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SUMMARY

Mitochondria possess elaborate machineries for the
import of proteins from the cytosol. Cytosolic factors
like Hsp70 chaperones and their co-chaperones, the
J-proteins, guide proteins to the mitochondrial sur-
face. The translocase of the mitochondrial outer
membrane (TOM) forms the entry gate for prepro-
teins. How the proteins are delivered to mitochon-
drial preprotein receptors is poorly understood. We
identify the cytosolic J-protein Xdj1 as a specific
interaction partner of the central receptor Tom22.
Tom22 recruits Xdj1 to the mitochondrial surface to
promote import of preproteins and assembly of the
TOM complex. Additionally, we find that the receptor
Tom70 binds a different cytosolic J-protein, Djp1.
Our findings suggest that cytosolic J-proteins target
distinct TOM receptors and promote the biogenesis
of mitochondrial proteins.
INTRODUCTION

The vast majority of mitochondrial proteins are synthesized as

precursors on cytosolic ribosomes and imported by the translo-

case of the outer mitochondrial membrane (TOM). The initial re-

ceptors Tom20 and Tom70 and the central receptor Tom22

recognize incoming precursor proteins, and Tom40 forms a pro-

tein-conducting channel across the outer membrane (Endo and

Yamano, 2010; Schleiff and Becker, 2011). Specialized protein

machineries mediate further sorting of the precursor proteins to-

ward the different mitochondrial subcompartments (Neupert and

Herrmann, 2007; Endo and Yamano, 2010; Wiedemann and

Pfanner, 2017).

Whereas the translocases of the mitochondrial membranes

have been studied in detail, much less is known about the deliv-

ery of precursor proteins from cytosolic ribosomes to mitochon-

dria. Evidence for a co-translational import mechanism has been
2036 Cell Reports 25, 2036–2043, November 20, 2018 ª 2018 The A
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reported for some precursor proteins (Williams et al., 2014), yet

the majority of precursor proteins likely follow a post-transla-

tional import pathway (Neupert and Herrmann, 2007; Wiede-

mann and Pfanner, 2017). Cytosolic factors are needed to pre-

vent the aggregation of preproteins and keep them in an

import-competent state. Several cytosolic proteins have been

described that guide precursor proteins to themitochondrial sur-

face (Young et al., 2003; Endo and Yamano, 2010; Papi�c et al.,

2013; Sahi et al., 2013; Hoseini et al., 2016; Itakura et al., 2016;

Hansen et al., 2018; Jores et al., 2018). It is largely unknown

whether these factors play a general role in protecting newly syn-

thesized proteins or whether they fulfill precursor-specific func-

tions. Molecular chaperones like heat shock proteins of 70 kDa

(Hsp70) and 90 kDa (Hsp90) are involved in protein transfer to or-

ganelles (Young et al., 2003; Endo and Yamano, 2010; Jores

et al., 2018). These chaperones play crucial roles in various vital

cellular processes, including protein folding, assembly of ribo-

somes, vesicle budding, intracellular protein transport, removal

of aggregated and misfolded proteins, and signaling pathways

(Walsh et al., 2004; Bukau et al., 2006; Kampinga and Craig,

2010). Hsp40 co-chaperones, also termedDnaJ-related proteins

(J-proteins), can help in substrate transfer to Hsp70s and stimu-

late their ATPase activity (Walsh et al., 2004; Kampinga and

Craig, 2010). The cytosol of yeast cells contains 13 different

J-proteins that are involved in a remarkable diversity of cellular

processes (Walsh et al., 2004; Sahi et al., 2013). The following

J-proteins have been implicated in protein sorting to mitochon-

dria. (1) Lack of the abundant cytosolic J-protein Ydj1 causes

accumulation of mitochondrial precursor proteins (Atencio and

Yaffe, 1992; Caplan et al., 1992; Becker et al., 1996). A double

depletion of Ydj1 and Sis1 impairs the biogenesis of b-barrel pro-

teins of themitochondrial outer membrane (Jores et al., 2018). (2)

Absence of Xdj1 shows a synthetic growth defect with the lack of

Pam17 of the inner membrane presequence translocase-associ-

ated motor (PAM) (Sahi et al., 2013). (3) Loss of Djp1 affects

import of Mim1 of the mitochondrial import (MIM) complex of

the outer membrane (Papi�c et al., 2013). Djp1 binds the precur-

sors of several hydrophobic mitochondrial proteins in the cytosol

and at the surface of the endoplasmic reticulum and supports
uthor(s).
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their transfer to mitochondria (Hansen et al., 2018; Jores et al.,

2018).

To date, a specific interaction has been reported for the mito-

chondrial protein import receptor Tom70 and cytosolic Hsp70/

Hsp90 that promote the transfer of hydrophobic carrier proteins

destined for the inner membrane (Young et al., 2003). Additional

co-chaperones act together with Hsp70/Hsp90 in preprotein

transfer, and an association of chaperone/co-chaperone com-

plexes with Tom20 and Tom70 has been reported (Papi�c et al.,

2013; Hoseini et al., 2016; Jores et al., 2018). Here, we identified

Xdj1 as a specific binding partner of Tom22. Xdj1 is recruited to

mitochondria by Tom22 to deliver precursors of outer and inner

membrane proteins. In addition, Djp1 binds to Tom70 to facilitate

protein import. Thus, cytosolic J-proteins are recruited by mito-

chondrial receptors to promote the biogenesis of hydrophobic

proteins.

RESULTS

Xdj1 Binds to the Cytosolic Domain of Tom22
To identify proteins interacting with Tom22, we used a yeast

strain expressing His-tagged Tom22 and stable isotope labeling

by amino acids in cell culture (SILAC) (Ong et al., 2002). Wild-

type cells were grown in the presence of heavy isotope-coded

arginine and lysine, whereas Tom22His cells were grown in me-

dium containing the corresponding light amino acids. Crude

mitochondrial preparations consisting of mitochondria and

associated cellular fractions (Morgenstern et al., 2017) were

lysed with the non-ionic detergent digitonin and subjected to af-

finity purification, followed by quantitative mass spectrometry of

purified Tom22His complexes. Potential interaction partners of

Tom22 were determined based on the mean light-over-heavy

protein abundance ratio across three biological replicates (Fig-

ure 1A; Table S1). Proteins co-purified with high enrichment fac-

tor (R100) included TOM subunits, the abundant metabolite

channel Por1 that interacts with TOM (M€uller et al., 2016), and

one member of the cellular chaperone system, Xdj1 (Schwarz

et al., 1994; Sahi et al., 2013).

Deletion of the XDJ1 gene is not lethal for yeast cells (Schwarz

et al., 1994; Sahi et al., 2013). xdj1D cells grew like wild-type cells

on fermentable medium; however, their growth was impaired on

non-fermentable medium at elevated temperature (Figure S1A),

indicating that Xdj1 is required for optimal cell growth under con-

ditions where an increased mitochondrial activity is needed.

Different views were reported about the subcellular localiza-

tion of Xdj1. Studies on J-proteins described Xdj1 as a soluble

protein of the cytosol (Walsh et al., 2004; Sahi et al., 2013),

whereas high-throughput proteomic studies of mitochondrial

fractions found Xdj1 in association with mitochondria (Zahedi

et al., 2006; Morgenstern et al., 2017). We observed by fluores-

cence microscopy that Xdj1 carrying a GFP tag localized to

both the cytosol and mitochondria (Figure 1B). Upon incubation

of isolated mitochondria with proteinase K, Xdj1 was accessible

to the protease like Tom22 that exposes its receptor domain to-

ward the cytosol (Figure S1B). Taken together, Xdj1 shows a dual

localization in the cytosol and at the mitochondrial surface.

We synthesized Xdj1 in a cell-free system and analyzed its

interaction with the purified cytosolic domains of the receptors
Tom20, Tom22, and Tom70 (Brix et al., 1997; Becker et al.,

2011). Only the receptor domain of Tom22 specifically bound

Xdj1, but not that of Tom20 or Tom70 (Figure 1C). We recombi-

nantly expressed Xdj1 and additionally the cytosolic J-proteins

Ydj1 and Djp1 (Caplan et al., 1992; Papi�c et al., 2013; Sahi

et al., 2013; Jores et al., 2018) as glutathione S-transferase

(GST) fusion proteins and analyzed their interaction with the

cytosolic domain of Tom22. Xdj1, but neither Djp1 nor Ydj1,

bound the Tom22 receptor domain (Figures 1D and S2A). These

results demonstrate that Xdj1 directly interacts with the purified

receptor domain of Tom22.

Distinct TOM Receptors Recruit Xdj1 and Djp1 to
Mitochondria
To investigate whether Xdj1 binds to Tom22 present in the TOM

complex or to unassembled Tom22, we incubated His-tagged

Xdj1 with digitonin-lysed mitochondria, co-purified bound pro-

teins, and analyzed them by blue native electrophoresis. Xdj1His
bound to Tom22 present in the TOM complex (Figure 1E). As an

independent assay, we used a yeast strain containing hemagglu-

tinin (HA)-tagged Tom40 (Becker et al., 2011). 35S-labeled Xdj1

was incubated with isolated mitochondria and co-purified via

Tom40HA upon lysis of the mitochondria (Figure 1F), demon-

strating an association of Xdj1 with the TOM complex.

Pretreatment of isolated mitochondria with protease to re-

move receptor domains exposed to the cytosol impaired the

binding of Xdj1 to mitochondria (Figure S2B). tom22D mito-

chondria were impaired in binding of Xdj1, whereas mitochon-

dria deficient in either Tom20 or Tom70 were not inhibited in

binding Xdj1 (Figures 1G and S2C). In mitochondria lacking

Tom22, the co-purification of Xdj1 with Tom40HA was strongly

reduced close to the background level observed with untagged

Tom40 (Figure 1F). We conclude that Tom22 is required for the

efficient recruitment of Xdj1 to mitochondria and to the TOM

complex.

To compare the interaction of different TOM receptors with

cytosolic J-proteins, we used GST-fusion proteins of Xdj1,

Ydj1, and Djp1 and incubated them with digitonin-lysed mito-

chondria. Upon affinity purification and washing with Triton

X-100 to separate the TOM receptors (Dekker et al., 1998),

Xdj1 selectively co-purified Tom22 but none of the other TOM re-

ceptors (Figure 1H). Ydj1 did not co-purify any of the TOM recep-

tors, whereasDjp1 selectively interactedwith Tom70 (Figure 1H).

As control, themost abundant outermembrane protein Por1was

not co-purified with any of the J-proteins. GST-Djp1 bound the

purified cytosolic domain of Tom70 (Figure 1I), indicating a direct

interaction between Djp1p and Tom70.

We conclude that Tom22 recruits Xdj1 to the TOM complex.

In addition, Tom70 specifically binds to Djp1, revealing a

direct interaction between Djp1 and Tom70 that are both

involved in the biogenesis of Mim1 and further membrane pro-

teins (Papi�c et al., 2013; Hansen et al., 2018; Jores et al.,

2018). Thus, two cytosolic J-proteins interact with different

TOM receptors.

Xdj1 Promotes Biogenesis of the TOM Complex
To analyze a potential role of Xdj1 in mitochondrial

biogenesis, xdj1D cells were grown at elevated temperature on
Cell Reports 25, 2036–2043, November 20, 2018 2037



Figure 1. Xdj1 Binds to the TOM Complex

via Tom22, whereas Djp1 Binds to Tom70

(A) Tom22His and wild-type (WT) mitochondria

were subjected to affinity purification via Ni-NTA

agarose. Potential interaction partners of Tom22

were identified by SILAC-based quantitative mass

spectrometry. Depicted are the mean log10
Tom22His / WT ratios and the corresponding p

values (–log10-transformed; n R 2). See Table S1

for a complete list of interactors.

(B) Yeast cells expressing Xdj1GFP were stained

with MitoTracker Deep Red and analyzed by

fluorescence microscopy. Z-slices of the green

fluorescence of GFP, the red fluorescence of

MitoTracker, andmerged images are shown. Scale

bar, 5 mm.

(C) 35S-labeled Xdj1 was incubated with Ni-NTA

agarose and with Ni-NTA coated with the His-

tagged cytosolic domains (CD) of Tom20, Tom22,

or Tom70. Load (2.5%) and elution (100%) were

analyzed by SDS-PAGE and autoradiography.

Asterisk, non-specific band.

(D) Tom22CD was incubated with glutathione col-

umnscoatedwithGST,GSTXdj1,GSTYdj1,or GSTDjp1.

Input (2%) and elution (50%) were analyzed by SDS-

PAGE and Coomassie blue staining.

(E) Xdj1His was incubated with lysed mitochondria

and purified via Ni-NTA agarose. Load (2%) and

elution (100%) were analyzed by blue native

electrophoresis and immunodetection.

(F) [35S]Xdj1 was incubated with the indicated

mitochondria, followed by anti-HA chromatog-

raphy. Load (2%)andelution (100%)were analyzed

bySDS-PAGE, immunodetection, and autography.

(G) [35S]Xdj1 was incubated with tom22D, tom20D,

or tom70D mitochondria and their corresponding

WT mitochondria.

(H) Lysed mitochondria were incubated with gluta-

thione Sepharose coated with GST, GSTXdj1,

GSTYdj1, or GSTDjp1. Load (1%) and elution (100%)

were analyzedbySDS-PAGEand immunodetection.

(I) Tom70CD was incubated with glutathione

Sepharose coupled with GST or GSTDjp1. Load

(5%) and elution (50%) were analyzed by SDS-

PAGE and Coomassie blue staining.

See also Figures S1 and S2 and Table S1.
non-fermentable medium and mitochondria were isolated. The

levels of Tom22 were significantly decreased in these xdj1Dmito-

chondria, whereas the steady-state levels of other Tom proteins

and furthermitochondrial proteinswere onlymildly or not affected

(Figure 2A). Blue native electrophoresis revealed decreased levels

of the TOM complex (Figure 2B). Upon expression of plasmid-en-

coded Xdj1 in xdj1D cells, the levels of Tom22 and of the TOM

complex were restored (Figures 2B and S3A). The levels of other

outer membrane complexes such as the MIM complex and the

sorting and assembly machinery (SAM) complex were not

affected in xdj1D mitochondria (Figure 2C). Similarly, respiratory

chain supercomplexes remained unaffected (Figure 2C).

We synthesized the 35S-labeled precursor of Tom40 in a cell-

free translation system (containing J-proteins and other chaper-

ones) and studied its import into mitochondria by blue native
2038 Cell Reports 25, 2036–2043, November 20, 2018
electrophoresis. After translocation across the outer membrane

through the TOM channel, the Tom40 precursor binds to the

SAM complex before it assembles via intermediate II into the

mature TOM complex (Wiedemann and Pfanner, 2017). The as-

sembly of Tom40was already retarded at the SAMstage in xdj1D

mitochondria (Figure 2D). Since the levels of the SAM complex

were not affected, this finding indicates that the reduced levels

of the TOM complex in xdj1D mitochondria delayed the initial

import step of the precursor across the outer membrane. The

import of presequence-containing preproteins was similarly de-

layed in the xdj1D mitochondria (Figure S3B).

The assembly of Tom40 and the levels of the TOM complex

were neither decreased in ydj1D nor in djp1D mitochondria (Fig-

ures 2D and 2E). In agreement with Papi�c et al. (2013), the levels

of the assembled MIM complex were selectively reduced in



Figure 2. Xdj1 Promotes Biogenesis of the

TOM Complex

(A) Wild-type (WT) and xdj1Dmitochondria (protein

amount) were analyzed by SDS-PAGE and im-

munodetection. Cells were grown at 37�C on YPG

medium (1% [w/v] yeast extract, 2% [w/v] bacto-

peptone, 3% [w/v] glycerol). Quantification of

steady-state levels of proteins in xdj1D mitochon-

dria is shown; mean values ± SEM (n = 3–5); the

levels in WT mitochondria were set to 100%

(control).

(B) Mitochondria from WT, xdj1D, and an xdj1D

strain expressing plasmid-encoded XDJ1 were

analyzed by blue native electrophoresis and im-

munodetection. Quantification and mean values

of Tom22 and Tom40 in the TOM complex ± SEM

(n = 3) are shown; the amount of Tom22 or Tom40

in theWT TOM complex was set to 100% (control).

Mitochondria likely contain distinct populations of

the TOM complex with different copy numbers of

Tom subunits (Neupert and Herrmann, 2007;

Wiedemann and Pfanner, 2017), visualized by a

broader Tom40 blue native band in WT mito-

chondria (lane 4). The limiting amount of Tom22 in

xdj1D mitochondria leads to an accumulation of

Tom40 preferentially in the lower part of the TOM

blue native band (lane 5). Upon re-expression of

Xdj1, the WT mobility of Tom40 as broader

(‘‘double’’) blue native band is restored.

(C) WT or xdj1D mitochondria were analyzed by

blue native electrophoresis and immunodetection.

(D) [35S]Tom40 was imported into WT, xdj1D,

djp1D, and ydj1D mitochondria and analyzed by

blue native electrophoresis and autoradiography.

(E) WT, ydj1D, and djp1D mitochondria were

analyzed by blue native electrophoresis and im-

munodetection.

See also Figure S3.
djp1Dmitochondria, whereas the levels of the SAM complex and

respiratory chain supercomplexes were neither decreased in

ydj1D nor djp1D mitochondria (Figure 2E).

Taken together, Xdj1 and Djp1 affect the biogenesis of

protein translocases of the mitochondrial outer membrane.

Djp1 is involved in the biogenesis of the MIM complex

(Papi�c et al., 2013), and Xdj1 is required for efficient assembly

of the TOM complex.
Cell Report
Xdj1 Delivers Preproteins to the
Tom22 Receptor
We asked whether Xdj1 binds to precur-

sors of mitochondrial proteins. We incu-

bated 35S-labeled precursor proteins

with GST-fusions of Xdj1, Ydj1, and Djp1

and observed an interaction of Xdj1 with

precursor proteins containing hydropho-

bic segments such as Tom22, Oxa1,

and the model preprotein b2-DHFR,

whereas only weak binding occurred to

Ydj1 and Djp1 (Figure 3A). We did not

detect efficient binding of hydrophilic pre-

cursor proteins such as Tim10 and the
model preprotein Su9-DHFR to any of these J-proteins (Fig-

ure 3A). We used two versions of the b2-DHFR preprotein to

test the relevance of the hydrophobic segment for binding to

Xdj1. b2D-DHFR, which lacks the single hydrophobic segment

(Brix et al., 1997), interacted with Xdj1 only very weakly, in

contrast to b2-DHFR that contains the hydrophobic segment

(Figure 3B). Preincubation of in vitro synthesized b2-DHFR with

GSTXdj1 stimulated import of the preprotein into wild-type
s 25, 2036–2043, November 20, 2018 2039



Figure 3. Xdj1 Delivers Precursor Proteins

to the Tom22 Receptor

(A and B) 35S-labeled precursors were incubated

with glutathione Sepharose coupled with GST,

GSTXdj1, GSTYdj1, or GSTDjp1. Load and elution

fractions were analyzed by SDS-PAGE and auto-

radiography.

(A) Load 0.7%; elution was 33%.

(B) Input, translation product (TLP); elution was

50%.

(C) [35S]b2-DHFR and [35S]Su9-DHFR precursors

were incubated with GST-tagged J-proteins,

followed by import into isolated wild-type mito-

chondria. The import reaction was analyzed

by SDS-PAGE and autoradiography. p, precursor;

i, intermediate; m, mature. Quantification of

mature-sized proteins is shown, mean values ±

SEM (n = 3–4); the import after 12 min in the

presence of GST was set to 100% (control).

(D) Left panel, [35S]Oxa1 precursor was incubated

with glutathione Sepharose coupled with GSTXdj1.

Bound proteins were eluted with increasing

amounts of His-tagged cytosolic domain (CD) of

Tom22. Load was 1%; elution was 25%. Second

panel, [35S]Oxa1 was incubated with glutathione

Sepharose coupled with GSTXdj1. Bound proteins

were incubated in the presence or absence of His-

tagged Tom22CD. The eluted proteins were puri-

fied via Ni-NTA and analyzed by SDS-PAGE and

autoradiography. Third panel, [35S]Oxa1 was

incubated in the presence or absence of GSTXdj1,

and the binding to His-tagged Tom22CD was

analyzed by SDS-PAGE and autoradiography.

Input was 1%; elution was 100%. Right panel, [35S]

Oxa1 was incubated with glutathione Sepharose

coupled with GSTXdj1. Bound proteins were eluted,

imported into isolated mitochondria, and analyzed

by SDS-PAGE and autoradiography. p, precursor;

m, mature.
mitochondria, whereas GSTYdj1 and GSTDjp1 did not (Figure 3C).

The import of Su9-DHFR was not promoted by any of the J-pro-

teins (Figure 3C). Taken together, our findings indicate that

Xdj1 binds not only to mature Tom22, but also to precursors

with hydrophobic segments and promotes their import into

mitochondria.

To characterize a putative transfer of preproteins from Xdj1 to

Tom22, we used several experimental approaches.We set up an

in vitro transfer assay using the Oxa1 precursor as model sub-

strate. First, radiolabeled Oxa1 precursor was incubated with

GST-fused Xdj1 coupled to glutathione Sepharose. Incubation

of the Xdj1 affinity matrix with increasing amounts of the cyto-

solic domain of Tom22 led to an elution of the Oxa1 precursor
2040 Cell Reports 25, 2036–2043, November 20, 2018
(Figure 3D, lanes 2–4). Subsequent affin-

ity purification of the Tom22 domain via

a His tag led to co-purification of the

Oxa1 precursor released from Xdj1 (Fig-

ure 3D, lane 6). Thus, the Oxa1 precursor

was transferred from Xdj1 to Tom22. Sec-

ond, we incubated the Oxa1 precursor in

the absence or presence of soluble Xdj1
with the immobilized cytosolic domain of Tom22. Preincubation

with Xdj1 considerably enhanced binding of the precursor to

Tom22 (Figure 3D, lanes 8 and 9). Third, the Oxa1 precursor

was bound to the GST-Xdj1 affinity column, followed by elution

with reduced glutathione and incubation with isolated mitochon-

dria, leading to import and processing to the mature Oxa1 (Fig-

ure 3D, lanes 10 and 11). We conclude that Xdj1 delivers prepro-

teins in an import-competent form to the receptor Tom22.

Substrate-Binding Domain of Xdj1 Binds to Tom22 and
J-Domain Promotes Protein Biogenesis
The 51-kDa protein Xdj1 is a type I J-protein consisting of an

N-terminal J-domain, a glycine/phenylalanine rich region, two



Figure 4. The Barrel Domain CTD1 of Xdj1

Binds to Tom22 and the J-Domain Promotes

Protein Biogenesis

(A) Schematic view of truncated Xdj1 constructs.

J-domain; G/F rich, glycine/phenylalanine rich

domain; CTDI + II, C-terminal (barrel) domains I, II;

ZnF, zinc finger-like region; DD, dimerization

domain.

(B) Xdj1 constructs were incubated with Tom22CD
coupled to Ni-NTA. Load and elution fractions

were analyzed by SDS-PAGE and autoradiog-

raphy. Load was 5%; elution was 50%.

(C) Left panel, 35S-labeled Xdj1-CTDI and full-

length Xdj1 were incubated with Tom22CD coupled

to Ni-NTA. Load (5%) and elution (100%) were

analyzed by SDS-PAGE and autoradiography.

Right panel, Xdj1-CTDI and Xdj1 were incubated

with isolated mitochondria. Mitochondria-bound

proteins were analyzed by SDS-PAGE and auto-

radiography.

(D) Tom22CD was incubated with glutathione col-

umns coated with GST, GSTXdj1, or GSTXdj1-H37Q.

Load (2%) and elution (100%) were analyzed by

SDS-PAGE and immunodetection with Tom22-

specific antiserum.

(E) Mitochondria from wild-type (WT), xdj1D, and

xdj1D strains expressing plasmid-encoded XDJ1

or XDJ1-H37Q were analyzed by SDS-PAGE and

immunodetection. Quantification of Tom22 levels,

mean values ± SEM (n = 3); the amount in WT

mitochondria was set to 100% (control).

(F) Mitochondria fromWT, xdj1D, and xdj1D strains

expressing XDJ1 or XDJ1-H37Q were analyzed by

blue native electrophoresis and immunodetection.

See also Figure S4.
barrel domains called CTD1 andCTD2, and aC-terminal putative

dimerization domain (Figure 4A) (Walsh et al., 2004; Kampinga

and Craig, 2010; Sahi et al., 2013). CTD1 contains a zinc

finger-like region and is required for binding client peptides

(Sahi et al., 2013). We synthesized truncated versions of Xdj1

that lacked N-terminal or C-terminal domains and determined

their interaction with the cytosolic domain of Tom22 (Figure 4B).

Xdj1 variants lacking the J-domain, the glycine/phenylalanine

rich region, CTD2 and/or the dimerization domain bound to

Tom22. However, as soon as CTD1 was lacking, the binding to

Tom22 was abolished (Figure 4B). We compared these in vitro

binding assays with the interaction of [35S]Xdj1 variants with

mitochondria; the in organello binding assay reflected well the

Tom22 binding assay (Figure S4A). In vitro synthesized [35S]

CTD1 was sufficient for binding to the cytosolic domain of

Tom22 as well as to mitochondria (Figure 4C). Full-length Xdj1

variants with single amino acid exchanges in the predicted sub-

strate-binding cleft of CTD1 (F151A, I243A) (Sahi et al., 2013)

were impaired in binding to mitochondria (Figure S4B). We

conclude that the barrel domain CTD1 is required for binding

of Xdj1 to the receptor domain of Tom22 and the interaction

with mitochondria.
J-domains interact with Hsp70 chaperones and stimulate their

ATPase activity (Bukau et al., 2006; Kampinga and Craig, 2010),

yet removal of the J-domain of Xdj1 did not block binding of the

truncated protein to Tom22 and mitochondria (Figures 4B and

S4A). Similarly, inactivation of the J-domain by an amino acid

replacement in the characteristic HPD motif (Xdj1-H37Q) not or

only mildly impaired binding of full-length Xdj1 to Tom22 and

mitochondria (Figures 4D and S4B). However, GSTXdj1-H37Q

did not stimulate the import of b2-DHFR into isolated mitochon-

dria (Figure S4C) in contrast to GSTXdj1 (Figure 3C). Expression of

the Xdj1-H37Q variant did not restore the levels of Tom22 and

TOM complex in mitochondria of the xdj1D strain (Figures 4E

and 4F). Taken together, our results indicate that Xdj1 directly

binds to Tom22 via its substrate-binding cleft and that the

J-domain is required for the promotion of mitochondrial protein

biogenesis by Xdj1.

DISCUSSION

We have identified the cytosolic co-chaperone Xdj1 as an inter-

action partner of Tom22, the central receptor of the TOM com-

plex. The receptor domain of Tom22 selectively recruits Xdj1
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from the cytosol to mitochondria. Xdj1 fulfills two functions for

mitochondrial protein biogenesis. First, Xdj1 is important to

maintain the levels of Tom22. Xdj1 binds to both the precursor

and mature form of Tom22 and promotes the efficient formation

of the TOM complex. Second, Xdj1 binds to several precursor

proteins with hydrophobic segments and facilitates their transfer

to the Tom22 receptor. The function of Xdj1 in mitochondrial

biogenesis is supported by in vivo data. Cells lacking XDJ1

show a slower growth under conditions where a high mitochon-

drial activity is required. The double-deletion strain xdj1D

pam17D shows a synthetic growth defect and accumulation of

precursor proteins (Sahi et al., 2013). A recent high-throughput

study reported additional genetic interactions of xdj1D with mu-

tants of several components of the presequence pathway

(Tim17, Tim23, Tim50, Mgr2, Pam16, and Tom20) (Costanzo

et al., 2016; Usaj et al., 2017).

J-proteins function as co-chaperones of the major chaperone

class of Hsp70s; however, their function is not limited to stimu-

lating the ATPase activity of Hsp70s, but various J-proteins

can bind substrates themselves and are involved in a large diver-

sity of cellular functions (Walsh et al., 2004; Kampinga and Craig,

2010). Our findings indicate that both the substrate-binding bar-

rel domain CTD1 and the J-domain of Xd1j are involved in pro-

moting mitochondrial protein biogenesis. The CTD1 domain of

Xdj1 directly interacts with the receptor domain of Tom22. A

functional J-domain is required for the promotion of mitochon-

drial protein biogenesis in agreement with the view that

Xdj1 cooperates with cytosolic Hsp70 in protein delivery to

mitochondria. J-proteins transiently interact with Hsp70 pro-

teins, explaining why Xdj1, but not Hsp70, was found as a top

hit in the mass-spectrometry-based screen for Tom22 interac-

tors (Figure 1A; Table S1). Xdj1 is a low abundant J-protein

with about 500–600 copies per yeast cell, an order of magnitude

below the copy number of the TOM complex (Sahi et al., 2013;

Morgenstern et al., 2017) and is distributed between cytosol

and mitochondria. Taken together, the findings suggest that

Xdj1 dynamically interacts with the TOM complex and exerts a

catalytic role in mitochondrial protein biogenesis.

Xdj1 is not the only cytosolic J-protein that is specifically re-

cruited to the mitochondrial surface. We observed that Djp1

selectively interacts with the receptor Tom70. It has been shown

that Djp1 binds to several newly synthesized mitochondrial

membrane proteins in the cytosol and at the surface of the endo-

plasmic reticulum and that both Djp1 and Tom70 are required for

efficient import of the precursors into mitochondria (Papi�c et al.,

2013; Hansen et al., 2018; Jores et al., 2018), yet the molecular

mechanism of cooperation of Djp1 and Tom70 has been

open. We conclude that the direct binding of Djp1 to Tom70 pro-

motes the transfer of hydrophobic precursor proteins into

mitochondria.

We propose that a receptor-mediating docking mechanism of

cytosolic J-proteins contributes to the specificity and efficiency

of membrane targeting processes. Xdj1 and Djp1 interact with

distinct TOM receptors to promote the biogenesis of mitochon-

drial outer membrane translocases and the import of precursor

proteins. These co-chaperones directly bind to the receptors,

emphasizing a specific role of the J-proteins in addition to the

stimulation of Hsp70s.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Cox4 Böttinger et al., 2015 GR578-4

Rabbit polyclonal anti-mtHsp70 Böttinger et al., 2015 GR2055-KB

Rabbit polyclonal anti-Tim23 Böttinger et al., 2015 133-4

Rabbit polyclonal anti-Tim44 Böttinger et al., 2015 128-4

Rabbit polyclonal anti-Om14 Ellenrieder et al., 2016 GR3040-6

Rabbit polyclonal anti-Sam37 Ellenrieder et al., 2016 161-8

Rabbit polyclonal anti-Sam50 Ellenrieder et al., 2016 312-17

Rabbit polyclonal anti-Mim1 Ellenrieder et al., 2016 GR1837-5

Rabbit polyclonal anti-Om45 Ellenrieder et al., 2016 GR1311-4

Rabbit polyclonal anti-Por1 This paper GR3621-5

Rabbit polyclonal anti-Hsp60 Böttinger et al., 2015 170 (60)

Rabbit polyclonal anti-Tom20 Ellenrieder et al., 2016 GR3225-7

Rabbit polyclonal anti-Tom22 Ellenrieder et al., 2016 GR3227-2

Rabbit polyclonal anti-Tom40 Ellenrieder et al., 2016 168-5

Rabbit polyclonal anti-Tom70 Ellenrieder et al., 2016 GR657-3

Anti-HA peptide, mouse monoclonal antibody, clone 12Ca5 Roche RRID: AB_514505; Cat. 11583816001

Anti-Penta-His, mouse antibody QIAGEN RRID: AB_2619735; Cat. 34660

Goat Peroxidase-coupled anti-Rabbit IgG Jackson ImmunoResearch

Laboratories

RRID: AB2313567; Cat. #111-035-003

Goat Peroxidase-coupled anti-Mouse IgG Sigma RRID: AB_258167; Cat. A4416

Chemicals, Peptides, and Recombinant Proteins

L-[35S]-Methionine PerkinElmer Cat. #NEG009005MC

MitoTracker Deep Red Invitrogen Cat. M22426

Glutathione S-Sepharose 4B GE Healthcare Cat. 17075601

Anti-HA affinity matrix Roche Cat. #11815016001

Ni-NTA Agarose QIAGEN Cat. #30230

Critical Commercial Assays

TNT� Quick Coupled Reaction Mix Promega Cat. #L2080

Roti�-Quant Bradford reagent Roth Cat. #K015.3

KOD Hot Start Master Mix Merck Millipore Cat. #71842-3

RedTaq Polymerase PCR Master Mix (2x) Genaxxon Bioscience Cat. #M3029.0500

mMessage mMachine SP6 Transcription Kit Thermo Fisher Scientific Cat. #AM1340

MEGAclear Transcription Clean-Up Kit Thermo Fisher Scientific Cat. #AM1908

Experimental Models: Organisms/Strains

YPH499 (WT) MATa ura3-52 lys2-801_amber ade2-101_orchre

trp1-D63 his3-D200 leu2-D1

Sikorski and Hieter, 1989 1501

YPH499 (WT) rho- Becker et al., 2011 1519

YPH499 rho- pRS415-TOM40HA Becker et al., 2011 3177

YPH499 rho- Tom22::HIS3 pRS415-TOM40HA Becker et al., 2011 3178

YPH499 arg4::kanMX4 This paper 2799

YPH499 tom22:TOM22HIS arg4::kanMX4 This paper 3955

YPH499 tom20::URA3 pYep13-TOM22 Becker et al., 2011 1273

YPH499 tom70::HIS3MX6 Becker et al., 2011 1059

YPH499 rho-Tom22::HIS3 Becker et al., 2011 2298

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BY4741 (WT) MATa his3D1 leu2D0 met15D0 ura3D0 EUROSCARF 1354

BY4741 xdj1:: kanMX4 EUROSCARF 3868

BY4741 djp1::KanMX4 EUROSCARF 3870

BY4741 ydj1::KanMX4 EUROSCARF 3869

BY4741 xdj1:: XDJ1HA-HIS3MX6 This paper 4447

BY4741 pUG-XDJ1GFP This paper 4444

BY4741 pRS416 This paper 5277

BY4741 xdj1::kanMX4 pRS416 This paper 5278

BY4741 xdj1::kanMX4 pRS416-XDJ1 This paper 5280

BY4741 xdj1::kanMX4 pRS416-XDJ1H37Q This paper 5315

Oligonucleotides

See Table S2 for oligonucleotide sequences N/A

Recombinant DNA

pGEM4Z-TOM40 (S.cerevisiae) Pfanner/Becker Labs 1495

pGEM4Z-CYB2(167)-DHFR (S. cerevisiae) Pfanner/Becker Labs B03

pGEM4Z-CYB2(167)D47-65-DHFR (S. cerevisiae) Pfanner/Becker Labs B04

pGEM4Z-TIM10 (S. cerevisiae) Pfanner/Becker Labs 1235

pGEM4Z-Su9-DHFR (Su9 (1-69, N. crassa)-DHFR (mouse)) Pfanner/Becker Labs S02

pGEM5X2 GE Healthcare Cat. GE28-9545-54

pGEX5X2-XDJ1 (S. cerevisiae) This paper 2576

pGEX5X2-XDJ1H37Q (S. cerevisiae) This paper 2577

pGEX5X2-DJP1 (S. cerevisiae) This paper 2580

pGEX5X2-YDJ1 (S. cerevisiae) This paper 2579

pUG35-XDJ-GFP1 (S. cerevisiae) This paper 2573

pRS416 Christianson et al., 1992 X 25

pRS416-XDJ1 (S.cerevisiae) This paper 3112

pRS416-XDJ1-H37Q (S. cerevisiae) This paper 3113

pFA6a-3xHA-HIS3MX6 (S. cerevisiae) Knop et al., 1999 1450; pYM2

pET19b-TOM20CDHIS10 (S.cerevisiae) Brix et al., 1997 1811

pET19b-TOM22CDHIS10 (S.cerevisiae) Brix et al., 1997 1054

pET19b-TOM70CDHIS10 (S.cerevisiae) Brix et al., 1997 1055

Software and Algorithms

ImageJ National Institue of Health, USA https://imagej.nih.gov/ij/

Multi Gauge v.3.2 FujiFilm N/A

Cell P Olympus N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nikolaus

Pfanner (nikolaus.pfanner@biochemie.uni-freiburg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Derivatives of the S. cerevisiae strains YPH499 and BY4741 were used in this study. Yeast strains and their corresponding genotypes

are described in the KEY RESOURCES TABLE. Yeast cells were grown in YPG medium (1% [w/v] yeast extract; 2% [w/v] bacto-

peptone, 3% [w/v] glycerol), YPS (1% [w/v] yeast extract; 2% [w/v] bacto-peptone, 3% [w/v] glycerol) or selective complete medium

(SM) (0.67% [w/v] yeast nitrogen base; 0.07% [w/v] amino acid mixture) with 3% [w/v] glycerol and 0.1%–0.2% [w/v] glucose as car-

bon source. Cultures were incubated at 23-37�C under constant shaking. Cells were harvested at an early exponential growth phase.

The growth phase was determined by the optical density of the culture at a wavelength of 600 nm (OD600).
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METHOD DETAILS

Yeast strains and growth
The yeast strains xdj1D (3868), djp1D (3870), ydj1D (3869) and their corresponding wild-type BY4741 (1354) were obtained from

Euroscarf. The strains Tom40HA (3177), Tom40HA tom22D (3178) and the corresponding rho- wild-type YPH499 (1519) were reported

(Becker et al., 2011). For in vivo rescue experiments, we expressed XDJ1 from a pRS416 plasmid under control of its own promoter

and terminator in the xdj1D strain. To generate an Xdj1-GFP fusion construct, the full-length open reading frame of XDJ1 lacking the

stop codon was inserted into a pUG35 plasmid. The expression of Xdj1GFP was under control of a MET25 promoter. The construct

was introduced into BY4741 yeast and positive clones were selected via aURA3marker of the plasmid. To generate the Xdj1HA strain

(4447), the genetic information of a triple HA-tag was introduced before the stop-codon of XDJ1 utilizing aHIS3 selection marker. For

SILAC-studies, we disrupted the ARG4 gene by homologous recombination with a kanMX4 marker in the YPH499 Tom22His back-

ground (3955). The corresponding YPH499 arg4D strain (2799) was reported (Böttinger et al., 2015). Strains were grown on YPG (1%

(w/v) yeast extract, 2% (w/v) bacterial peptone and 3% (v/v) glycerol) medium at 24-37�C. Yeast cells expressing Xdj1 from a pRS416

plasmid were grown at 30�C in selective medium lacking uracil and containing 2% (w/v) glucose and then shifted to growth at 39�C in

YPGmedium. For growth analysis, a serial dilution of yeast cells were spotted on YPG or YPD (1% (w/v) yeast extract, 2% (w/v) bac-

terial peptone and 2% (w/v) glucose) agar plates and growth was monitored at 37�C.

Purification of GST-fusion constructs
To generate proteins N-terminally fused to GST, the open reading frames of XDJ1, DJP1 and YDJ1 were amplified via PCR and

cloned into a pGEX5X2 vector (GE Healthcare) by using the BamHI and XmaI restriction sites. We used digestion with restriction en-

zymes and molecular sequencing to control the success of the cloning. The plasmids were transformed into Escherichia coli BL21

DE3 pLys cells. Bacterial cells were grown in LB medium at 37�C to an OD600 of 1.8. After cooling the culture to 19�C, the protein

production was induced by addition of isopropyl b-D-1-thiogalactopyranoside (IPTG) to 1 mM final concentration. Subsequently,

cultures were incubated for 16 h at 19�C under vigorous shaking. Cells were pelleted, resuspended in lysis buffer (50 mM Tris/

HCl pH 8, 150mMNaCl, 0.025% (v/v) Triton X-100 and 1mMPMSF) and sonicated to open the cells. Insoluble material was removed

by centrifugation (1 h, 17,000 x g, 4�C). The supernatant was applied to Glutathione Sepharose 4B (GE Healthcare) and incubated for

1 h at 4�C under constant rotation. The affinity matrix was washed with an excess amount of lysis buffer before the proteins were

eluted with 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 15 mg/ml reduced glutathione. The purity of the isolated proteins was controlled

by SDS-PAGE and Coomassie staining.

Isolation of mitochondria
Mitochondria were isolated by differential centrifugation (Ellenrieder et al., 2016). Yeast cells were grown to an early logarithmic

growth phase and harvested by centrifugation. Cells were washed and the cell wall was digested by incubation with zymolase

(3 mg/g cells) for 30 min at 30�C in zymolase buffer (1.2 M sorbitol; 20 mM KPi, pH 7.4). Subsequently, the plasma membrane

was disrupted by mechanical force in homogenization buffer (0.6 M sorbitol; 1 mM EDTA; 0.2% [w/v] bovine serum albumin;

1 mM phenylmethylsulfonyl fluoride (PMSF); 10 mM Tris/HCl, pH 7.4) using a Teflon glass homogenizer. Cell debris and nuclei

were pelleted by centrifugation (2,000xg, 5 min, 4�C). The supernatant was subjected to a second centrifugation step (13,000xg,

15 min, 4�C) to collect mitochondria. The mitochondrial pellet was washed with SEM buffer (10 mM MOPS/KOH, pH 7.2, 1 mM

EDTA and 250 mM sucrose) and resuspended in SEM buffer. Aliquots were shock frozen in liquid nitrogen and stored at �80�C until

use.

Submitochondrial localization
The submitochondrial localization of Xdj1 was determined by a protease-accessibility assay. Intact Xdj1HA mitochondria were incu-

bated with proteinase K (30 mg/ml final concentration) for 20 min on ice in SEM buffer. The protease was inactivated by addition of

phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 1 mM and further incubation for 10 min on ice. To disrupt the outer

membrane, Xdj1HA mitochondria were resuspended in EM buffer (1 mM EDTA, 10 mM MOPS/KOH, pH 7.2) and treated with

proteinase K.

In vitro protein import into mitochondria
35S-labeled precursor proteins were synthesized in a cell-free translation system based on reticulocyte lysate (TNT kit, Promega) in

the presence of 35S-labeled methionine. The 35S-labeled precursor proteins were incubated with isolated mitochondria in import

buffer (3% (w/v) BSA, 250 mM sucrose, 5 mM methionine, 80 mM KCl, 5 mM MgCl2, 10 mM MOPS/KOH, pH 7.2, and 2 mM

KH2PO4) containing 4 mM ATP, 4 mM NADH, 5 mM creatine phosphate and 0.1 mg/ml creatine kinase. The import reaction was

stopped by transfer on ice. For analysis on SDS-PAGE, non-imported precursor proteins were removed by a subsequent incubation

with 50 mg/ml proteinase K for 10 min on ice. Subsequently, the protease was inactivated by incubation with 2 mM PMSF for 5 min

on ice. Mitochondria were reisolated and lysed under denaturing conditions with Laemmli buffer and proteins were separated by

SDS-PAGE. For blue native electrophoresis, mitochondria were reisolated and washed with SEM buffer. The mitochondrial pellet

was resuspended in digitonin buffer (20 mM Tris/HCl, pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% (v/v) glycerol) containing 1% (v/v)
e3 Cell Reports 25, 2036–2043.e1–e5, November 20, 2018



digitonin and incubated on ice. After a clarifying spin the supernatant was subjected to blue native electrophoresis (Dekker et al.,

1998).

Affinity purification for mass spectrometry
Tom22His arg4D cells and the corresponding YPH499 arg4D (wild-type) cells were grown in minimal medium (0.067% (w/v) bacto-

yeast nitrogen base, amino acid mix) containing 3% (v/v) glycerol and 0.2% (w/v) glucose as carbon source. For differential labeling

with amino acids the media were supplemented either with 14N2
12C6-lysine and 14N4

12C6-arginine (Tom22His) or with 15N2
13C6-lysine

and 14N4
13C6-arginine (wild-type). Mitochondria were isolated following the standard procedure described above. Isolated mito-

chondria were lysed with digitonin buffer containing 1% (w/v) digitonin and 10 mM imidazole. Insoluble material was removed by

centrifugation. The supernatant was incubated with Ni-NTA agarose (QIAGEN) for 1 h at 4�C under constant rotation. The affinity ma-

trix waswashedwith an excess amount of digitonin buffer containing 0.1% (w/v) digitonin and 40mM imidazole. Bound proteins were

eluted with digitonin buffer containing 0.1% (w/v) digitonin and 250 mM imidazole. The elution fractions of wild-type and Tom22His
mitochondria were pooled and subjected to mass spectrometry. The experiment was performed in three biological replicates.

Mass spectrometry
Proteins were precipitated using acetone and resuspended in 60% (v/v) methanol, 20mMNH4HCO3 followed by reduction and alkyl-

ation of cysteine residues with 100 mM DTT (30 min at 65�C) and 50 mM iodoacetamide (30 min at room temperature in the dark),

respectively, and tryptic digestion (37�C, overnight). Peptides were analyzed by high-performance liquid chromatography/mass

spectrometry on an LTQ-Orbitrap XL instrument (Thermo Scientific, Bremen, Germany) directly coupled to an UltiMate 3000

RSLCnano HPLC system (Thermo Scientific, Dreieich, Germany) (Böttinger et al., 2015).

Binding assay to isolated mitochondria
35S-labeled Xdj1 and Xdj1 constructs were incubated with isolatedmitochondria in import buffer. The reaction was stopped by trans-

fer on ice. Mitochondria were reisolated and washed with SEM buffer. The mitochondrial pellet was lysed with digitonin buffer con-

taining 1% (w/v) digitonin as described above. Insoluble material was removed by centrifugation. The supernatant was analyzed by

SDS-PAGE. To identify interaction partners of Xdj1, recombinant amounts of His-tagged Xdj1 were produced in a cell-free translation

system based on wheat germ (5Prime). Xdj1His was incubated with isolated mitochondria. After reisolation of mitochondria and a

washing step with SEM buffer, mitochondria were lysed with digitonin buffer containing 1% (w/v) digitonin. Binding to Ni-NTA

agarose was allowed for 1 h at 4�C. Subsequently, beads were washed with digitonin buffer containing 0.1% (w/v) digitonin and

20 mM imidazole. To elute bound proteins, the affinity matrix was incubated with digitonin buffer containing 1% (w/v) digitonin

and 250 mM imidazole for 10 min on ice. Protein complexes were analyzed by blue native electrophoresis.

Import stimulation assay
For the in vitro import stimulation assay, radiolabeled precursors were produced in a translational extract and incubated with GST-

tagged J-proteins in GST buffer for 30 min at 25�C before the import reaction. Subsequently, the precursor proteins were imported

into isolated wild-type mitochondria as described above. While titrating the amount of GST-tagged Xdj1, we noticed that large

amounts of GSTXdj1 impair import of the precursors proteins in agreement with the observation that overexpression of Xdj1 is toxic

for yeast cells (Sahi et al., 2013). Both an intact J-domain and substrate-binding domain are required for a toxicity of Xdj1 overex-

pression (Sahi et al., 2013) in agreement with our finding that both domains of Xdj1 are needed for its role in promoting mitochondrial

protein biogenesis at physiological levels of expression.

In vitro binding to TOM receptors
The cytosolic domains (CD) of Tom22, Tom20 and Tom70 were recombinantly expressed and purified (Brix et al., 1997; Becker et al.,

2011). Similar amounts of Tom22CD, Tom20CD and Tom70CD were rebound to Ni-NTA agarose and incubated with 35S-labeled full-

length Xdj1 or various Xdj1 variants in binding buffer (20 mM Tris/HCl, pH 7.4, 0.1% (w/v) digitonin, 10 mM imidazole, 100 mM NaCl,

1 mM EDTA, 10% (v/v) glycerol) for 1 h at 4�C. The affinity matrix was washed with an excess amount of binding buffer containing

20 mM imidazole. Bound proteins were eluted with binding buffer containing 500 mM imidazole and analyzed by SDS-PAGE.

Affinity purification of Tom40HA

Tom40HA mitochondria were lysed with digitonin buffer containing 1% (w/v) digitonin. After removal of insoluble material, the super-

natant was incubated with an anti-HA matrix (Roche) for 1-2 h at 4�C under constant shaking. Subsequently, the affinity matrix was

washed with an excess amount of digitonin buffer containing 0.1% (w/v) digitonin. Bound proteins were eluted under denaturing

conditions. For purification of bound Xdj1, 35S-labeled Xdj1 was incubated with isolated Tom40HA mitochondria followed by affinity

purification via anti-HA matrix.

Purification via Glutathione Sepharose
Similar amounts of recombinantly expressed and purified GSTXdj1, GSTDjp1, GSTYdj1 and GST were coupled in GST buffer (50 mM

Tris/HCl, pH 7.5, 150 mM NaCl, 0.025% (v/v) Triton X-100) to Glutathione Sepharose 4B (GE Healthcare). To study binding of
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mitochondrial proteins, mitochondria were lysed in digitonin buffer containing 1% (w/v) digitonin and the supernatant was incubated

with Glutathione Sepharose 4B coated with GST alone or with GST-fused J-proteins. The binding was allowed for 2 h at 4�C under

constant rotation. The affinitymatrices werewashedwith an excess amount of GST buffer. Bound proteins were elutedwith 10mg/ml

reduced glutathione in GST buffer. For in vitro protein-protein interaction studies recombinant Tom22CD, Tom70CD or radiolabelled

precursor proteins were incubated with Glutathione Sepharose 4B coatedwith GST alone or with GST-fused J-proteins in GST buffer

for 1 h at 4�C under constant rotation. After excessive washing with GST buffer, bound proteins were eluted with 10 mg/ml reduced

glutathione in GST buffer.

Precursor transfer assay
Radiolabelled Oxa1 precursor was incubated with Glutathione Sepharose 4B coupled with GST or GSTXdj1 as described above. After

excessive washing with GST buffer, the columnmaterial was incubated with recombinant amounts of the purified cytosolic domain of

Tom22 in GST buffer containing 125mM imidazole for 1 h at 4�C. For re-purification via His-tagged Tom22CD, the elution sample was

diluted in GST buffer and incubated with Ni-NTA agarose for 1 h at 4�C. Bound proteins were eluted with 500 mM imidazole in GST

buffer. To study the import of Xdj1-precursor complexes, the Oxa1 precursor was incubated with GSTXdj1 coupled to Glutathione

Sepharose 4B as described above. After excessive washing, the Xdj1-bound Oxa1 precursor was eluted with 10 mg/ml reduced

glutathione in GST buffer. The elution sample was diluted in import buffer and the in vitro import into isolated mitochondria was per-

formed as described above.

Microscopy
The Xdj1GFP strain was grown at 30�C on selective medium lacking uracil and containing 3% (v/v) glycerol and 0.1% (w/v) glucose as

carbon source. To stimulate expression of Xdj1GFP under control of the MET25 promoter, the cells were shifted to selective medium

lacking methionine as well as uracil and containing 3% (v/v) glycerol for 3 h. The mitochondrial network was stained with MitoTracker

Deep Red (Invitrogen) following the manufacturer’s instructions. Wide field fluorescence microscopy was performed using an

Olympus BX61 fluorescence microscope. UPLFLN 100x/1.3 objective (Olympus) and a F-view CCD camera (Soft imaging system)

were used to acquire images. GFP fluorescence was visualized with a 470/40 nm bandpass excitation filter, a dichromatic mirror

and 525/50 nm bandpass emission filter. MitoTracker Deep Red fluorescence was detected by a 562/40 nm bandpass excitation

filter, a 593 nm dichromatic mirror and by a 624/40 nm bandpass filter. Z stacks images weremade with an interval of 0.5 mm. Images

were recorded using Cell-P software (Olympus).

Miscellaneous
The specificity of the antibodies used in this study was analyzed and confirmed by comparing isolated wild-type and corresponding

mutant mitochondria or by using recombinant proteins. We used semi-dry western blotting to transfer the proteins from SDS- or blue

native gels to PVDF membranes. Non-commercial enhanced chemiluminescence (ECL) was used for immunodetection (Ellenrieder

et al., 2016). Signals were visualized on X-ray films (Amersham Hyperfilm ECL, GE Healthcare andMedix XBU, Foma) or by using the

image reader LAS3000 (FujiFilm). MultiGauge software was used to quantify band intensities. X-ray films were scanned using

ScanMaker 1000 XL and SilverFast XRay 6.6.2r1. 35S-labeled proteins were detected by autoradiography using the Storm phosphor-

imager system (GE Healthcare). We removed non-relevant lanes digitally and indicated this by separating lines.

QUANTIFICATION AND STATISTICAL ANALYSIS

The software MaxQuant with its integrated search engine Andromeda (version 1.2.0.18) (Cox and Mann, 2008; Cox et al., 2011) was

used for protein identification and SILAC-based quantification (Böttinger et al., 2015). Proteins were identified based on at least one

unique peptide (R6 amino acids) and a false discovery rate of < 1% applied to peptides and proteins. Protein quantification was

based on unique peptides with at least one ratio count. The mean of log10-transformed Tom22His/wild-type ratios was calculated

(n R 2) and plotted against the corresponding p value determined using a one-sided Student’s t test. A list of all proteins identified

and quantified is provided in Table S1.

For quantifications of imported proteins or western blot signals, mean values with the corresponding standard error of the mean

(SEM) are depicted as outlined in the figure legends. Mean values of three-five independent experiments were quantified. The exact

number of replicates is provided in the figure and table legends. The MultiGauge software was used to quantify signal intensities of

radiolabelled proteins and western blot signals.

DATA AND SOFTWARE AVAILABIITY

Themass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

with the dataset identifier PXD008203 (Vizcaı́no et al., 2016).
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Figure S1. Growth of xdj1Δ Cells and Localization of Xdj1, Related to Figure 1 

(A) Serial dilutions of wild-type (WT) and xdj1Δ cells were spotted on full medium 

containing a fermentable (glucose, YPD) or non-fermentable (glycerol, YPG) carbon 

source. Growth was analyzed at 37°C. 

(B) Intact Xdj1HA mitochondria or osmotically swollen mitochondria (swelling) were 

treated with proteinase K (Prot. K) where indicated. Proteins were separated by SDS-

PAGE and analyzed by immunodetection with the indicated antisera. Xdj1HA was 

detected with anti-HA antibodies. 

 
 
  



 

 
 
Figure S2. Analysis of Xdj1 Binding to Tom22 and Characterization of TOM 
Receptor Mutant Mitochondria, Related to Figure 1 
(A) Left panel, the indicated recombinantly expressed and purified proteins were 
analyzed by SDS-PAGE and Coomassie blue staining. Right panel, the recombinantly 
expressed His-tagged cytosolic domain of Tom22 (Tom22CD) was incubated with 
glutathione columns coated with GST, GSTXdj1, GSTDjp1 or GSTYdj1. Load and elution 
fractions were analyzed by SDS-PAGE and immunodetection with anti-His antibodies. 
Input for Tom22CD 2%; elution 100%. 
(B) 35S-labeled Xdj1 was incubated with isolated wild-type mitochondria. Where 
indicated, mitochondria were treated with proteinase K (Prot. K) before binding of 
[35S]Xdj1. 
(C) The indicated protein amounts of wild-type (WT), tom20∆, tom22∆ and tom70∆ 
mitochondria were analyzed by SDS-PAGE and immunodetection with the indicated 
antisera. The lack of Tom20 leads to decreased levels of Tom22; the tom20∆ yeast 
strain used thus additionally contains a plasmid for expression of TOM22, leading to a 
moderate increase of Tom22 levels. 
  



 

 

 

 

 

 
 

Figure S3. Characterization of xdj1∆ Strain and Mitochondria, Related to Figure 
2 
(A) Mitochondria from wild-type (WT), xdj1∆ and an xdj1∆ strain expressing plasmid-

encoded XDJ1 (xdj1∆+Xdj1) were analyzed by SDS-PAGE and immunodetection. 

Quantification of Tom22 levels, depicted are mean values with standard error of the 

mean (n = 3). The amount of Tom22 in WT mitochondria was set to 100% (control). 

(B) 35S-labeled precursors of Su9-DHFR or Oxa1 were imported into WT and xdj1∆ 

mitochondria for the indicated periods. After import, non-imported precursor proteins 

were removed by treatment with proteinase K. The import reactions were analyzed by 

SDS-PAGE and autoradiography. Quantification of three independent import reactions 

with standard error of the mean. As control, the import of precursors into WT 

mitochondria after 6 min was set to 100%. Δψ, membrane potential. 

 

  



                
 
Figure S4. Analysis of Xdj1 Variants, Related to Figure 4 
(A) 35S-labeled Xdj1 constructs were incubated with isolated yeast wild-type (WT) 
mitochondria for the indicated periods. Mitochondria-bound proteins were analyzed by 
SDS-PAGE and autoradiography. 
(B) 35S-labeled Xdj1 variants were incubated with isolated WT mitochondria for the 
indicated periods. Mitochondria-bound proteins were analyzed by SDS-PAGE and 
autoradiography. TL, translation product, 14% of input.  
(C) The precursors [35S]Su9-DHFR and [35S]b2-DHFR were incubated with 
recombinantly expressed and purified GST, GSTXdj1 or GSTXdj1H37Q prior to import 
into isolated WT mitochondria. The import reaction was analyzed by SDS-PAGE and 
autoradiography. p, precursor; i, intermediate; m, mature. Quantification of mature-
sized [35S]b2-DHFR, mean values with range (n = 2); the import after 12 min in the 
presence of GST was set to 100% (control).  



Table S1. List of Proteins Identified in Tom22His Affinity Purification 
Experiments, Related to Figure 1 

Identification of proteins purified with Tom22His and SILAC-based relative 

quantification were performed using MaxQuant/Andromeda (version 1.2.0.18). 

Potential Tom22 interaction partners were defined as proteins with an enrichment 

factor of > 10, an overall sequence coverage of ≥ 4%, and a p-value of < 0.05. See 

Excel file for results. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S2. Oligonucleotides Used in This Study, Related to STAR Methods 
 
Name Sequence (5’->3’) Source Identifier 
pGEX-
XDJ1for 

CGGGATCCCGATGAGTGGCAGTGATAGAGG This 
paper 

1996 

pGEX-
XDJ1rev 

TCCCCCCGGGGGGATCATTGGATACAGCAGT
ACGAAC 

This 
paper 

1997 

pGEX-
YDJ1for 

CGGGATCCCGATGGTTAAAGAAACTAAGTTTT
ACGATATTC 

This 
paper 

1998 

pGEX-
YDJ1rev 

TCCCCCCGGGGGGATCATTGAGATGCACATT
GAACAC 

This 
paper 

1999 

pGEX-
DJP1for 

CGGGATCCCGATGGTTGTTGATACTGAGTATT
ACG 

This 
paper 

2000 

pGEX-
DJP1rev 

TCCCCCCGGGGGGATCATGTATGTCTCTTCT
TTTTTGTAGC 

This 
paper 

2001 

XDJ1H37
Qfor 

GCTTACAGAAAGCTTGCCCTGAAACATCAACC
GGACAAGTATGTGGATCAAGACTCA 

This 
paper 

2002 

XDJ1H37
Qrev 

TGAGTCTTGATCCACATACTTGTCCGGTTGAT
GTTTCAGGGCAAGCTTTCTGTAAGC 

This 
paper 

2003 

XDJ1-
HAfor 

AGCGCATCAGAAAGCAAGAAGTTCGTACTGC
TGTATCCAACGGATCCCCGGGTTAATTAA 

This 
paper 

2004 

Xdj1-
HArev 

GAAAAAAAAAAAAAAATAGAATAAAAAGTTATT
GATGCCAGAATTCGAGCTCGTTTAAAC 

This 
paper 

2005 

SP6-
XDJ1for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGAGTGGCAGTGATAGAGGAG 

This 
paper 

1326 

SP6-
XDJ1Rev 

GATCTCATTGGATACAGCAGTACGAAC This 
paper 

1327 

SP6-
OXA1for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGTTCAAACTCACCTCTCGAC 

This 
paper 

1334 

SP6-
OXA1rev 

GATCTCATTTTTTGTTATTAATGAAGTTTG This 
paper 

1335 

SP6-
TOM22for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGGTCGAATTAACTGAAATTAAAGACG 

This 
paper 

1322 

SP6-
TOM22rev 

GATCTTAATTGGCTGTTGCTGCAG This 
paper 

1323 

CCXDJ1-
GFPfor 

ATATCTAGAATGAGTGGCAGTGATAGAGGAG This 
paper 

2006 

CCXDJ1-
gfprev 

TTGTCGACTTGGATACAGCAGTACGAACTTC This 
paper 

2007 

SP6-
XDJ177-
458for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGGGTGATGATAATGGTGCCGCT 

This 
paper 

2008 



SP6-XDJ 
116-458for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGGGCGAGTATGATGCGTACGAA 

This 
paper 

2009 

SP6-XDJ 
284-458for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGGAAAACTTGGAGCAGAAGCAA 

This 
paper 

2010 

SP6-XDJ 
377-458for 

TCGATTTAGGTGACACTATAGAATACGCCGCC
GCCATGCCACCAGATAACTGGTTCAAT 

This 
paper 

2011 

SP6-XDJ 
1-377rev 

GATCTCATGGAAATTCAATATGAACGAA This 
paper 

2012 

SP6-XDJ 
1-284rev 

GATCTCATTCTTGTTTTTCAGTGAGATG This 
paper 

2013 

SP6-XDJ 
1-116rev 

GATCTCAGCCAGGGAAATTATTTCCATC This 
paper 

2014 

XDJ1WG 
for 

CTTTAAGAAGGAGATATACCATGAGTGGCAGT
GATAGA 

This 
paper 

2015 

XDJ1WG 
rev 

TGATGATGAGAACCCCCCCCTTGGATACAGC
AGTACGA 

This 
paper 

2016 

pRS416-
XDJ1for 

AGGGGAATTCAAACTCGTTATTCGAAGTTTTC	 This 
paper 

1990 

pRS416-
XDJ1rev 

AGGGGGATCCGTAGTGTTTTTGGAAGAGATG
C	

This 
paper 

1991 

XDJ1-
F151Afor 

ATGGGCAAGAAGCTGAAGGCTGATTTAAAGA
GACAGGTC 

This 
paper 

1992 

XDJ1-
F151Arev 

GACCTGTCTCTTTAAATCAGCCTTCAGCTTCT
TGCCCATG 

This 
paper 

1993 

XDJ1-
I243Afor 

CTGTCAAAGAAGGAAATCGCTACAGTGAACG
TGGCTCCG 

This 
paper 

1994 

XDJ1-
I243Arev 

CGGAGCCACGTTCACTGTAGCGATTTCCTTCT
TTGACAG 

This 
paper 

1995 

 

	
 
 


	CELREP5662_annotate_v25i8.pdf
	Recruitment of Cytosolic J-Proteins by TOM Receptors Promotes Mitochondrial Protein Biogenesis
	Introduction
	Results
	Xdj1 Binds to the Cytosolic Domain of Tom22
	Distinct TOM Receptors Recruit Xdj1 and Djp1 to Mitochondria
	Xdj1 Promotes Biogenesis of the TOM Complex
	Xdj1 Delivers Preproteins to the Tom22 Receptor
	Substrate-Binding Domain of Xdj1 Binds to Tom22 and J-Domain Promotes Protein Biogenesis

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Method Details
	Yeast strains and growth
	Purification of GST-fusion constructs
	Isolation of mitochondria
	Submitochondrial localization
	In vitro protein import into mitochondria
	Affinity purification for mass spectrometry
	Mass spectrometry
	Binding assay to isolated mitochondria
	Import stimulation assay
	In vitro binding to TOM receptors
	Affinity purification of Tom40HA
	Purification via Glutathione Sepharose
	Precursor transfer assay
	Microscopy
	Miscellaneous

	Quantification and Statistical Analysis
	Data and Software Availabiity




