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The majority of mitochondrial proteins are nuclear encoded and imported into

mitochondria as precursor proteins via dedicated translocases. The translo-

case of the inner membrane 22 (TIM22) is a multisubunit molecular machine

specialized for the translocation of hydrophobic, multi-transmembrane-span-

ning proteins with internal targeting signals into the inner mitochondrial

membrane. Here, we undertook a crosslinking-mass spectrometry (XL-MS)

approach to determine the molecular arrangement of subunits of the human

TIM22 complex. Crosslinking of the isolated TIM22 complex using the BS3

crosslinker resulted in the broad generation of crosslinks across the majority

of TIM22 components, including the small TIM chaperone complex. The

crosslinking data uncovered several unexpected features, opening new avenues

for a deeper investigation into the steps required for TIM22-mediated translo-

cation in humans.

Keywords: carrier translocase; crosslinking-mass spectrometry; mito-

chondria; protein translocation; TIM22

The translocase of the inner membrane, TIM22 (car-

rier translocase), is responsible for the insertion of

multi-transmembrane domain proteins with internal

targeting signals into the inner mitochondrial mem-

brane. Such proteins typically comprise of metabolite

carriers or membrane-embedded components of the

mitochondrial import machinery, and their function is

essential for life [1–3]. Precursor substrates of the

TIM22 pathway possess internal targeting signals that

are recognized by receptor proteins on the translocase

of the outer membrane (TOM complex) [4–8]. Upon

translocation through the TOM complex, the precur-

sor protein is bound by the small TIM chaperone

complexes that maintain the precursor in an import-

competent state, by preventing aggregation of the

hydrophobic transmembrane segments. The precursor
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is then shuttled across the aqueous intermembrane

space to the TIM22 complex for insertion into the

inner mitochondrial membrane [9–11].
Studies using yeast have shown that the conserved

carrier translocase is composed of a core complex

embedded into the inner membrane that includes a dual

pore-forming unit generated by the Tim22 protein [12–
14]. Associated membrane integrated subunits, Tim18,

Tim54 and SdhA support complex assembly and pro-

vide structural integrity [15–19]. The core structural

components of the human TIM22 complex have only

been defined in recent years and were found to be lar-

gely divergent from the yeast complex. Aside from the

TIM22 pore-forming unit, the human translocase con-

tains only two metazoan-specific components; TIM29

and the acyl glycerol kinase, AGK [20–25]. The precise

function of these metazoan-specific components within

the complex remains unknown.

The family of small TIM proteins, so called due to

their low molecular weight (from 8 to 12 kDa), are

defined by a twin CX3C zinc-finger motif that gener-

ates an intramolecular disulfide bond, enabling them

to fold in a hairpin-like structure. Yeast has five sol-

uble small TIM proteins, four of which can associate

to make up hexameric ring structures comprising of

either Tim9-Tim10, or Tim8-Tim13, each with differ-

ent substrate specificities [9,26,27]. The fifth small TIM

in yeast is TIM12, which mediates docking of the

TIM9-TIM10 hexamer by integrating into the hexamer

and associating it to the core complex via Tim54

[28,29]. Both hexameric complexes are conserved in

human, although the human TIM8-TIM13 complex

has not been found to associate with the translocase

[20] and is dispensable for TIM22-mediated import

[30]. Instead, it was shown that the two human iso-

forms of Tim8, TIM8A and TIM8B, have acquired

novel cell-specific functions for complex IV assembly

[30]. Humans also have two isoforms of TIM10,

TIM10A and TIM10B [31,32]. TIM10A, like its yeast

counterpart, forms a hexameric complex with TIM9

and is herein referred to simply as TIM10. In contrast,

TIM10B remains constitutively associated with the

core TIM22 complex and so it was proposed to be the

functional human homolog of the yeast Tim12 protein,

the docking site for the small TIM chaperone complex

[31]. However, this was not functionally verified and it

remains unclear how the small TIM chaperones bind

to the core TIM22 complex and release their cargo.

Here, we undertook a chemical crosslinking approach

coupled with mass spectrometry to map the spatial

arrangement of the core human TIM22 complex,

together with the small TIM chaperone complexes. This

map elucidates key structural features of the complex,

including contact sites for the small TIM chaperones and

interaction sites for the TIM22 and TIM29 subunits. It

furthermore reveals conformational flexibility within the

helices of the small TIM chaperone complexes in human.

Several disease-causing mutations have been discovered

in the core TIM22 complex [33–37] and in the small

TIM chaperones [38,39]. Therefore, this information not

only provides an insight into the workings of the TIM22

complex, but is also crucial for understanding the molec-

ular basis of disease-causing mutations.

Materials and methods

Cell culture

DMEM media (GibcoTM, Thermo Fisher Scientific, Waltham,

MA, USA) supplemented with 10% sterile filtered fetal bovine

serum (Sigma, Saint Louis, MO, USA) was used to culture

human embryonic kidney cell lines (HEK293T-Flp-InTM

T-RexTM) at 37 °C with 5% CO2. The generation of stably

expressing C-terminally FLAG-tagged TIM29 inducible

HEK293T cell line was previously described [40]

Antibodies

Primary antibodies were raised in rabbit (anti-AGK, anti-

LETM, anti-ATP5B, [40]; anti-TIM9, [41]), or purchased

(anti-TIM22, anti-TIM29, Proteintech, Rosemont, IL, USA;

anti-LRPPRC, abcam, Cambridge, UK; anti-PRMT5, Cell

Signalling Technology, Danvers, MA, USA; anti-FLAG,

Sigma). Antibodies against TIM10A and TIM10B were

raised in rabbit by immunization with C-terminal peptides of

the individual proteins.

Mitochondrial isolation

Cells were harvested by centrifugation at 600 g for 10 min

at 4 °C and washed with PBS (phosphate buffered saline).

The cell pellet was resuspended in isolation buffer

[300 mM Trehalose; 10 mM KCl; 10 mM HEPES, pH 7.4;

1 mM EDTA; 0.1%(w/v) BSA] containing freshly added

0.5 mM phenylmethylsulfonylfluoride (PMSF) and homoge-

nized on ice using a Potter S Homogenizer (Sartorius,

Goettingen, Germany). Homogenate was centrifuged at

800 g for 10 min at 4 °C to remove unbroken cells. Mito-

chondria were pelleted down at 12 000 g for 10 min at

4 °C and resuspended in isolation buffer without BSA. For

protein estimation, Bradford assay was used with bovine

serum albumin (BSA) as a standard.

FLAG immunoprecipitation

Mitochondria were solubilized in solubilization buffer

[1% Digitonin; 20 mM Tris/HCL, pH 7.4; 100 mM NaCl;
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0.5 mM EDTA; 20% (w/v) glycerol; 1 mM 1mM PMSF and

19 Roche (Basel, Switzerland) cOmpleteTM, EDTA-free

Protease Inhibitor Cocktail] at a ratio of 1 mg�mL�1 and

incubated on an end-over-end shaker for 20 min at 4 °C.
For XL-MS experiments, 100 mg of isolated mitochondria

was used as starting material. For the sample with RNase

A treatment, 5 µg�mL�1 RNase A (Thermo Fisher Scien-

tific) was added to the solubilization buffer. The mitochon-

drial suspension was centrifuged at 14 000 g for 10 min at

4 °C to pellet down unsolubilized mitochondria. Super-

natant was added to the anti-FLAG agarose affinity resin

(Sigma-Aldrich, Saint Louis, MO, USA) and incubated for

1 h at 4 °C on an end-over-end shaker. Unbound lysate was

removed by centrifugation (100 g for 30 s at 4 °C) using fil-

tered columns (Mobicols, MoBiTec GmbH, Goettingen, Ger-

many) and the FLAG resin collected in the column was

washed 109 with wash buffer [0.3% Digitonin; 20 mM Tris/

HCl, pH 7.4; 100 mM NaCl; 0.5 mM EDTA and 20% (w/v)

glycerol]. For native elution of TIM29FLAG, 5 µg�mL�1

FLAG peptide (Sigma) with wash buffer was used for elution

at 4 °C for 30 min on thermoshaker. For immunoblotting,

10–18% Tris-Tricine gels were used for protein separation.

For Colloidal Coomassie staining, gels were incubated over-

night with Colloidal Coomassie staining solution (ROTI�Blue

Quick, Carl Roth, Karlsruhe, Germany) and washed with 1%

acetic acid before scanning.

BS3 (bis(sulfosuccinimidyl)suberate) crosslinking

For crosslinking experiments, 1 M HEPES pH 7.4 was used

instead of 1 M Tris/HCl pH 7.4 to prepare all buffers. After

FLAG immunoprecipitation, the concentrated eluate was

incubated for 2 h on ice with 2 or 5 mM BS3 crosslinker

(Thermo Fisher Scientific) solubilized in wash buffer. An

equal amount of wash buffer was added to the control. To

quench the reaction, 125 mM of glycine (pH 8) was added

and incubated on ice for 15 min. The sample was further

used for immunoblotting or mass spectrometry analysis.

Protein digestion and enrichment of crosslinked

peptides

Crosslinked proteins were reduced with 10 mM dithiothre-

itol and subsequently alkylated with 40 mM iodoacetamide.

Digestion of proteins was performed using the SP3 param-

agnetic bead processing approach [42,43], and the endopro-

teinase trypsin was used in a 1 : 50 enzyme-to-protein ratio

at 37 °C overnight. The reaction was terminated with 0.5%

trifluoroacetic acid (TFA) and peptides were desalted on

MicroSpin Columns (Harvard Apparatus, Holliston, MA,

USA) following manufacturer’s instructions. Crosslinked

peptides were either enriched by peptide size exclusion

chromatography (pSEC) [44] or fractionated by basic

reversed-phase (bRP) chromatography. For pSEC, dried

peptides were resuspended in 50 µL 30% ACN/0.1% TFA

(running buffer) and loaded onto a SuperdexPeptide 3.2/

300 column operated by an €AKTAmicro system (both GE

Healthcare, Chicago, IL, USA). The flow rate was set to

50 µL�min�1, and 50 µL fractions were collected. For

bRP, desalted peptides were dissolved in 50 µL 10 mM

NH4OH pH 10. Peptides were loaded onto a Xbridge C18

column (Waters, Milford, MA, USA) using an Agilent

1100 series chromatography system (Agilent Technologies,

Santa Clara, CA, USA). The column was operated at a

flow rate of 60 µL�min�1 with a buffer system consisting

of 10 mM NH4OH pH 10 (buffer A) and 10 mM NH4OH

pH 10/80% [v/v] ACN (buffer B). The column was equili-

brated with 5% B and developed over 64 min using the

following gradient: 5% B (0–5 min), 5–10% B (5–8 min),

10–42% B (8–42 min), 42–60% B (42–50 min), 60–90% B

(50–51 min), 90–95% B (51–56 min), 95–5% B (56–
58 min), 5% B (58–64 min). The first 6 min were collected

as one flow-through fraction, followed by 48 9 1 min

fractions, which were reduced to 12 fractions by concate-

nated pooling. Fractionated peptides were vacuum dried,

resuspended in 2% ACN/0.05% TFA, and subjected to

LC-MS/MS analysis.

LC-MS/MS analysis

Peptides were measured in technical duplicates on a Q

Exactive HF-X Mass Spectrometer coupled to a Dionex

UltiMate 3000 UHPLC system (both Thermo Fisher Scien-

tific) 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, Ammerbuch,

Germany). 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

1 9 106. Dynamic exclusion was set to 30 s and only

charge states between 3 and 8 were considered for fragmen-

tation. MS2 spectra were acquired in the OT of the 30

most abundant precursor ions; the resolution was set to

30 000; the IT to 128 ms and the AGC target to 1 9 105.

Fragmentation was enforced by higher-energy collisional

dissociation (HCD) at 30% NCE.

Data analysis

Raw files were analysed by PLINK 2 [45] (v. 2.3) for the

identification of crosslinked peptides. Default settings were

applied with carbamidomethylation of cysteine residues as

fixed modification and oxidation of methionine residues as

variable modification. BS3 was set as crosslinker. The glo-

bal false discovery rate (FDR) was set to 5% at spectrum

level. The protein databases contained either all identified

proteins or the 1000 most abundant proteins based on the

identification of linear peptides by MAXQUANT (v. 1.6.0.1)

[46] and the respective iBAQ values. Crosslinking results

were visualized by XINET [47].
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Structural modelling

For the remodelling of the atomic model of Tim9-Tim10

complex, missing N- and C-terminal fragments of Tim9

and Tim10 entities comprising the crystal structure of

human Tim9-Tim10 complex (PDB id: 2BSK) were mod-

elled in COOT [48], based on the best resolved copy of Tim9

or Tim10 subunit in this structure. After the manual exten-

sion of missing fragments, the remodelled Tim9-Tim10

complex was subjected to all-atom energy-guided refine-

ment in Rosetta force-field [49] (the relaxed protocol) utiliz-

ing positional constrains obtained from the starting model.

During this step, missing side chain atoms in the deposited

atomic model were restored.

Manual modelling of complexes was performed in PYMOL

(http://www.pymol.org) and COOT based on spatial

restraints derived from the crosslinking data. Figures were

prepared using PYMOL.

Results and Discussion

Optimization of TIM22 complex isolation for BS3

crosslinking

Crosslinking coupled with mass spectrometry (XL-MS)

has become a powerful approach in the study of mul-

ti-protein complexes, enabling not only the identifica-

tion of crosslinked peptides, but also of the

crosslinked residue. Based on a generated catalogue of

crosslinked residues, protein composition within a

complex can be mapped to provide an insight into the

3D arrangement of proteins within the complex

[50,51]. We have previously shown that the TIM22

complex can be efficiently isolated via immunoprecipi-

tation of TIM29FLAG from HEK293T Flp-In cells that

express inducible C-terminal FLAG-tagged TIM29

[40]. To exploit the use of XL-MS to obtain structural

insights into TIM22 complex architecture, we upscaled

this isolation approach to an amount that would

enable the identification of crosslinks. Coomassie gel

staining of the isolated complex revealed a number of

protein components that co-isolated with TIM29FLAG

and subsequent MALDI mass spectrometry analysis of

these bands (data not shown) verified that all known

components of the TIM22 complex were present,

including the hexameric small TIMs, TIM9 and

TIM10A (Fig. 1A). This was further confirmed by

western blotting using antisera for known TIM22 com-

ponents (Fig. 1B). The isolation also revealed contami-

nating proteins, the mitochondrial leucine-rich PPR

motif-containing protein LRPPRC, together with its

binding partner the SRA stem-loop interacting RNA

binding protein, SLIRP, as well as the arginine

methyltransferase, PRMT5. These proteins were

equally present in the FLAG isolate from wild-type

cells indicating a non Tim22-specific interaction with

the FLAG affinity column (Fig. 1A,B).

Initial crosslinking analyses identified a high ten-

dency for crosslinks to form between LRPPRC and

SLIRP (data not shown) and it was therefore thought

that the high protein levels of contaminating LRPPRC

could be hampering crosslinking efficiency within the

TIM22 complex. Size exclusion chromatography was

unsuccessful in separating LRPPRC as it forms a com-

plex with SLIRP at approximately 250 kDa, which

can also oligomerize [51,52]. LRPPRC is known to

have a strong RNA binding propensity [51], therefore,

to determine whether this property contributes to its

stickiness to the FLAG affinity beads, we modified the

isolation protocol to include treatment with ribonucle-

ase A (RNase A) during the immunoprecipitation

(Fig. 1C). Strikingly, coomassie stained gels of isolated

TIM22 complex with RNase A treatment show a clear

absence of detectable LRPPRC compared with the

untreated sample (Fig. 1D). Western blotting con-

firmed the absence of both LRPPRC and SLIRP

(Fig. 1E). RNase treatment did not affect the integrity

of the TIM22 complex, with all components being pre-

sent in the isolate (Fig. 1D,E) To more quantitatively

verify that levels of the LRPPRC-SLIRP complex were

diminished, mass spectrometry analysis was performed

on samples treated with and without RNase A. Plot-

ting of the intensities from Label Free Quantification

(LFQ) of both samples showed a strong reduction of

approximately 245-fold in LRPPRC levels upon treat-

ment with RNase A (Fig. S1). The contaminant

PRGT5 was still present, but since there were no

crosslinks detected with PRGT5 in our initial analyses

(data not shown), it was not expected to interfere with

the crosslinking efficiency.

XL-MS analysis of human TIM22 complex using

BS3

The water soluble, amine-amine bifunctional crosslin-

ker, bis(sulfosuccinimidyl)suberate (BS3), has previ-

ously been successfully used for the XL-MS analysis of

mitochondrial proteins [53]. BS3 has an arm length of

11.4 �A, providing a medium length range for

crosslinking of TIM22 components. To test the suit-

ability of BS3 for XL-MS analysis, isolated TIM22

complex was incubated with BS3 for two hours and

crosslinking efficiency was analysed by SDS/PAGE

and western blotting. Crosslinks, evident as slower

migrating bands, were observed for all TIM22 compo-

nents, confirming the suitability of BS3 for XL-MS

analysis (Fig. 2A). Notably, TIM9 and TIM10 had
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almost identical crosslinking patterns, consistent with

their expected co-assembly within the hexameric ring

complex.

With the establishment of these crosslinking proce-

dures, we proceeded with mass spectrometry analysis

of the BS3 crosslinked TIM22 complex. Proteins were

digested and crosslinked peptides were enriched using

peptide size exclusion chromatography (pSEC). Frac-

tions containing crosslinks were collected and analysed

using LC-MS/MS and the PLINK 2 software was used

for identification of crosslinked peptides. Two experi-

mental replicates were performed. Results revealed a

number of BS3-dependent intermolecular crosslinks.

Intermolecular crosslinks between TIM22 complex

components for each experiment are listed in

Table S1A,B respectively and depicted in Fig. 2B. As

expected, intermolecular crosslinks were detected

between the TIM9 and TIM10 proteins, but also

between the small TIMs and each of the core TIM22

components TIM29, TIM22 and AGK. Notably,

crosslinks were also observed between the N-terminal

matrix domain of TIM29 and the first matrix facing

loop of TIM22 (Fig. 2B), suggesting an interaction

interface between TIM22 and TIM29 within the

matrix. Interestingly, one of the crosslinks with the

matrix domain of TIM29 involves a conserved residue

Fig. 1. Optimization of TIM22 complex

isolation. (A) Mitochondria were isolated

from wild-type (WT) and

TIM29FLAGHEK293T Flp-In cells. Isolated

mitochondria were solubilized and

subjected to FLAG immunoprecipitation.

The eluate (100%) was analysed by SDS/

PAGE, followed by coomassie blue

staining. Bands were excised and analysed

by LC/MS to verify protein identity. (B)

Eluate from immunoprecipitation described

in (A) was analysed by Tris-Tricine gel and

immunoblotted with the respective protein

antibodies. The mitochondrial inner

membrane protein LETM1 was included

as a negative control. 10% Total; 100%

Eluate. (C) Schematic representation of

experimental workflow for RNase A

treatment. RNase A was added during the

solubilization of the mitochondria for FLAG

immunoprecipitation. (D) Isolated TIM22

complex from RNAse A-treated and non-

treated samples was analysed by Tris-

Glycine gel, followed by coomassie blue

staining. (E) Isolated TIM22 complex

described in (D) was analysed by Tris-

Tricine gel and immunoblotted with the

respective protein antibodies. The ATPase

subunit ATP5B was included as a negative

control. 10% Total; 100% Eluate.
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of TIM22 (K127) which, in yeast, has been shown to

be essential for the interaction of Tim22 with Tim18

[54]. This suggests that this is a functional interaction

region and it could be that TIM29 in metazoa has

structurally replaced the yeast Tim18. The matrix

region TIM22-TIM29 crosslinks were the only cross-

links detected between the membrane integrated com-

ponents of the complex, possibly reflecting a limitation

of using a hydrophilic crosslinker. Nevertheless, the

close positioning of these regions could mean that the

matrix domains are important for complex assembly.

Crosslinks demonstrate conformational flexibility

within the TIM9-TIM10 complex

Both TIM9 and TIM10 have a helix-loop-helix struc-

ture, which is maintained in a hairpin fold by twin

disulfide bonds, as depicted in Fig. 2B. The crystal

structure of both the Saccharomyces cerevisiae and

human hexameric TIM9-TIM10 complexes have previ-

ously been solved to reveal a six-bladed a-propeller
conformation made up of alternating molecules of

TIM9 and TIM10 [32,55]. This hexameric structure

has an ordered circular core with the loops making up

one flat surface of the complex, whereas the other sur-

face has amphiphilic tentacles, comprising of the N

and C termini helices of TIM9 and TIM10, that pro-

trude from the centre of the core [32,55]. To examine

how the crosslinking data comply with the existing

structure, we generated a model of the TIM9-TIM10

chaperone complex using the solved human structure

(PDB id: 2BSK) [32]. Fragments of missing N or C

termini were extended based on the best resolved copy

of Tim9 or Tim10 subunits in this structure. The

Fig. 2. BS3 crosslinking and MS analysis

of human TIM22 complex (A) Isolated

TIM22 complex was crosslinked with

2 mMof BS3 crosslinker. For control

sample, water without crosslinker was

added to the sample. 20% of the reaction

volume was loaded for each lane and

analysed by SDS/PAGE gel and

immunoblotting with the respective

antibodies. (B) Schematic showing

intermolecular crosslinks identified by LC-

MS/MS analysis without (yellow/green

lines) and after (blue/green lines) RNAse A

treatment. Numbers indicate protein

residue. TM, transmembrane; IMS,

intermembrane space; Teal: inter-

crosslinks; Pink: transmembrane domain;

Yellow: helix; Green: beta turn; Blue: beta

bend; Turquoise: diacylglycerol Kinase

catalytic domain (DAGKc).
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completed model was refined in ROSETTA and miss-

ing side chain atoms in the deposited crystal structure

were generated in order to visualize crosslinks

(Fig. 3A,B).

Positioning of the intermolecular crosslinks onto the

published model of the human chaperone complex

reveals that a number of the crosslinks between TIM9

and TIM10 are not compatible with the 11.4 �A arm

length of BS3 (Fig. 3C,D). One possibility is that these

crosslinks form between two different small TIM hex-

amers. There is evidence that multiple small TIM hex-

amers interact with the precursor in a ‘bead on a

string’ conformation to maintain the precursor in an

elongated state [9], but it is unclear whether the hex-

amers would be in close enough proximity to form

such extensive crosslinks.

Another possibility is that these crosslinks reflect the

conformational flexibility of the C-terminal tentacles.

A superimposition of the crystal structure of the yeast

complex (PDB id: 3DXR) [55] over the human com-

plex demonstrates the high degree of conservation

between the two structures (Fig. S2). However, the

superimposition also shows that the model of the yeast

complex appears to have shorter tentacles, when in

fact the N and C termini of yeast Tim9 and Tim10 are

longer than in human. Thermal data and NMR experi-

ments from the yeast Tim9-Tim10 complex showed the

12 protruding helices increase in mobility the further

they extend from the core [9,55] and so the crystal

structure of the yeast complex could not sufficiently

resolve the N and C termini [55]. This is testament to

the mobility of the tentacles, which is believed to be

important for interaction with the precursor substrate.

Of the crosslinks that met the distance criteria, these

were primarily located towards the base of the com-

plex, near the core region of the hexamer (TIM9-

TIM10: K58-K81; K58-K45; K81-K68), consistent

with the increased stability of this part of the complex

(Fig. 3C,D). In contrast, crosslinks that involved the

more outward protruding tentacles of TIM9 (TIM9-

TIM10: K15-K81; K81-K81; K81-K45 and TIM9-

TIM9: K58-K81) were less compliant with the distance

criteria (Fig. 3C,D).

To further investigate conformational alterations

resulting from helix flexibility, alternate models were

generated to accommodate the required distance for

two of the TIM9-TIM10 crosslink pairs; K15-K81 and

K81–K81 (Fig. 3E–F and G–H, respectively). Each

model relies on flexibility of the upper regions of the

tentacles that correspond to the C-terminal regions of

both Tim9 and Tim10.

Together, these data highlight the conformational

flexibility of the upper tentacle regions of the small

TIM chaperone complex. Interestingly, recent NMR

data from the yeast chaperone complex indicate that

mobility of the tentacles is maintained even upon bind-

ing of the precursor substrate [9] leading to the model

that multiple dynamic conformations brought about

by tentacle mobility can both enable tight binding of

the precursor, as well as facilitate its subsequent

release through a series of multiple weak interactions

[9].

The TIM22 core complex has multiple interaction

sites for the small TIM complex

Since the recent elucidation of the components of the

human TIM22 complex, an outstanding question has

been the docking site of the small TIM chaperone

complex. BS3 crosslinking data revealed several promi-

nent interaction interfaces for the small TIM chaper-

one complexes within the core TIM22 components

(Fig. 2B). TIM29 has a large C-terminal IMS domain

which is capable of making contacts with TOM40 [21].

Both TIM10 and TIM9 crosslinked to a specific region

(between AA 210–220) within this IMS domain, allud-

ing to a possible binding site for the small TIM chap-

erones that may help guide an incoming precursor

from the TOM complex to the TIM22 insertion site.

Additional crosslinks were detected between the

small TIM chaperone complex and TIM22. The

TIM22 binding site for small TIMs seems to narrow

to an IMS facing helical region, just prior to the first

TM domain (AA 55–64). This conformation suggests a

chaperone docking site positioned close to the mem-

brane interface of TIM22, which could poise the pre-

cursor protein ready for insertion into the TIM22

pore. Interestingly, the recently identified TIM22V33L

disease-causing mutation [33] is also located adjacent

to this helical IMS region and may therefore interfere

with the binding of the chaperone complex to TIM22.

Several crosslinks were also identified between the

small TIM chaperones and AGK. AGK catalyses the

ATP-dependent phosphorylation of monoacylglycerol

or diacylglycerol to lysophosphatidyl acid (LPA) or

phosphatidic acid (PA) respectively and although it

has been shown to be a functional and stoichiometric

constituent of TIM22, its role within the complex has

remained unknown [22,23]. Intriguingly, both TIM9

and TIM10 formed crosslinks within the kinase

domain of AGK, suggesting that the kinase domain

may also function as a docking site for the small TIM

hexamers. It was previously concluded that the func-

tion of AGK for TIM22 import is independent of its

kinase function, based on the observation that kinase-

dead AGK mutants do not have a defect in TIM22
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stability or import [22,23]. However, the observation

in this study that the small TIM chaperones interact

closely with the kinase domain, may allude to some

coordination between lipid kinase function and TIM22

import. Additional functional studies are required to

investigate this further.

The TIM10B protein was suggested to be a homolog

of the yeast Tim12 which serves as a docking site for

the small TIM chaperones [28,29]. Only one crosslink

was detected between TIM10B (K55) and TIM9

(K81), suggesting that it does indeed interact with the

small TIM complex. However, this crosslink was only

detected in one of the XL-MS experimental replicates

and the lack of additional crosslinking data for this

protein prevents any meaningful modelling.

2Although it is possible that these crosslinks reflect

a single chaperone binding pocket that contacts each

of TIM29, TIM22 and AGK, it is more likely that

these multiple binding regions are indicative of dock-

ing sites for multiple TIM chaperone complexes.

Analysis of TIM22 precursor-chaperone complexes

from yeast identified at least two chaperone com-

plexes per precursor and that the stoichiometry was

dependent on precursor length [9]. These hexamers

form a clamp-like hold on the precursor to maintain

it in an elongated conformation. A tight binding of

the hexamers to the precursor is retained until its

release into the TIM22 channel [9]. Based on this

model, the translocase would be expected to accom-

modate multiple small TIM hexamers. The multiple

chaperone binding sites uncovered by these crosslink-

ing experiments are consistent with a similar mecha-

nism occurring in human. Since the IMS domain of

TIM29 can connect with TOM40, the binding of a

small TIM hexamer within this region could represent

the first contact point for incoming precursor-chaper-

one complexes with the core complex. This ‘han-

dover’ step would then facilitate shuttling of the

precursor-chaperone complex from the TOM complex

to the insertion site of TIM22. The identified small

TIM binding site on the N-terminal region of TIM22

is just prior to the first TM and therefore an ideal

position for release of the precursor into the channel.

The role of AGK in this model remains to be deter-

mined. It could represent a third binding site, or it

could be part of the binding site with TIM22.

While this manuscript was in the submission process,

a cryo-EM structure of the human TIM22 complex was

published at a resolution of 3.7 �A [56]. This structure

was derived from cells overexpressing the individual

components of the TIM22 complex. However, certain

aspects of this structure could be considered con-

tentious, including the lack of a twin pore, which had

previously been shown, using both cryo-EM and electro-

physiology studies, to be an essential feature of the yeast

TIM22 complex [12,13]. It therefore also remains

unclear whether this structure represents the functional

TIM22 complex or an intermediate. Nevertheless, in

agreement with the notion that multiple TIM hexamers

can dock at the complex, the cryo-EM model depicts

two small TIM hexamers, one consisting of TIM9-

TIM10-TIM10B situated onto the N terminus of

TIM22, and the other comprising of TIM9-TIM10,

which is stabilized by the C-terminal IMS region of

TIM29 [56]. AGK was also shown to interact with the

TIM9-TIM10-TIM10B hexamer, whereby N94 within

the kinase domain can form a hydrogen bond with R39

in TIM9 [56]. Due to a lack of electron density, the

matrix N-terminal portion of TIM29 was poorly

resolved in the Cryo-EM model [56]. Using XL-MS, we

identify contacts of this N-terminal segment with the

first matrix loop of TIM22, close to the second TM

domain. Therefore, our XL-MS data set is a valuable

complementation to the recently published TIM22

structure, verifying interactions that are present in the

natively isolated complex and providing further spatial

definition for crosslinked residues.

Conclusion

Recent years have brought about significant advance-

ments in understanding the composition of the human

Fig. 3. Crosslinks demonstrate conformational flexibility within the TIM9-TIM10 chaperone complex. (A) Model of the TIM9-TIM10

hexameric chaperone complex based on the crystal structure (PDB id:2BSK). Fragments of missing N or C termini were modelled

(extended) based on the best resolved copy of Tim9 or Tim10 subunit in this structure. The completed model was refined in ROSETTA

using the relax option (constraints to the starting coordinates have been applied), and missing side chain atoms in the deposited crystal

structure were generated in order to visualize x-links (several Lys residues). (B) Orthogonal view of (A). (C) Crosslinks modelled onto (A).

Crosslinks that are complicit with the distance of the 11.4 �A arm length of the BS3 crosslinker are shown in yellow, and crosslinks that do

not comply are shown in red. (D) Orthogonal view of (C). (E) Model based on (C) showing the conformational change required for the TIM9

Lys15 – TIM10 Lys81 crosslink to fulfil the spatial criteria. Red arrows indicate the conformational changes in the helices. (F) Orthogonal

view of (E). (G) Model based on (C) showing the conformational change required for the TIM9 Lys81 – TIM10 Lys81 crosslink to fulfil the

spatial criteria. Red arrows indicate the conformational changes in the helices. (H) Orthogonal view of (G).
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TIM22 complex. However structural information on

complex arrangement is still lacking. By developing a

strategy for large scale isolation of sufficiently pure

TIM22 complex, we were able to undertake a XL-MS

approach to better understand its molecular architec-

ture. The crosslinking data generated have uncovered

several key structural features of the complex. The

matrix domains of TIM29 and TIM22 are in close

proximity, indicating these regions could be important

for complex stability. The tentacles of the small TIM

proteins in human, made up of the N and C termini of

TIM9 and TIM10, are highly flexible, supporting this

observation which has previously been observed in the

yeast small TIM complex. Finally, chaperone complex

contact sites within TIM29, TIM22 and AGK indicate

that the small TIM chaperones have multiple docking

sites within the core complex.

These novel insights raise several interesting ques-

tions: what is the function of each of these chaperone

binding sites? Does precursor transfer involve sequen-

tial binding of the small TIMs, or simultaneous bind-

ing of multiple small TIM chaperones? The role of

small TIM binding to the kinase domain of AGK is a

particularly compelling question and may help to elu-

cidate the molecular function of AGK at the complex.

Functional verification of these crosslinking sites is

required to further unravel the steps that lead to

TIM22-mediated translocation.
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