM-TIM23 super-
complex. For the synthesis of [35S] methionine-labeled F1β protein, mMessa-
gemMachine SP6 transcription kit (Invitrogen, CA, USA) was used first to generate
mRNA in vitro based on the manufacturer’s instructions. Subsequently, in vitro
translation was carried out using the Flexi Rabbit Reticulocyte Lysate System
(Promega, WI, USA). Prepared lysates were used directly for import reactions.

Import of radiolabelled precursor or recombinant protein was performed as
previously described61. Briefly, mitochondria were suspended in import buffer
(250 mM sucrose, 10 mM MOPS/KOH pH 7.2, 80 mM KCl, 2 mM KH2PO4, 5 mM
MgCl2, 5 mM methionine, and 3% fatty acid-free BSA) supplemented with 2 mM
ATP, 2 mM NADH, 5 mM creatine phosphate and 0.1 mg/ml creatine kinase, to
have a final concentration of 1 µg/µl. Import was performed for desired time points
(30 min for Jac1sfGFP, 15 min for [35S] F1β) at 25 °C under mild shaking and was
terminated by addition of 1% AVO (final concentration 1 µM valinomyin, 8 µM
antimycin A and 20 µM oligomycin). Non-imported precursors were digested by
20 µg/ml proteinase K (PK) treatment for 10 min, whenever required. PK reaction
was inactivated by 2 mM PMSF. Mitochondria were subsequently sedimented and
washed with SEM buffer. Samples were analyzed by SDS-PAGE or BN-PAGE in
combination with western blotting or autoradiography. After digital
autoradiography, quantifications were performed using ImageQuant TL (GE
Healthcare, NJ, USA) using a rolling ball background subtraction. Results were
calculated as mean ± SEM, n= 4 and graphically represented using GraphPad
Prism 8.

For import arrest assay, indicated amounts of recombinantly purified Jac1sfGFP

were imported into mitochondria for 30 min. Mitochondria were then sedimented
and resuspended in fresh import buffer. This was followed by the import of 6%
35S-labeled F1β for 15 min. After this, mitochondria were treated as described
above, and analyzed by SDS-PAGE and autoradiography.

Cysteine modification assay. Mitochondria and mitoplasts at a concentration of
1 mg/ml were generated by incubating isolated mitochondria from Tim23 WT and
Cysteine mutants in SEM (250 mM sucrose, 20 mM MOPS/KOH pH 7.2, 1 mM
EDTA) and EM (20 mM MOPS/KOH pH 7.2, 1 mM EDTA) buffer respectively for
15 min on ice. Subsequently, they were treated with Maleimide activated Strepta-
vidin (Thermo Fisher Scientific) at a final concentration of 1 mg/ml and incubated
for 30 min on ice followed by 60 min at 25 °C. Samples were harvested by cen-
trifugation and resuspended in protein loading dye containing beta-
mercaptoethanol. Following this, they were boiled at 95 °C for 5 min and analyzed
by NuPAGETM 4−12% Bis-Tris gels and immunoblotting using Tim23IMS anti-
body. The images for Tim23T9C were captured digitally (Amersham™ ImageQuant™
800) due to the weak detection of Tim23T9C by this antibody with X-ray films.

Photo cross-linking assay. In organello photo cross-linking was performed as
previously described22. Briefly, mitochondria were resuspended to a concentration
of 1 mg/ml in import buffer without BSA, supplemented with 1 mM ATP and
1mM NADH. AVO was added for membrane potential controls. After incubation
for 2 min at 25 °C, photo-peptides pL19B and pS16B were added to a final con-
centration of 2 μM and incubated for 10 min on ice. Subsequently, photo-peptides
were cross-linked for 30 min on ice using a halogen metal vapor lamp and a glass
screen to protect the proteins from high-energy radiation. Following centrifugation
and washing with SEM buffer, mitochondria were resuspended in protein loading
dye and analyzed by SDS PAGE and western blotting.

For in vitro photo cross-linking, purified full length Tim44 was mixed in
equimolar ratio with presequence peptides pL19B and pS16B or 10 mM acetic acid,
incubated for 10 min on ice, and cross-linked for 30 min on ice. Photo-adducts
were analyzed by SDS-PAGE, colloidal coomassie staining, and immunoblotting
(Peroxidase Streptavidin, Jackson ImmunoResearch Lab, Cat. No. 016-030-084).
For Tim44C-term, the purified protein in 25 mM HEPES pH 7.5, 100 mM KCl,
5 mM MgCl2 buffer was incubated with equimolar ratio presequence peptides.
Cross-linking and analysis were carried out the same as above.

Glycerol density gradients. 10−30% glycerol gradients were prepared by mixing
10% glycerol buffer (10% glycerol, 20 mM Tris/HCl, pH 7.4, 100 mM NaCl, 5 mM
EDTA, 0.3% digitonin) and 30% glycerol buffer (30% glycerol, 20 mM Tris/HCl,
pH 7.4, 100 mM NaCl, 5 mM EDTA, 0.3% digitonin) using pre-programmed
conditions for 10−30% glycerol gradients on Gradient Master (BioComp Instru-
ments). They were subsequently cooled at 4 °C for 2−3 h. Solubilized

mitochondria, after being incubated with buffer or Jac1sfGFP for 30 min, were
overlayed on the gradients, after which ultracentrifugation was carried out in
Sw60Ti rotors (Beckmann Coulter) for 18 h at 121,262 × g at 4 °C. Fractions were
collected from the top and were analyzed by SDS-PAGE followed by immunode-
coration. Signals were quantified using ImageQuant TL.

Isolation of complexes. Two different strategies were utilized for the isolation of
protein complexes: 1) Using GFP nanobody to isolate the TOM-TIM23 super-
complex generated by the import of Jac1sfGFP, or 2) via TIM23 complex isolation
using His-SUMOstar tag on Tim23.

In the first approach, following the generation of the TOM-TIM23
supercomplex, mitochondria were sedimented, washed with SEM, and solubilized
in solubilization buffer (20 mM HEPES/KOH pH 7.4, 150 mM NaCl, 10% glycerol,
0.1 mM EDTA, 1% digitonin, 1 mM PMSF). Strep-tactin sepharose beads (IBA)
were equilibrated with water and PBS. The beads were incubated with purified GFP
nanobody for 1 h at room temperature, on shaking. Subsequently, the beads were
washed with 2× buffer (40 mM HEPES/KOH pH 7.4, 300 mM NaCl, 40% glycerol,
and 0.2 mM EDTA) and solubilization buffer. The clarified supernatant of
solubilized mitochondria was applied to the beads and binding was carried out for
1 h at 4 °C. Following this, the beads were washed with a buffer containing 0.3%
digitonin. Elution was carried out with 7.5 mM desthiobiotin. Samples were
analyzed by SDS-PAGE and western blotting (anti-GFP, Roche, Cat. No.
11814460001). The total was always loaded at 5% of elution unless otherwise
indicated.

For the TIM23 complex isolation, HisS*Tim23 yeast strains were utilized. In
these strains, the endogenous Tim23 has been replaced by HisS*Tim23.
Mitochondria from this strain were incubated with buffer or Jac1sfGFP. Ni2+-NTA
agarose beads (Macherey Nagel) were washed with 2× buffer and solubilization
buffer. Solubilized mitochondria were incubated with equilibrated beads for 2−3 h
at 4 °C under mild shaking. Beads were washed with buffer without PMSF, and
elution was carried out using 1 µM SUMOstar protease (kindly provided by Dr.
Alexander Stein) in wash buffer without PMSF for 1 h at 4 °C. For mitochondria
that were subjected to Jac1sfGFP import, a second GFP nanobody isolation step can
be added after isolation of the TIM23 complex. This two-step isolation strategy
leads to a specific isolation of the TOM-TIM23 supercomplex. Samples obtained
after isolation were assessed by SDS-PAGE and western blotting or directly
subjected to cross-linking-MS analysis.

For analysis of copy number of mitochondrial translocase subunits, ALFA IP
and FLAG IP was carried out. Briefly, mitochondria from yeast cells expressing
endogenous and tagged proteins for Tim23, Tim50, Tim17, Tim44, Pam16, Pam18,
and Tim21 were solubilized in 1% digitonin solubilization buffer as described
previously. Clarified extracts were incubated with equilibrated ALFA SelectorST

(NanoTag Biotechnologies) or FLAG beads for 1 h at 4 °C. After few rounds of
washing, elution was carried out using SDS Protein loading dye. Samples were
analyzed by SDS-PAGE and western blotting (anti-ALFA, NanoTag
Biotechnologies, Cat. No. N1502-HRP; anti-FLAG, Sigma, Cat. No. F3165). Images
were processed using ImageJ v1.47. A complete list of antibodies used in this study
along with their dilution is provided in Supplementary Table 4.

Surface plasmon resonance—SPR. The binding of pALDH and pALDH-s to
various 6xHis-tagged Tim44 ligands was analyzed using surface plasmon reso-
nance. SPR experiments were performed on a Reichert SPR Biosensor (SR700DC,
Xantec Bioanalytics, Düsseldorf, Germany) equipped with a Ni2+-chelator sen-
sorchip (NiHC500m, Xantec Bioanalytics, Düsseldorf, Germany) in running buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 50 µM EDTA) at 20 °C. The ligands were
diluted in running buffer to final concentrations of 200 nM and injected over the
Ni2+-activated left side of a SPR sensor chip surface at a flow rate of 30 µL/min to
final responses of ~2500 µRIU (micro refractive index units). The right channel was
used as a reference channel and left unmodified. The analytes were serially diluted
in running buffer (16, 8, 4, 2, 1, 0.5, 0.25, and 0.125 µM) and injected over both
channels at a flow rate of 40 µL/min. The association and dissociation of each
analyte were followed for 4.5 and 7 min, respectively. Two buffer injections were
performed per analyte and used as buffer reference. The obtained response data
were analyzed with and kinetic and equilibrium binding parameters were deter-
mined using Scrubber 2.0 (BioLogic Software). Each data set was double referenced
(reference channel, buffer injections/buffer reference). Experiments were essentially
conducted as described before25.

Cross-linking analysis. For SDS-PAGE analysis of cross-linking, a two-step
supercomplex isolation was carried out from HisS*Tim23 mitochondria following
Jac1sfGFP import. The isolated complex was treated with DMSO, 2 mM DSS, 2 mM
DSSO, and 10 mM EDC for 2 h on ice. Cross-linking reaction was quenched with
250 µM Glycine pH 8.0 for 30 min on ice. Samples were analyzed using western
blotting. Additionally, to analyze cross-links between Tim21 and Tom22, His-

S*Tim23 and HisS*Tim23 tim21Δ mitochondria were subjected to Jac1sfGFP import
followed by TIM23 complex isolation. Elution fractions were treated with DMSO
or 2 mM DSS, quenched with glycine, and analyzed by SDS-PAGE and
immunoblotting.
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For TIM23 complex isolation followed by cross-linking and mass spectrometry
(Approach 1), the TIM23 complex was isolated after the import of buffer or
Jac1sfGFP. The isolated complex was treated with 2 mM DSS or 10 mM EDC for 3 h
on ice, followed by quenching of the reaction with 250 µM glycine pH 8.0 for
30 min. Proteins were precipitated overnight at −20 °C using 80% acetone. The
following day, samples were centrifuged. For SDA cross-linking, 2 mM SDA
(Thermo Fisher Scientific) was added to the isolated complex for 2 h at 4 °C. The
cross-linking reaction was quenched with 50 mM Tris-HCl and the proteins were
dialyzed against reconstitution buffer via a membrane filter (MF Membrane Filters,
0.025 µm VSWP, Merck). Afterwards, the samples were irradiated with UV light
(365 nm) for 5 min at 4 °C.

For in organello cross-linking (Approach 2), HisS*Tim23 mitochondria were
subjected to incubation with buffer or Jac1sfGFP. Following centrifugation and
washing with HN buffer (20 mM HEPES pH 7.4, 100 mM NaCl), mitochondria
were resuspended in HN buffer and subjected to cross-linking with 1 mM DSS or
5 mM EDC/10 mM Sulfo NHS for 3 h on ice. The reaction was quenched with
50 mM Tris pH 8.0 or 50 mM Tris pH 8.0/20 mM DTT for DSS and EDC samples
respectively. Samples were centrifuged and analyzed by mass spectrometry.

For import of Jac1sfGFP followed DSS cross-linking and TIM23 complex
isolation (Approach 3), HisS*Tim23 mitochondria were incubated with buffer or
Jac1sfGFP. Harvested mitochondria were resuspended in HN buffer and cross-
linked with 1 mM DSS for 3 h on ice. The reaction was quenched using 50 mM Tris
pH 8.0, and TIM23 complex isolation was carried out as described previously. The
isolated complex was precipitated using acetone and subjected to mass
spectrometry analysis.

Protein digestion and enrichment of cross-linked peptides. Cross-linked pro-
teins were resuspended in 4M urea/50 mM ammonium bicarbonate, reduced with
10 mM dithiothreitol, and subsequently alkylated with 40 mM iodoacetamide.
Proteins were digested with the endoproteinase trypsin in an enzyme-to-protein
ratio of 1:50 in the presence of 1M urea at 37 °C overnight. The reaction was
terminated with 0.5% trifluoroacetic acid (TFA) (v/v) and peptides were desalted
on MicroSpin Columns (Harvard Apparatus) following the manufacturer’s
instructions. Vacuum-dried peptides were resuspended in 50 µL 30% acetonitrile/
0.1% TFA. Cross-linked peptides were enriched by peptide size exclusion chro-
matography (SuperdexPeptide 3.2/300 column, GE Healthcare)62 or basic pH
reversed-phase chromatography (for SDA samples). Fractions of 50 µL were col-
lected. Early eluting fractions that contain cross-linked peptides were subjected to
LC-MS/MS analysis.

For in organello cross-linking (Approach 2): DSS or EDC cross-linked
mitochondria were lysed with 2% SDS, precipitated at −80 °C for 2 h, digested with
trypsin overnight in the presence of 1M Urea and enriched for cross-linked
peptides by peptide SEC. The first seven fractions were then measured with a 3 h
method, and, additionally, these fractions were pooled and separated via basic RP.
From that, 24 fractions were collected, and also measured.

For Approach 3, cross-linked complexes were precipitated with acetone,
pelleted by centrifugation, dissolved in 50 mM ammonium bicarbonate (pH 8.0)
supplemented with 6 M Urea, reduced with tris(2-carboxyethyl)phosphine (TCEP),
and alkylated with chloroacetamide. After dilution to 1M urea with 50 mM
ammonium bicarbonate, cross-linked complexes were digested with trypsin
(Promega) in a 1:20 enzyme-to-protein ratio (w/w) at 37 °C overnight. Peptides
were reverse-phase extracted using SepPak Vac tC18 1cc/50 mg (Waters) and
eluted with 50% acetonitrile (ACN) / 0.1 % trifluoroacetic acid (TFA). The eluates
were lyophilized, dissolved in 40 µl 30% ACN / 0.1% TFA and subjected to peptide
size exclusion chromatography (pSEC, using a Superdex Peptide PC3.2/300
column, GE Healthcare) at a flow rate of 50 µl/min using Agilent 1200 Series HPLC
system. Fractions of 50 µl were collected.

LC-MS/MS analysis. LC-MS/MS analyses were performed as described
elsewhere63. Briefly, peptides cross-linked by DSS were measured in technical
duplicates on an Orbitrap Fusion or Fusion Lumos Tribrid Mass Spectrometer
coupled to a Dionex UltiMate 3000 UHPLC system (both Thermo Fisher Scientific)
equipped with an in house-packed C18 column (ReproSil-Pur 120 C18-AQ, 1.9 µm
pore size, 75 µm inner diameter, 30 cm length, Dr. Maisch GmbH). MS1 full scans
were acquired in the orbitrap (OT) with a resolution of 120,000, an injection time
(IT) of 60 ms, and an automatic gain control (AGC) target of 5 × 105. Dynamic
exclusion (DE) was set to 10 s and only charge states between 3 and 8 were
considered for fragmentation. MS2 spectra were acquired in the OT of the 20 most
abundant precursor ions; the resolution was set to 30,000; the IT to 120 ms and the
AGC target to 5 × 104. Fragmentation was enforced by higher-energy collisional
dissociation (HCD) at 30% NCE.

Peptides cross-linked with EDC and SDA were measured with the following
changes: a Q Exactive HF-X Mass Spectrometer and Q Exactive HF Mass
Spectrometer (Thermo Fisher Scientific) respectively were used; IT was set to 50 ms
and AGC target to 1×106 at MS1 level. At MS2 level, IT was set to 128 ms and AGC
target to 1 × 105. DE covered 30 ms. The 30 most abundant precursor ions were
considered for fragmentation.

For analysis of cross-linked peptides from approach 3, fractions enriched in
cross-linked peptides were vacuum dried, dissolved in 5% ACN / 0.1% TFA, and
subsequently analyzed in duplicates in a Thermo Orbitrap Fusion Tribrid mass

spectrometer coupled to a Dionex UltiMate 3000 uHPLC system (Thermo
Scientific) with a custom 30 cm C18 column (75 µm inner diameter packed with
ReproSil-Pur 120 C18-AQ beads, 1.9 µm pore size, Dr. Maisch GmbH). MS1 and
MS2 resolution were set to 120,000 and 30,000, respectively. Only precursors with a
charge state of 3−8 were triggered for MS2.

Data analysis. Raw files that were acquired for samples cross-linked with DSS
were converted to mgf file format by Proteome Discoverer (v. 1.4, Thermo Fisher
Scientific). The signal-to-noise ratio was set to 1.5 and the precursor mass between
1,000 and 10,000 Da. The mgf files were analyzed by pLink 1 (v. 1.23) for the
identification of cross-linked peptides64. Default settings were applied with car-
bamidomethylation of cysteine residues as fixed modification and oxidation of
methionine residues as variable modification. The false discovery rate (FDR) was
set to 1% at the spectrum level. A dedicated protein database including known
proteins of the TOM-TIM23 complex was provided for the search of samples
including the precursor. For samples without precursor, protein databases con-
tained all identified proteins based on the identification of linear peptides by
MaxQuant (v. 1.6.0.1)65. Cross-linked peptide spectrum matches (CSMs) were
evaluated manually. Cross-linking results were visualized by xiNET66.

Raw files that were acquired for samples cross-linked with EDC and SDA were
analyzed by pLink 2 (v. 2.3.9) for the identification of cross-linked peptides67. The
following changes were applied compared to the described analysis by pLink 1:
FDR was set below 5% on spectrum level; CSMs were not evaluated manually.

Searches for files obtained from in organello (Approach 2) cross-linking were
performed by pLink2, against the dedicated TOMTIM database, and also against
the top300 most abundant proteins that were identified in the samples (plus the
dedicated TOMTIM proteins included).

Approach 3 protein-protein cross-links were identified by pLink (v. 2.3.9)
search engine (pfind.ict.ac.cn/software/pLink)64,67 using either a complete
SwissProt S. cerevisiae database or a custom database containing 125 proteins most
abundantly present in the samples. The results are shown after filtering at FDR of
1% (more stringent) or 5%.

Completion of the S. cerevisiae TOM40 complex atomic model. The S. cere-
visiae TOM complex (PDB id: 6JNF, EMDB id: 9851) was completed by rebuilding
a few missing Tom40 loops with ROSETTA tools68 utilizing a cryo-EM map as
spatial restrains. Both the deposited as well as filtered to 4.0 Å resolution cryo-EM
map (Supplementary Fig. 4a, b) were used. The missing C-terminal tail of Tom22
(residues 131−152, in total 22) was built using the ab initio folding protocol as
implemented in ROSETTA52. For this purpose, over 350,000 decoys were obtained
of the 32-residue long C-terminal tail (residues 121−152). Additional 10 residues,
proceeding the missing sequence, were added to increase the chance of obtaining
C-terminal conformations compatible with the structurally characterized part,
which could later be used to superpose the known part of Tom22 (residues
121−130) with the newly folded fragment. The best 1000 ab initio models,
according to the ROSETTA overall score, were subjected to clustering analysis
using MaxCluster software (http://www.sbg.bio.ic.ac.uk/maxcluster). Clustering
utilized the pairwise nearest neighbor (PNN) method employing the all-versus-all
pairwise calculation of the RMSD (Root Mean Squared Deviation) and resulted in
the assignment of 899 decoys into 26 clusters at a threshold of 0.55 Å. The final ab
initio model was chosen from a cluster comprising the largest number of best
scoring decoys (the lowest energy cluster, total size 133 decoys, spread 0.472 Å). A
few lowest energy decoys (1st, 5th, 10th) constituting that cluster were manually
inspected in Coot69 and superimposed with the structurally characterized
C-terminal fragment of Tom22 (residues 120–131, PDB id: 6JNF). The decoy with
the best overall fit (the 10th best according to ROSETTA score) was used as a
template for restoring the missing 22 residues long C-terminus of Tom22.

Atomic models of IMS Tim components. The atomic model of the mitochondrial
J-domain-containing protein Jac1 (residues 1−47 of chain A, PDB id: 3UO3) was
manually remodeled in Coot so that its N-terminal fragment adopted an extended
conformation which could easily pass through the Tom40 β-barrel. No secondary
structure elements were changed (only loop fragments). Structural models of Sc.
Tim21 (residues 100−225, PDB id: 2CIU) and Sc. Tim50 (residues 162−361, PDB
id: 3QLE) as well as the NMR structure of Sc. Tim23 (homodimer, residues 1−222
of chains A and B, PDB id: 7CLV) were downloaded from the PDB. The atomic
model of Tim23 revealed a dynamic nature (a very high flexibility) of its sixty
residue long N-terminal tail in solution. None of the 15 deposited conformers were
satisfying observed cross-links, hence the 60 amino acid long N-terminal tail was
modeled using the cross-link guided molecular modeling protocol70 utilizing
ROSETTA ab initio folding52. The cross-link-derived spatial constraints were
incorporated as a flat harmonic function. It guaranteed that models were penalized
only if the Euclidean distance between two cross-linked atoms exceeded the spe-
cified threshold. In case of DSS cross-links (K8-K32, K32-K25) obtained for Tim23
complex without the blocking peptide, the CA-CA and CB-CB thresholds were set
to 30 and 22 Å, respectively. Additional shorter EDC-derived cross-link-based
spatial constraints (10 Å: M1-D12, M1-D13; 14 Å: D22-K27) were used for cal-
culating one-third of decoys. The difference in applied length of spatial constraints
derived from EDC cross-link results from different individual atoms selected for
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distance restraints and being at the same time present in the low-resolution ab
initio step. From over 421,000 ab initio decoys, 5000 models with the lowest
ROSETTA score were analyzed in order to select those which satisfy DSS and EDC
cross-link derived spatial restraints. These decoys were subjected to clustering
analysis using the MaxCluster program. The final model comprising 60 N-terminal
amino acids of Sc. Tim23 (number 2, the second-best decoy according to
ROSETTA score) was selected from the cluster comprising the highest number of
lowest energy decoys (the lowest energy cluster). Prior to docking with
ROSETTA71, two copies of the N-terminal fragment, one for each chain, were
manually placed in the close vicinity of the remaining part of Tim23 (conformer
12) to satisfy cross-link-based restraints: DSS: K66-K25, K66-K32. This allowed us
to skip the low-resolution global docking step and utilize a high-resolution docking
ROSETTA protocol72. The docking was performed sequentially. Upon placement
of the first N-terminal fragment, the second was docked to the model comprising
the already placed one. For each docking, at least 100,000 decoys were generated
using standard settings as implemented in ROSETTA high-resolution local docking
protocol. No positional restraints derived from cross-link experiments were applied
during docking calculations. These restraints were used only for validation purpose.
It should be noted that ROSETTA docking protocol did not result in a significant
repositioning of the docked molecules when compared to their initial positions.
Calculated RMSDs were below 1 Å and 3 Å for the best scoring (I_sc) models of the
first and the second docked N-terminal fragment, respectively. The best 100
decoys, as ranked based on I_sc, were inspected in Pymol and their differences in
position were assessed by calculating the RMSD against the decoy with the lowest
I_sc score (target molecule). No superposition was applied. In the case of the first
docked N-terminal fragment, 90 decoys revealed the RMSD difference lower than
0.25 Å, while in the case of the second N-terminal fragment, only six decoys formed
a cluster with the maximal RMSD of 0.45 Å. These two docked N-terminal frag-
ments, with the lowest interface scores (I_sc), were used to replace coordinates of
the respective fragments of the 12th conformer of Sc. Tim23 structure (chains A
and B, residues 1−60). In order to provide a more complete assembly of IMS Tim
components, the missing atomic model of the C-terminal domain of Sc. Tim50
(residues 348−476) was modeled using the aforementioned cross-link guided
molecular modeling protocol70 utilizing ROSETTA ab initio folding52. Three sets
of at least 150,000 decoys were generated employing different amounts of cross-
link derived spatial restraints. Set 1 was generated using pure ab initio folding
protocol (without any spatial restraints). Sets number 2 and 3 comprised decoys
calculated using eight and ten (maximum amount) cross-link derived restraints,
respectively. For each set, 5000 best decoys were selected based on the ROSETTA
overall score and subjected to an analysis yielding those which satisfy cross-link
derived restraints (aforementioned distance thresholds were used for DSS cross-
links). Out of these decoys, three representative sets of 26 models, selected based on
the lowest ROSETTA overall score, were subjected to clustering analysis using
MaxCluster. Clustering employing the nearest neighbor clustering method assigned
all 78 decoys into 1 cluster at a threshold of 0.8 Å (cluster spread 0.69 Å). The final
ab initio model of the C-terminal domain of Sc. Tim50 was chosen based on the
ROSETTA score and belonged to set 1 (pure ab initio modeling). This decoy was
superposed with the structurally characterized domain of Sc. Tim50 based on an α-
helical fragment present in both the crystal structure (PDB id: 3QLE) as well as the
ab initio model (residues 339−358). Superposition of these two domains satisfied
experimentally obtained DSS cross-link-based spatial restraints between two Tim50
domains (K281-K348 and K288-K349). The relative position of the manually
assembled domains of Sc. Tim50 was optimized using the high-resolution docking
protocol as implemented in ROSETTA72 without using any cross-link-based dis-
tance restraints. Out of 10,000 decoys, 100 models, selected based on the I_sc score,
were inspected in Pymol, and differences in their relative positions were analyzed
using the aforementioned approach (calculation of the RMSD against the decoy
with the lowest I_sc score). This analysis revealed that calculated RMSD between
Cα atoms comprising the docked C-terminal Sc. Tim 50 domain was lower than
2.0 Å for 80 decoys while 11 of these were positioned within the distance of 1.0 Å
when compared to the target model. The completed Sc. Tim50 model comprising
the crystal structure (PDB id: 3QLE) and the docked C-terminal ab initio folded
domain was used for building an assembly of TOM-TIM23 components.

Modeling of the TOM-TIM23 assembly. Prepared atomic models of Tim50
components were manually assembled in Pymol relative to the completed TOM
complex in order to satisfy the highest number of cross-link derived inter-
molecular spatial restraints and to maximize the compactness of the whole
assembly. Subsequently, the position of individual components (Tim21, Tim50)
was sequentially optimized using the aforementioned ROSETTA docking protocol.
The position of Sc. Tim23 relative to the Sc. TOM complex was not optimized by
ROSETTA docking approach since the observed cross-links were formed between
flexible fragments of two compartments anchored to membranes separated by the
IMS and forming most likely only a transient interaction. Docking calculations
were performed without any positional restraints. 100 decoys selected based on
their I_sc score were inspected in Pymol and clustered based on their RMSD
calculated without superposition against the best-scored model (target). Initially,
the Tim21 structure was docked to Tom22 (19,000 decoys). RMSD based analysis
revealed that seven decoys were positioned almost identically (RMSD calculated
relative to the target molecule was lower than 0.5 Å), while the remaining 91 decoys

revealed RMSD lower than 6 Å. Finally, the Sc. Tim50 was docked to the TOM-
Tim21-Tim23 assembly (119,000 decoys). When compared to the target decoy, 5
decoys revealed RMSD difference below 0.5 Å, while in total 96 exhibited RMSD
difference below 1.9 Å. The optimized assembly of Tim50-TOM IMS components
was verified using cross-link-based restraints. It should be noted that the modeled
assembly is only a snapshot of a highly dynamic system, and could be potentially
incomplete in terms of participating components. The main aim of the undertaken
modeling approach was to visualize the crowdedness of the IMS space using
available atomic models, which reflect both the size and dimensions of the used
compartments. Necessary manual model adjustments were performed in Coot69.
Figures were made with Pymol (www.pymol.org).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The following structures available on the Protein Data Bank (PDB) were utilized for
modeling: the TOM complex, PDB id: 6F; Jac1, PDB id: 33; Tim21, PDB id: 2U; Tim50,
PDB id: 3E and Tim23, PDB id: 7V. Data and mass spectrometry datasets supporting the
findings of this manuscript are available within the paper, supplementary data, and the
source data files. The cross-linking mass spectrometry data generated in this study have
been deposited to the ProteomeXchange Consortium (www.proteomexchange.org) via
the PRIDE partner repository under accession code PXD028002. Additional information
is available from the corresponding author upon request. Source data are provided with
this paper.

Received: 22 December 2020; Accepted: 19 August 2021;

References
1. Dekker, P. J. et al. Preprotein translocase of the outer mitochondrial

membrane: molecular dissection and assembly of the general import pore
complex. Mol. Cell. Biol. 18, 6515–6524 (1998).

2. Araiso, Y. et al. Structure of the mitochondrial import gate reveals distinct
preprotein paths. Nature 575, 395–401 (2019).

3. Tucker, K. & Park, E. Cryo-EM structure of the mitochondrial protein-import
channel TOM complex at near-atomic resolution. Nat. Publ. Group 26,
1158–1166 (2019).

4. Neupert, W. & Herrmann, J. M. Translocation of proteins into mitochondria.
Annu. Rev. Biochem. 76, 723–749 (2007).

5. Schulz, C., Schendzielorz, A. & Rehling, P. Unlocking the presequence import
pathway. Trends Cell Biol. https://doi.org/10.1016/j.tcb.2014.12.001 (2015).

6. Wiedemann, N. & Pfanner, N. Mitochondrial machineries for protein import
and assembly. Annu. Rev. Biochem. 86, 1–30 (2015).

7. Mayer, A., Nargang, F. E., Neupert, W. & Lill, R. MOM22 is a receptor for
mitochondrial targeting sequences and cooperates with MOM19. EMBO J. 14,
4204–4211 (1995).

8. van Wilpe, S. et al. Tom22 is a multifunctional organizer of the mitochondrial
preprotein translocase. Nature 401, 485–489 (1999).

9. Abe, Y. et al. Structural basis of presequence recognition by the mitochondrial
protein import receptor Tom20. Cell 100, 551–560 (2000).

10. Brix, J. et al. The mitochondrial import receptor Tom70: identification of a 25
kDa core domain with a specific binding site for preproteins. J. Mol. Biol. 303,
479–488 (2000).

11. Melin, J. et al. Presequence recognition by the tom40 channel contributes to
precursor translocation into the mitochondrial matrix. Mol. Cell. Biol. 34,
3473–3485 (2014).

12. Mayer, A., Neupert, W. & Lill, R. Mitochondrial protein import: reversible
binding of the presequence at the trans side of the outer membrane drives
partial translocation and unfolding. Cell 80, 127–137 (1995).

13. Moczko, M. et al. The intermembrane space domain of mitochondrial Tom22
functions as a trans binding site for preproteins with N-terminal targeting
sequences. Mol. Cell. Biol. 17, 6574–6584 (1997).

14. Esaki, M. et al. Mitochondrial protein import. Requirement of presequence
elements and tom components for precursor binding to the TOM complex. J.
Biol. Chem. 279, 45701–45707 (2004).

15. Shiota, T. et al. Molecular architecture of the active mitochondrial protein
gate. Science 349, 1544–1548 (2015).

16. Rassow, J. et al. Translocation arrest by reversible folding of a precursor
protein imported into mitochondria. A means to quantitate translocation
contact sites. J. Cell Biol. 109, 1421–1428 (1989).

17. Dekker, P. J. et al. The Tim core complex defines the number of mitochondrial
translocation contact sites and can hold arrested preproteins in the absence of
matrix Hsp70-Tim44. EMBO J. 16, 5408–5419 (1997).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26016-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5715 | https://doi.org/10.1038/s41467-021-26016-1 | www.nature.com/naturecommunications 15

http://www.pymol.org
http://doi.org/10.2210/pdb6JNF/pdb
http://doi.org/10.2210/pdb3UO3/pdb
http://doi.org/10.2210/pdb2CIU/pdb
http://doi.org/10.2210/pdb3QLE/pdb
http://doi.org/10.2210/pdb7CLV/pdb
http://www.proteomexchange.org
https://doi.org/10.1016/j.tcb.2014.12.001
www.nature.com/naturecommunications
www.nature.com/naturecommunications


18. Chacinska, A. et al. Mitochondrial translocation contact sites: separation of
dynamic and stabilizing elements in formation of a TOM-TIM-preprotein
supercomplex. EMBO J. 22, 5370–5381 (2003).

19. Schulz, C. & Rehling, P. Remodelling of the active presequence translocase
drives motor-dependent mitochondrial protein translocation. Nat. Commun.
5, 4349 (2014).

20. Cruz, L. D. L., Bajaj, R., Becker, S. & Zweckstetter, M. The intermembrane
space domain of Tim23 is intrinsically disordered with a distinct binding
region for presequences. Protein Sci. 19, 2045–2054 (2010).

21. Marom, M. et al. Direct interaction of mitochondrial targeting presequences
with purified components of the TIM23 protein complex. J. Biol. Chem. 286,
43809–43815 (2011).

22. Schulz, C. et al. Tim50’s presequence receptor domain is essential for signal
driven transport across the TIM23 complex. J. Cell Biol. 195, 643–656 (2011).

23. Shiota, T., Mabuchi, H., Tanaka-Yamano, S., Yamano, K. & Endo, T. In vivo
protein-interaction mapping of a mitochondrial translocator protein Tom22
at work. Proc. Natl Acad. Sci. USA 108, 15179–15183 (2011).

24. Qian, X. et al. Structural basis for the function of Tim50 in the mitochondrial
presequence translocase. J. Mol. Biol. 411, 513–519 (2011).

25. Lytovchenko, O. et al. Signal recognition initiates reorganization of the
presequence translocase during protein import. EMBO J. 32, 886–898 (2013).

26. Chacinska, A. et al. Mitochondrial presequence translocase: switching between
TOM tethering and motor recruitment involves Tim21 and Tim17. Cell 120,
817–829 (2005).

27. Albrecht, R. et al. The Tim21 binding domain connects the preprotein
translocases of both mitochondrial membranes. EMBO Rep. 7, 1233–1238
(2006).

28. Bauer, M. F., Sirrenberg, C., Neupert, W. & Brunner, M. Role of Tim23 as
voltage sensor and presequence receptor in protein import into mitochondria.
Cell 87, 33–41 (1996).

29. Truscott, K. N. et al. A presequence- and voltage-sensitive channel of the
mitochondrial preprotein translocase formed by Tim23. Nat. Struct. Biol. 8,
1074–1082 (2001).

30. Meinecke, M. et al. Tim50 maintains the permeability barrier of the
mitochondrial inner membrane. Science 312, 1523–1526 (2006).

31. Alder, N. N., Sutherland, J., Buhring, A. I., Jensen, R. E. & Johnson, A. E.
Quaternary structure of the mitochondrial TIM23 complex reveals dynamic
association between Tim23p and other subunits Mol. Biol. Cell https://doi.org/
10.1091/mbc.E07-07-0669 (2008).

32. Krimmer, T., Rassow, J., Kunau, W. H., Voos, W. & Pfanner, N.
Mitochondrial protein import motor: the ATPase domain of matrix Hsp70 is
crucial for binding to Tim44, while the peptide binding domain and the
carboxy-terminal segment play a stimulatory role. Mol. Cell. Biol. 20,
5879–5887 (2000).

33. Mokranjac, D., Sichting, M., Neupert, W. & Hell, K. Tim14, a novel key
component of the import motor of the TIM23 protein translocase of
mitochondria. EMBO J. 22, 4945–4956 (2003).

34. Truscott, K. N. et al. A J-protein is an essential subunit of the presequence
translocase-associated protein import motor of mitochondria. J. Cell Biol. 163,
707–713 (2003).

35. D’Silva, P. D., Schilke, B., Walter, W., Andrew, A. & Craig, E. A. J protein
cochaperone of the mitochondrial inner membrane required for protein
import into the mitochondrial matrix. Proc. Natl Acad. Sci. USA 100,
13839–13844 (2003).

36. Frazier, A. E. et al. Pam16 has an essential role in the mitochondrial protein
import motor. Nat. Struct. Mol. Biol. 11, 226–233 (2004).

37. Kozany, C., Mokranjac, D., Sichting, M., Neupert, W. & Hell, K. The J
domain-related cochaperone Tim16 is a constituent of the mitochondrial
TIM23 preprotein translocase. Nat. Struct. Mol. Biol. 11, 234–241 (2004).

38. Mokranjac, D., Bourenkov, G., Hell, K., Neupert, W. & Groll, M. Structure
and function of Tim14 and Tim16, the J and J-like components of the
mitochondrial protein import motor. EMBO J. 25, 4675–4685 (2006).

39. Schleyer, M. & Neupert, W. Transport of proteins into mitochondria:
translocational intermediates spanning contact sites between outer and inner
membranes. Cell 43, 339–350 (1985).

40. Koll, H. et al. Antifolding activity of hsp60 couples protein import into the
mitochondrial matrix with export to the intermembrane space. Cell 68,
1163–1175 (1992).

41. Schendzielorz, A. B. et al. Motor recruitment to the TIM23 channel’s lateral
gate restricts polypeptide release into the inner membrane. Nat. Commun. 9,
4028–10 (2018).

42. Chacinska, A. et al. Distinct forms of mitochondrial TOM-TIM
supercomplexes define signal-dependent states of preprotein sorting. Mol.
Cell. Biol. 30, 307–318 (2010).

43. Donzeau, M. et al. Tim23 links the inner and outer mitochondrial membranes.
Cell 101, 401–412 (2000).

44. Günsel, U. et al. Invivo dissection of the intrinsically disordered receptor
domain of Tim23. J. Mol. Biol. 432, 3326–3337 (2020).

45. Geissler, A. et al. The mitochondrial presequence translocase: an essential role of
Tim50 in directing preproteins to the import channel. Cell 111, 507–518 (2002).

46. Yamamoto, H. et al. Tim50 is a subunit of the TIM23 complex that links
protein translocation across the outer and inner mitochondrial membranes.
Cell 111, 519–528 (2002).

47. Schendzielorz, A. B. et al. Two distinct membrane potential-dependent steps drive
mitochondrial matrix protein translocation. J. Cell Biol. 216, 83–92 (2017).

48. Caumont-Sarcos, A. et al. Transmembrane coordination of preprotein
recognition and motor coupling by the mitochondrial presequence receptor
Tim50. Cell Rep. 30, 3092–3104.e4 (2020).

49. Ting, S.-Y., Yan, N. L., Schilke, B. A. & Craig, E. A. Dual interaction of scaffold
protein Tim44 of mitochondrial import motor with channel-forming
translocase subunit Tim23. Elife 6, e23609 (2017).

50. Zhou, S. et al. Solution structure of the voltage-gated Tim23 channel in
complex with a mitochondrial presequence peptide. Cell Res. https://doi.org/
10.1038/s41422-020-00452-y (2020).

51. Ciesielski, S. J. et al. Interaction of J-protein co-chaperone Jac1 with Fe−S
scaffold Isu is indispensable in vivo and conserved in evolution. J. Mol. Biol.
417, 1–12 (2012).

52. Raman, S. et al. Structure prediction for CASP8 with all-atom refinement
using Rosetta. Proteins 77 (Suppl. 9), 89–99 (2009).

53. Scherer, P. E., Manning-Krieg, U. C., Jenö, P., Schatz, G. & Horst, M. Identification
of a 45-kDa protein at the protein import site of the yeast mitochondrial inner
membrane. Proc. Natl Acad. Sci. USA 89, 11930–11934 (1992).

54. Blom, J. et al. The essential yeast protein MIM44 (encoded by MPI1) is
involved in an early step of preprotein translocation across the mitochondrial
inner membrane. Mol. Cell. Biol. 13, 7364–7371 (1993).

55. Kronidou, N. G. et al. Dynamic interaction between Isp45 and mitochondrial
hsp70 in the protein import system of the yeast mitochondrial inner
membrane. Proc. Natl Acad. Sci. USA 91, 12818–12822 (1994).

56. Schneider, H. C. et al. Mitochondrial Hsp70/MIM44 complex facilitates
protein import. Nature 371, 768–774 (1994).

57. Josyula, R., Jin, Z., Fu, Z. & Sha, B. Crystal structure of yeast mitochondrial
peripheral membrane protein Tim44p C-terminal domain. J. Mol. Biol. 359,
798–804 (2006).

58. van der Laan, M. et al. Motor-free mitochondrial presequence translocase drives
membrane integration of preproteins. Nat. Cell Biol. 9, 1152–1159 (2007).

59. Meisinger, C., Pfanner, N. & Truscott, K. N. Isolation of yeast mitochondria.
Methods Mol. Biol. 313, 33–39 (2006).

60. Stoldt, S. et al. Spatial orchestration of mitochondrial translation and
OXPHOS complex assembly. Nat. Cell Biol. 20, 528–534 (2018).

61. Ryan, M. T., Voos, W. & Pfanner, N. Assaying protein import into
mitochondria. Methods Cell Biol. 65, 189–215 (2001).

62. Leitner, A. et al. Expanding the chemical cross-linking toolbox by the use of
multiple proteases and enrichment by size exclusion chromatography. Mol.
Cell Proteomics 11, M111.014126 (2012).

63. Singh, K. et al. Discovery of a regulatory subunit of the yeast fatty acid
synthase. Cell 180, 1130–1143.e20 (2020).

64. Yang, B. et al. Identification of cross-linked peptides from complex samples.
Nat. Methods 9, 904–906 (2012).

65. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies, and proteome-wide protein
quantification. Nat. Biotechnol. 26, 1367–1372 (2008).

66. Combe, C. W., Fischer, L. & Rappsilber, J. xiNET: cross-link network maps
with residue resolution. Mol. Cell Proteom. 14, 1137–1147 (2015).

67. Chen, Z.-L. et al. A high-speed search engine pLink 2 with systematic
evaluation for proteome-scale identification of cross-linked peptides. Nat.
Commun. 10, 3404 (2019).

68. DiMaio, F. et al. Atomic-accuracy models from 4.5-Å cryo-electron
microscopy data with density-guided iterative local refinement. Nat. Methods
12, 361–365 (2015).

69. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D. Biol. Crystallogr. 66, 486–501 (2010).

70. Kahraman, A. et al. Cross-link guided molecular modeling with ROSETTA.
PLoS One 8, e73411 (2013).

71. Marze, N. A., Roy Burman, S. S., Sheffler, W. & Gray, J. J. Efficient flexible
backbone protein−protein docking for challenging targets. Bioinformatics 34,
3461–3469 (2018).

72. Marze, N. A. et al. Modeling oblong proteins and water-mediated interfaces
with RosettaDock in CAPRI rounds 28−35. Proteins 85, 479–486 (2017).

Acknowledgements
We thank A. Stein for providing the His-SUMOstar protease construct, M. Deckers for
the GFP nanobody plasmid, and O. Bernhard for help with protein purification and mass
spectrometry. We are grateful to Dr. Shu Zhou for sharing the atomic model of Tim23
prior to publication. Supported by the Deutsche Forschungsgemeinschaft SFB1190
(project P13, P01, P04, Z02) (P.R., S.J., B.S., and H.U.) and SFB860 (project A02, B01,

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26016-1

16 NATURE COMMUNICATIONS |         (2021) 12:5715 | https://doi.org/10.1038/s41467-021-26016-1 | www.nature.com/naturecommunications

https://doi.org/10.1091/mbc.E07-07-0669
https://doi.org/10.1091/mbc.E07-07-0669
https://doi.org/10.1038/s41422-020-00452-y
https://doi.org/10.1038/s41422-020-00452-y
www.nature.com/naturecommunications


A10) (R.F., P.R., and H.U.), the Max Planck Society (P.R., H.U., and S.J.), the PhD
program Molecular Biology—International Max Planck Research School and the Göt-
tingen Graduate School for Neurosciences and Molecular Biosciences (GGNB) (R.G.,
A.B.S., C.S.) and Boehringer Ingelheim Fonds (C.S.). Supported by the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excellence
Strategy—EXC 2067/1- 390729940.

Author contributions
P.R. and R.G. conceived the research. R.G., A.L., H.U., and P.R. designed the experiments.
R.G., A.L., P.N., S.S., A.B.S., O.D., M.K., C.S., and L.D.C-Z. performed the experiments
and prepared figures and tables. R.G. and P.R. wrote the paper with the input of P.N., A.L.,
A.B.S., and S.S. P.R., H.U., S.J., R.F., and B.S. were responsible for funding acquisition. All
authors discussed the results. All authors approved the final version of the paper.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26016-1.

Correspondence and requests for materials should be addressed to Peter Rehling.

Peer review information Nature Communications thanks the anonymous reviewers for
their contributions to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26016-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5715 | https://doi.org/10.1038/s41467-021-26016-1 | www.nature.com/naturecommunications 17

https://doi.org/10.1038/s41467-021-26016-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Mapping protein interactions in the active TOM-TIM23 supercomplex
	Results and discussion
	A supercomplex-stabilizing precursor stalled in mitochondrial import
	Purification of the TOM-TIM23 supercomplex
	Dissecting translocase organization by chemical cross-linking
	Interactions of the TIM23 complex
	Defining precursor positioning in the supercomplex and the TOM&#x02013;nobreakTIM23 junction
	Interaction of Tim44 with presequences

	Methods
	Yeast growth and handling
	Isolation of mitochondria
	Superfolder-GFP expression, Immunofluorescence staining, and STED nanoscopy of yeast cells
	Protein expression and purification
	Import of precursor proteins and generation of the TOM-TIM23 supercomplex
	Cysteine modification assay
	Photo cross-linking assay
	Glycerol density gradients
	Isolation of complexes
	Surface plasmon resonance—SPR
	Cross-linking analysis
	Protein digestion and enrichment of cross-linked peptides
	LC-MS/MS analysis
	Data analysis
	Completion of the S. cerevisiae TOM40 complex atomic model
	Atomic models of IMS Tim components
	Modeling of the TOM-TIM23 assembly

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




