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The import motor of the mitochondrial translocase of the
inner membrane (TIM23) mediates the ATP-dependent
translocation of preproteins into the mitochondrial matrix
by cycles of binding to and release from mtHsp70. An
essential step of this process is the stimulation of the
ATPase activity of mtHsp70 performed by the J cochaper-
one Tim14. Tim14 forms a complex with the J-like protein
Tim16. The crystal structure of this complex shows that
the conserved domains of the two proteins have virtually
identical folds but completely different surfaces enabling
them to perform different functions. The Tim14-Tim16
dimer reveals a previously undescribed arrangement of J
and J-like domains. Mutations that destroy the complex
between Tim14 and Tim16 are lethal demonstrating that
complex formation is an essential requirement for the
viability of cells. We further demonstrate tight regulation
of the cochaperone activity of Tim14 by Tim16. The first
crystal structure of a J domain in complex with a regula-
tory protein provides new insights into the function of
the mitochondrial TIM23 translocase and the Hsp70
chaperone system in general.
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Introduction

The biogenesis of mitochondria requires the import of many
hundreds of different proteins that are synthesized as pre-
proteins in the cytosol. This process is mediated by several
preprotein translocases present in the mitochondrial mem-
branes (Endo et al, 2003; Koehler, 2004; Rehling et al, 2004;
Mokranjac and Neupert, 2005). The majority of preproteins
carry an N-terminal matrix targeting signal (MTS) and use the
translocase of the outer membrane (TOM) complex in the
outer membrane and the translocase of the inner membrane
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(TIM23) complex in the inner membrane for concerted
translocation across outer and inner membranes. The TOM
translocase is the common entry gate for these preproteins
and facilitates recognition and initial translocation of the
MTS.

The TIM23 translocase accepts the preproteins directly
from the TOM complex. It consists of 10 known components,
which are highly conserved throughout the eukaryotic king-
dom and are, with two exceptions, essential for cell viability.
The TIM23 complex can be operationally divided into a
membrane integrated channel unit and an import motor
that is associated with the channel at its matrix face. The
channel unit recognizes the MTS of the preproteins as they
appear at the outlet of the TOM pore and subsequently
mediates their insertion into and translocation across the
inner mitochondrial membrane. This latter process requires
the electrical membrane potential AW across the inner mem-
brane. Further translocation into the matrix is performed by
the import motor in a reaction driven by ATP hydrolysis. The
central component of the motor is mitochondrial Hsp70
(mtHsp70).

Hsp70 chaperones are involved in folding of newly synthe-
sized proteins, prevention of protein aggregation and protein
translocation. Like all members of the Hsp70 family of
chaperones, mtHsp70 consists of an N-terminal nucleotide-
binding domain and a C-terminal peptide-binding domain.
Hsp70 chaperones use the energy of ATP hydrolysis at the
nucleotide-binding domain to drive conformational changes
of the peptide-binding domain, thereby altering its affinity for
substrates (Bukau and Horwich, 1998; Young et al, 2004;
Jiang et al, 2005; Vogel et al, 2006). In the case of mtHsp70,
the substrates are the precursor polypeptides that are entering
the mitochondrial matrix. The ATP-hydrolysis-driven cycle
allows Hsp70 chaperones to associate with unfolded protein
substrates in the ATP form and then bind them tightly upon
hydrolysis to ADP. Release of ADP and rebinding of ATP
triggers the release of the bound substrate.

Progression through the ATPase cycle of Hsp70s is gener-
ally helped by two types of cochaperones, nucleotide
exchange factors and J proteins, named after the founding
member of the family, Escherichia coli cochaperone DnalJ. The
mtHsp70 in the import motor requires Mgel, a member of the
GrpE family which catalyzes the nucleotide exchange reac-
tion and a specific J protein, Tim14/Pam18, which stimulates
the ATPase activity (D’Silva et al, 2003; Mokranjac et al,
2003; Truscott et al, 2003). In addition, the import motor
contains at least two more essential proteins, Tim16/Pam16
and Tim44. Tim16 is a J-like protein as it contains a domain
with sequence similarity to the J domain of Tim14 but lacks
the invariant tripeptide motif His-Pro-Asp (HPD), a signature
of J proteins (Kelley, 1998; Frazier et al, 2004; Kozany et al,
2004). Tim16 forms a subcomplex with Tim14 in the import
motor and appears to be necessary for the recruitment of
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Tim14 to the translocase. In in vitro experiments, Tim16
did not stimulate the ATPase activity of mtHsp70. Rather,
it inhibited the stimulatory activity of Tim14 (Li et al, 2004;
D’Silva et al, 2005; Mokranjac et al, 2005). Tim44 can be
viewed as a central organizer of the import motor. On the one
hand, it binds to the channel unit of the TIM23 complex and
on the other hand, it interacts with mtHsp70 thereby recruit-
ing the chaperone to the translocase. In addition, Tim44
is necessary to link the Tim14-Tim16 subcomplex to the
translocase.

The exact mechanism of the import motor is still a matter
of debate (Matouschek et al, 2000; Neupert and Brunner,
2002). It is, however, clear that multiple cycles of precursor
binding to and release from mtHsp70 lead to a stepwise
translocation of the unfolded polypeptide chain into the
matrix. A deep understanding of the structure and function
of the import motor is greatly hampered by the lack of a high-
resolution structure of its components.

Here we report the crystal structure of the Tim14-Tim16
subcomplex of the import motor. It reveals a unique arrange-
ment of J and J-like domains. Our results show that the
cochaperone activity of Tim14 is not sufficient for its function
within the import motor, but that the regulation of its activity
is equally important. We show that the regulation is mediated
by Tim16 and provide insights into the regulatory process
based on the structure of the heterodimer. Furthermore, we
present evidence for a higher oligomeric state of the complex.
In the end, we propose a model as to how Tim14 and Tim16
interact in a dynamic manner with each other and with
Tim44 to couple the ATP hydrolysis by mtHsp70 to the
vectorial movement of preproteins into the mitochondria.

Results

Domain structure of Tim14 and Tim16

Tim14 is anchored in the inner mitochondrial membrane by
a single transmembrane domain and exposes a conserved,
C-terminal domain into the matrix (Figure 1A, left panel).
The J domain, necessary for the function of Tim14, is a part
of this conserved domain. Yeast Tim14, in addition, exposes
an N-terminal domain into the intermembrane space. In order
to address the importance of these domains for the function
of Tim14, we analyzed the ability of truncation mutants to
support growth of yeast cells in the absence of the wild-type
protein. In the first mutant described here the intermembrane
space domain was deleted, whereas in the second mutant
only the conserved domain in the matrix was present. As the
mitochondrial targeting information of Tim14 is located in its
transmembrane domain and a segment directly following it,
the second mutant of Tim14 was targeted to the mitochon-
drial matrix by adding the presequence of subunit 9 of the
FoF, ATPase. Deletion of the N-terminal segment of Tim14
had virtually no effect on the function of Tim14 in yeast, in
agreement with the lack of its conservation through evolution
(Figure 1A, right panel). Interestingly, this domain was
recently proposed to be essential for the recruitment of the
import motor to the membrane embedded part of the TIM23
translocase (Chacinska et al, 2005). However, the mutant
lacking the entire intermembrane space domain of Tim14
grew like wild-type yeast under all conditions tested, includ-
ing both fermentable and nonfermentable carbon sources
(data not shown). Even the combined deletion of the inter-

4676 The EMBO Journal VOL 25| NO 19 | 2006

wiTim14

A IMS  Empty
(1-168)

I m
b O Matrix

wiTim14 Tim14  Tim14 Tim14

7 Tim14

(1—168) (61—168) (99—168) (99-168) (61-168)
B IMS Empty wiTim16
vector /4 (1-149)

%r @J D) Matrix

wtTim16 Tim16 Tim16
(1—149) (25—149) (51—119)

N
Tim16 "4 Tim16
(51-119) (25-149)

Figure 1 Domain analysis of Tim14 and Timl6. (A) Schematic
representation of Tim14 domain structure and of truncation mu-
tants (left panel). A haploid deletion strain of TIM14 harboring a
wild-type copy of TIM14 on the URA plasmid was transformed with
centromeric plasmids carrying either wild-type Tim14 or the in-
dicated Tim14 mutants. Cells were plated on medium containing 5-
fluoroorotic acid, which selects for cells that have lost the URA
plasmid. Plasmids carrying wild-type Tim14 or an empty plasmid
were used as positive and negative controls, respectively (right
panel). (B) The same analysis was performed with Tim16. IM, inner
membrane of mitochondria; IMS, intermembrane space.

membrane and transmembrane domains did not have a
strong effect on the functionality of Tim14. The mutant
containing only the conserved matrix domain was still able
to support growth of cells and could functionally replace
wild-type Tim14. This domain consists of the J domain and
additional 10 residues at its N-terminal side.

Tim16 does not contain a predicted transmembrane
segment, still it is firmly attached to the inner membrane
(Figure 1B, left panel). It contains two conserved domains,
one at the very N-terminus and one towards the C-terminus
of the protein. They are connected by a linker whose
sequence is not conserved. A further extension, not con-
served in sequence and length, is present at the C terminus.
The N-terminal domain consists of about 25, mostly hydro-
phobic amino-acid residues. This domain is most likely
responsible for the membrane association of Tim16. The
conserved J-like domain is predicted to have the character-
istics of a J domain but has a DKE/S motif instead of HPD.
The importance of the various domains for the function of
Tim16 was analyzed in the same way as described above for
Tim14. In a first mutant, the N-terminal 24 amino acids were
deleted. A second mutant contained only the conserved J-like
domain. The targeting signal for import of Tim16 is present in
the N-terminal domain (our unpublished data). Therefore,
both mutants were targeted to the mitochondrial matrix using
the presequence of subunit 9 of the FoF, ATPase. Both
mutants were able to support growth of cells lacking wild-
type Tim16 (Figure 1B, right panel). We therefore conclude
that the J-like domain is the only essential part of Tim16.

Crystallization and structure determination of the
Tim14-Tim16 complex

To understand assembly, architecture, subunit interactions
and functions of Tim14 and Tim16, we set out to determine
the crystal structure of the essential parts of these proteins.
When expressed separately in E. coli cells, the essential
domains of both Tim14 and Timl6 aggregated and were
mostly found in inclusion bodies. We therefore coexpressed
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Table I Data collection and refinement statistics
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Tim14-Tim16

Tim14-Tim16-K,0sClg

Crystal parameters
Space group

Cell constants
Molecules per AU?
Heavy metal

Data collection

Beam line
Wavelength (A)
Resolution range (A)®
No. of observations

No. of unique reflections®
Completeness (%)°
Rmerge (%)b'd

/o (D°

Refinement (REFMACS)
Resolution range (A)

No. of reflections working set
No. of reflections test set

No. of non-hydrogen

Solvent water

No. of citrates

Rwork/Rfree (%)e o
Rwork/Rfree (203_200 A), (%)e
R.m.s.d. bond lengths (A)/(deg)f
Average B-factor (A%)
Ramachandran plot (%)8

P2,2,2, . P432,2 .
a=112 A; b=115 A; c=162 A a=b=114A; c=163 A
16 8
— 7
BW6, DESY BW6, DESY
1.05 Pk 1.1402
99-2.0 (2.03-2.00) 99-3.5 (3.52-3.47)
4022553 879765
137971 26166
97.7 (96.9) 98.4 (100)
8.8 (48.4) 7.27 (27.0)
10.5 (2.6) 54.8 (16.1)
15-2.0
121692
6405
8846
921
4
20.5/25.2
27.4/33.9
0.02/1.75
32.04
98.7/1.3/0.0

?Asymmetric unit.

PThe values in parentheses of resolution range, completeness, Ryerge and I/c (I) correspond to the last resolution shell.

“Friedel pairs were treated as different reflections.

dRmerge(l) =Y nay_j |U(KD;—I(hKD] |/[> nxdn, Where I(hkD); is the jth measurement of the intensity of reflection hkl, and <I(hkl)) is the

average intensity.

°R=">"nuil|Fobs|—|Fealc| |/ nxi| Fobs|» Where Ry is calculated without a sigma cutoff for a randomly chosen 10% of reflections, which were not
used for structure refinement, and Ry is calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

8Number of residues in favored region/allowed region/outlier region.

Tim14 and Tim16 from a single vector. Both proteins were
found soluble in the E. coli cytosol under these conditions
(data not shown). Furthermore, when a His, tag was placed
at the N-terminus of Tim14, both proteins were efficiently
copurified on an NiNTA-agarose column. They formed a
complex in E. coli as they do in mitochondria. The essential
parts of Tim14 and Tim16 are obviously sufficient for com-
plex formation.

The Tim14 (99-168)-Tim16 (54-119) complex crystallized
from 1.65M sodium citrate, pH 7.0. The crystals were well
ordered and diffracted to 2.0A resolution (see Table I).
The crystal structure was determined by single-wavelength
anomalous diffraction phasing method using a K,OsCls-
Tim14-Tim16 heavy metal derivative. The refined structure
revealed a well-defined electron density for the whole Tim14-
Tim16 complex, except for the last two amino-acid residues of
Tim16, which were structurally disordered. The asymmetric
unit contained eight Tim14-Tim16 heterodimers, which were
virtually identical. The overlay of the core structures of eight
Tim14 and eight Tim16 molecules showed r.m.s. deviations
for C,, positions of <0.3A and <0.6A in Tim14 and Tim16,
respectively. In successive rounds of model building and
refinement, the model was completed and included 921
water molecules and four citrate molecules. Temperature
factors were refined with restraints between bonded atoms
and between noncrystallographic symmetry-related atoms
yielding R-values of Riee =25.2% and Repys =20.5%.

©2006 European Molecular Biology Organization

Structures of individual Tim14 and Tim16 subunits

In the Tim14-Tim16 complex, the J domain of Tim14 follows
the typical fold of J domains with the characteristic arrange-
ment of three helices (I, II and III). It lacks, however, helix IV
(Figure 2A, left panel). Helices II and III form an antiparallel
hairpin connected by a short linker, which contains the
invariant HPD motif. The hairpin structure is supported by
helix I from the backside. The HPD motif is well defined in
the electron density map and adopts an identical conforma-
tion in all eight subunits, suggesting that it is part of a rather
rigid structure. The first 10 amino acids of the Timl4
construct are not part of the J domain structure and form
an arm in front of helix I (see below).

The J-like domain of Tim16, in complex with Tim14, has
all the structural characteristics of J domains described above
(Figure 2A, middle panel). The loop connecting helices II and
III is highly ordered. However, instead of the HPD motif it
contains a conserved DKE/S motif.

Superposition of J and J-like domains of Tim14 and Tim16,
respectively, shows a high structural consensus (Figure 2B).
The only difference appears to be in the length of helix III,
which is shorter in Tim14. Also, when Tim14 and Tim16 are
compared to DnalJ, notable differences are visible only in the
loop connecting helices II and III; this loop is longer in DnaJ
(Figure 2B). All three structures diverge at the end of helix III.

NMR perturbation mapping and mutational analyses have
located the binding site of J domains to their Hsp70 partners

The EMBO Journal VOL 25 | NO 19 | 2006 4677
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Figure 2 Topology and charge patterns of Tim14 and Tim16. (A) Ribbon presentations of the J domain of Tim14 (left panel) and the J-like
domain of Tim16 (central panel). For comparison, the J domain of DnaJ from E. coli is included (right panel). Helices I-III are indicated. HPD
motifs in the J domains are presented as balls-and-sticks models and colored in yellow. Corresponding DKE motif in Tim16 is colored in gray.
As compared to the J domain of DnaJ, Tim14 and Tim16 lack helix IV. (B) Superposition of the J and J-like domains of Tim14, Tim16 and DnalJ.
(C) Surface representations of Tim14, Tim16 and DnalJ. Ribbon presentations of the same orientation are shown as insets. The domains are
rotated clockwise by 80° relative to the representations in (A) to bring helix II to the front. Surface colors indicate positive (intense blue) and
negative electrostatic potentials (intense red) with the scale bar giving the actual potentials in kT/e. Lys and Arg residues of Tim14 contributing

to the positive surface charge distribution are indicated.

at one surface of the J domain (Greene et al, 1998; Genevaux
et al, 2002). This binding surface, which is positively
charged, is mostly formed by the HPD loop and helix II
The surface charge model shows that a similar positively
charged surface is present on the corresponding face of the J
domain of Tim14 (Figure 2C). Interestingly, such clustering of
positive charges is not present on the corresponding face of
Tim16 (Figure 2C).

Structure of the Tim14-Tim16 heterodimer

The Tim14-Tim16 complex is an elongated molecule with the
two subunits arranged back-to-back in a way that the loops
between helices II and III face opposite sides of the hetero-
dimer (Figure 3A). The complex has a pseudo-two-fold
symmetry. Numerous contacts between Tim14 and Tim16
arise from complementarity in both shape and polarity. The
buried surface area at the interface between Timl4 and
Tim16 subunits is about 1060 A2. This corresponds to 20%
of total surface of each Tim14 and Tim16. There are two
major areas of interaction.

First, the N-terminal arm of Tim14 embraces helix III of
Tim16 and, in addition, makes contacts with helices I and II
(Figure 3B). These contacts are both polar and hydrophobic.
Flanking residues of the Tim14 arm, Phe99 and Phel04,
protrude into two distinct hydrophobic pockets formed pre-
dominantly by Tim16 (Figure 3C). They fix Tim14 by forma-
tion of a clamp. Two consecutive residues of Tim16, Phe95
and Tyr96 fix the Tim14 arm from the Tim16 side (for the
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detailed description of Tim14-Timl16
Supplementary data).

Mutations in the HPD motif of Tim14 abolish its function
as a J protein and have a lethal effect on yeast cells (D’Silva
et al, 2003; Mokranjac et al, 2003). The arm that forms
contacts with Tim16 is not part of the J domain and its
deletion should not abolish the function of Timl4 as a
cochaperone for mtHsp70. We therefore asked whether a
mutant form of Tim14 that lacks the arm region is able to
function in the import motor. Deletion of the arm region had
a deleterious effect on the function of Tim14, as this mutant
was not able to support cell growth at all (Figure 3D).
Apparently, also mutations outside of the J domain can lead
to a nonfunctional Tim14.

In order to test whether the arm region is necessary for
complex formation between Tim14 and Tim16, the mutant
form of Tim14 was expressed in wild-type yeast cells, mito-
chondria were isolated and complex formation was assessed
by co-immunoprecipitation. The mutant form of Tim14 did
not interact with Tim16 as it was absent from the precipitate
of the Tim16 antibody and apparently remained in the super-
natant (Figure 3E). It was also not recruited to the transloca-
tion unit as it was completely absent from the precipitate of
Tim17 antibody. In contrast, antibodies to Tim16 depleted
both Tim16 and wild-type Tim14 from the mitochondrial
lysate, showing that these two proteins form a stable
complex (Kozany et al, 2004 and Figure 3E), part of which
was also recruited to the membrane embedded unit of
the translocase as shown by partial co-precipitation with

contacts, see
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Figure 3 N-terminal arm of Tim14 embraces Tim16. (A) Ribbon model of Tim14-Tim16 heterodimer given in stereo representation. Tim14 is
shown in red, Tim16 in blue. The HPD and DKE motifs are highlighted in yellow and gray, respectively, and shown as balls-and-sticks models.
The pseudo-two-fold symmetry axis is indicated by a black full circle. The N-terminal arm of Tim14 is highlighted in green. (B) Stereo
representation of interacting parts of Tim14 and Tim16. Tim 14 is shown as ribbon model, Tim16 as surface model. The N-terminal arm of
Tim14 that embraces helix III of Tim16 is represented as balls-and-sticks model, carbon atoms are colored in green, oxygen atoms in red and
nitrogen atoms in blue. (C) Stereo representation of a Tim14-Tim16 interacting section around the arm of Tim14. The electron density map
(colored in gray), contoured from 1o, is only displayed for the arm of Tim14 with 2Fy—F¢ coefficients. Temperature factor refinement indicates
full occupancies of the whole arm. The residues of the arm of Tim14 are numbered in green according to sequence numbering. Residues of
Tim16, which are in close contact with the arm of Tim14, are colored in yellow and represented as balls-and-sticks, whereas remaining residues
of Tim16 are colored in blue. Hydrogen bonds between Tim14 and Tim16 are shown as black dotted lines. (D) A Tim14 mutant which contains
an intact J domain but lacks the arm region cannot support growth of yeast cells in the absence of wild-type Tim14. The analysis was carried
out as described in the legend to Figure 1A. (E) A Tim14 mutant which lacks the arm region does not interact with Tim16 in vivo. Mitochondria
were isolated from wild-type yeast cells transformed with a plasmid carrying a Tim14 mutant lacking the arm region. They were solubilized
with digitonin and subjected to immunoprecipitation with affinity-purified antibodies to Tim16 and Tim17 or preimmune serum (PI) as control.
Supernatants and pellets were analyzed by SDS-PAGE and immunodecoration with the indicated antibodies.

antibodies to Tim17. Taken together, complex formation is exchanges are tolerated at lower temperatures, indicating
an essential property of Timl4 and Timl6. Interestingly, that the interaction network relies on many contacts and is
a mutagenesis analysis performed in order to narrow down therefore rather robust (Supplementary Figure 1). Still, these
the interaction to the level of single amino-acid residues in mutations lead to severe growth defects and are not tolerated
Timl14 and Timl6 showed that single and even double at all at 37°C.
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The second interface of Tim14 and Tim16 is a continuation
of the hydrophobic groove formed around Phel04 of Tim14
and is responsible for the back-to-back arrangement of the
two subunits (for details, see Supplementary data part II). A
particularly interesting part of this interface is formed by the
HPD loop of Tim14 and a groove made up by helices I and II
of Tim16 (Figure 4A). The conserved Glyl45 and Glyl46
residues of Timl4, neighbors of the HPD motif at the
C-terminal side, are deeply inserted in this groove. A network
of interactions involving the backbone and side chains of
Tim14 is responsible for this tight interaction (Figure 4B).
The amide group in the side chain of Asn140 of Tim14, which
flanks the HPD motif at the N-terminal side, is hydrogen
bonded to the amide group in the side chain of Asn87 in
Tim16. The carbonyl oxygen of Lys145 at the C-terminal side
of the HPD motif in Tim14 makes a strong hydrogen bond to
the hydroxyl group of Tyr82 in Tim16. Carbonyl oxygen of
Gly145 is hydrogen bonded to the side chain of Arg79 in
Tim16. Finally Ser147, the first residue of Tim14 helix III, is
linked via its hydroxyl group to carbonyl oxygens of Ile61 and
Lys60 in Tim16. The combination of these interactions and
strong hydrophobic interactions between the helices of Tim14
and Tim16 lead to a severely constrained conformation of the
HPD loop and a firm attachment to Tim16.

On the other hand, the DKE loop of Timl6 is in close
contact with a groove made up by helices I and II of Tim14
(Figure 4C). This is a reflection of the pseudo-symmetry of
the heterodimer. As in the corresponding contacts of Tim14
with Tim16, Asn87 of Tim16 is hydrogen bonded to Asn140
in Tim14, while the first amino-acid residue of helix III, Ser94
of Tim16 interacts with GIn1l5 and Ilel16 in the helix I of
Tim14. The DKE loop of Timl16 is, however, not as tightly
inserted into the Tim14 groove as is the HPD loop in the
Tim16 groove. Only the carbonyl oxygen of Gly92 in Tim16 is
hydrogen bonded to the side chain of Asn118 in Tim14.

It seems questionable whether Tim14 in the described
constrained conformation can function as an active cocha-
perone for mtHsp70. We therefore compared the ability of
free Tim14 to stimulate the ATPase activity of mtHsp70 with
that of Tim14 in the complex with Tim16. The chaperone was
incubated with radiolabeled ATP at 25°C in the presence of
Mgel and either Tim14 alone or Tim14-Timl6 complex.
Whereas Tim14 alone stimulated the ATPase activity of
mtHsp70, Tim14 bound to Timl16 displayed no activity
(Figure 4D). Apparently, even though the HPD loop and the
positively charged surface of helix II are exposed in the
complex, Tim16 blocks the cochaperone activity of Tim14.
We assessed the stimulatory activities of two Tim14 mutants,
Tim14A99-109 and Tim14F99F104G, which were not able to
support growth of yeast at all or only poorly, respectively, and
found virtually no difference as compared to the wild-type
Tim14 protein (Figure 4E). However, addition of Tim16 did
not inhibit their stimulatory activities, in contrast to the
situation when Tim16 was added to the wild-type Tim14
(Figure 4E). This further confirms the importance of the
Tim14 arm for the complex formation and the regulation of
the import motor activity.

Higher order structure of the Tim14-Tim16 heterodimer
The asymmetric unit cell in the crystal structure contains an
octamer of Tim14-Tim16 heterodimers. We asked whether
higher oligomers are present in vivo and are therefore of
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physiological significance. We expressed His-tagged forms of
Tim14 or Tim16 in wild-type yeast cells. We have previously
shown that these forms are functional as they fully support
growth of yeast cells lacking the respective wild-type protein
(Mokranjac et al, 2005). Mitochondria were isolated from
cells expressing either the His-tagged Tim14 or His-tagged
Tim16 and from wild type as a control. They were lysed with
digitonin and incubated with NiNTA-agarose beads. Proteins
bound to the affinity matrix and those which remained in the
supernatant fraction were analyzed by SDS-PAGE and im-
munoblotting (Figure 5A). In case of mitochondria containing
His-tagged Tim14, both Tim16 and Tim44 were bound to the
NiNTA-agarose beads together with the His-tagged Tim14.
In addition, a significant amount of wild-type Tim14 was re-
covered in the bound fraction. As we have previously shown
that the total amount of Tim14 present in mitochondria is
bound to Tim16 (Kozany et al, 2004; Mokranjac et al, 2005),
this result suggests that two Tim14 molecules are present in
the complex. Furthermore, wild-type Tim16 was retained on
the NiNTA-agarose beads together with the His-tagged Tim16.
Thus, the complex appears to represent, at least, a tetramer.

There are two types of tetrameric contacts in the crystal
structure described here (Figures 5B and C). The tetramer
shown in Figure 5B contains two heterodimers that are
rotated about 60° relative to each other. The molecules are
oriented in a way that each Tim16 contacts the HPD motif in
Tim14 of the opposite heterodimer. Interactions between two
heterodimers in this tetramer comprise essentially only two
pairs of amino-acid residues. Arg79 of Timl6 from one
heterodimer forms a hydrogen bond with the carbonyl oxy-
gen of Aspl43 in Timl4 from the other heterodimer. The
other interaction occurs between Tim16 Asn78 and Asp143 in
the HPD motif of Tim14 of the other heterodimer. In order to
investigate whether these interactions represent a physiolo-
gically important contact, we exchanged Arg79 of Tim16 by
Ala. This mutation neither produced a phenotype in vivo nor
is it conserved in the Tim16 of various species. This suggests
that this interaction is a crystallographic rather than a func-
tional contact.

In the other type of tetramer, shown in Figure 5C, contact
occurs via extensive interactions between two Tim16 mole-
cules. Interestingly, two Timl6 molecules form hydrogen
bonds between their two DKE motifs. Interactions are asym-
metric. Lys89 from one Tim16 is hydrogen-bridged to Asp88
of the second Tim16, whereas Lys89 from the second Tim16
is hydrogen-bridged to Glu90 from the first Tim16. These
tetramers are further stabilized by a network of van der Waals
interactions between Phe84, Phe95 and Tyrl02 from both
heterodimers, and, interestingly, Phe99 from Tim14. In this
tetramer, the proposed Hsp70-interacting surfaces of both
Tim14 molecules are surface exposed.

Discussion

We describe here a high-resolution structure of the complex
of Tim14 and Tim16, an essential part of the import motor of
the TIM23 translocase, which drives translocation of prepro-
teins into mitochondria. Our data reveal that the conserved
domain of Tim14, part of which is its J domain, and the J-like
domain of Tim16 form a stable 1:1 complex. In the complex,
both proteins have the typical fold of J domains.
Superposition of the polypeptide backbones reveals remark-
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Figure 4 The HPD loop of Tim14 is projecting into a groove formed by Tim16. (A) Stereo representation of Tim14 as ribbon model projecting
into a groove of Tim16 represented as surface model. The HPD containing loop connecting helices II and III is embedded into a groove made up
by residues of helices I and II of Tim16. (B) Network of hydrogen bonds between the HPD loop of Tim14 and helices I and II of Tim16 leads to a
constrained conformation of the HPD loop. (C) DKE loop in Tim16 (ribbon model) is similarly inserted into a Tim14 groove (surface model).
(D) The Tim14-Tim16 complex does not stimulate the ATPase activity of mtHsp70 in vitro, in contrast to Tim14 alone. The factor of stimulation
was determined by measuring the ATPase activity of mtHsp70 in the presence of either various amounts of Tim14-Tim16 complex or of Tim14
and relating it to intrinsic activity of mtHsp70. (E) The arm region of Tim14 is critical for the regulation of Tim14 by Tim16. Stimulation of
mtHsp70’s ATPase activity by wild-type Tim14 (WT) or its two mutant forms, Tim14A99-109 and Tim14F99F104G, was determined in the

absence (—) or presence (+) of Tim16. A typical experiment is shown.

ably high similarity between Tim14 and Tim16 but also with
the J domain of DnaJ. Tim16, however, lacks the signature
motif of J domains, the HPD tripeptide in the loop connecting
helices II and III, qualifying it ‘only’ as a J-like protein.
Furthermore, the surfaces of the two proteins are different.

©2006 European Molecular Biology Organization

As a typical J protein, Tim1l4 contains a highly positively
charged surface, which has been proposed to play a crucial
role in the interaction with the Hsp70 partners (Greene et al,
1998; Genevaux et al, 2002). In contrast, the corresponding
surface of Tim16 is mostly neutral or negatively charged. This
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offers an explanation why introducing simply an HPD motif
did not convert Tim16 into a functional J protein (Li et al,
2004). These characteristics are shared by all Tim14 and
Tim16 homologues (Figure 6). Furthermore, essentially all
residues involved in the heterodimer formation are strictly
conserved, suggesting that Tim16 binds its Tim14 partner in
the same manner in all organisms (Figure 6).

The high structural similarity between Tim14 and Tim16
suggests that the latter protein evolved from the functional J
protein. During evolution, Tim16 apparently lost the HPD
motif and therefore the ability to stimulate the ATPase activity

A WT+ WT+
HisTim14 WT Tim16His

T SBTSGBTS B
Timl4 S

—-—

_—-

Tim16

TiM4d e c— ———
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of Hsp70 chaperones. Instead, it acquired other functions.
Interestingly, analysis of the yeast genome revealed the
presence of two other J-like proteins (Walsh et al, 2004),
not homologous to Tim16. It will be interesting to see for
which functions they have specialized during evolution.

The Tim14-Tim16 heterodimeric complex comprises a
novel, pseudo-symmetrical arrangement of J folds. A network
of interactions is responsible for the tight packing of Tim14
and Tim16. First, an arm in Tim14, present in front of its J
domain, embraces Tim16. We showed that the arm is indis-
pensable for the activity of Tim14. Therefore, the J domain
alone is not sufficient for making a functional J protein of the
import motor. Second, helices I, II and III are tightly packed
together. Such tight packing results in constrained conforma-
tions of the loops between helices II and III of both subunits
predicting that, in this conformation, Tim14 cannot interact
properly with mtHsp70. Indeed, we found that Tim14 in the
complex with Tim16 is not able to stimulate the ATPase
activity of mtHsp70. This is also in agreement with previous
findings which demonstrated the stimulation of the ATPase
activity of mtHsp70 by purified Tim14 and inhibition of this
stimulation by addition of isolated Tim16 (Li et al, 2004;
Mokranjac et al, 2005). Apparently, correct positioning and
integration, in space and probably time, of the J domain is
required for its activity in the import motor clearly showing
that the regulation of the cochaperone activity of Tim14 is as
important as the activity itself. Also, the exchange of the J
domain of Tim14 by that of Mdjl, the J protein partner of
mtHsp70 in protein folding in the mitochondrial matrix, is not
tolerated (data not shown). This further illustrates the neces-
sity for a specific J protein for the stimulation of the ATPase
activity of mtHsp70 in the import motor. Interestingly,
exchanges of J domains between two J proteins frequently
result in nonfunctional chimeras (Hennessy et al, 2005).
Furthermore, the genome of Saccharomyces cerevisiae en-
codes 22 different J proteins and only 14 Hsp70 chaperones
(Walsh et al, 2004). A similar disproportion prevails in higher
eukaryotes. This clearly shows that it is the J protein which
determines the biochemical process for which Hsp70 is
needed and then, directly or indirectly, recruits the chaperone
to a specific site of action. The regulatory mechanisms as to
when and where Hsp70s are activated remain largely ob-
scure. It will be most interesting to see if other J-like proteins
are present in complexes with functional J proteins and
thereby have similar regulatory activities as Tim16.

Figure 5 The Tim14-Tim16 complex is organized as a tetramer.
(A) His-tagged versions of Tim14 or of Tim16 were expressed in
wild-type yeast cells. Mitochondria were isolated, solubilized with
digitonin and the detergent extracts were incubated with NiNTA-
agarose beads. Untransformed wild-type cells were used as a
control. Fractions were analyzed by SDS-PAGE and immunodecora-
tion using antibodies against Tim14, Tim16 and Tim44 as indicated.
Total (T) and supernatant (S) fractions represent 20% of the
material present in the bound fractions. (B) Ribbon model of type
I of Tim14-Tim16 heterodimer interactions observed in the crystal.
In this type of tetramer, the HPD motifs of both Tim14 are masked.
The enlargement of the contact area in the stereo representation
shows that the contact is made essentially by two pairs of amino-
acid residues in Tim14 and Tim16. (C) Ribbon model of type II of
Tim14-Tim16 heterodimer interactions in the crystal structure. The
contact is made by dimerization of the Tim16 subunits of two
heterodimers. The stereo representation highlights the network of
hydrogen bonds. In addition, a number of hydrophobic interactions
stabilize this contact.
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Figure 6 Evolutionary conservation of Tim14 and Tim16. Sequence alignment of Tim14 (A) and Tim16 (B) with their homologues. Identical
residues are shown as white letters on black background and similar residues are shaded in gray. The characteristic o helices of the J domain
fold are indicated below the alignments. The HPD motif is shown in yellow. Predicted transmembrane domain (TM) of Tim14 is underlined.
Red/blue pentagons—Tim14/Tim16 residues forming the hydrophobic cores of the J/J-like domains; Yellow circles—Tim14 residues which
form the positively charged surface for interaction with mtHsp70; green squares/diamonds—residues involved in polar/hydrophobic
interactions between Tim14 and Tim16. The parts of Tim14 and Tim16, which were crystallized, are boxed.

J domains were reported to change their conformation
upon binding to Hsp70s (Huang et al, 1999; Berjanskii et al,
2002; Landry, 2003; Hennessy et al, 2005). The NMR
structure of the J domain of DnaJ shows a high degree
of flexibility, particularly in the HPD loop (Szyperski et al,
1994). Fluctuations in the HPD loop of SV40 T large antigen
(Tag) are correlated with the reorientation of the positively
charged residues on helix II (Berjanskii et al, 2002). These
fluctuations are produced by a crankshaft motion of the two
consecutive glycine residues following the HPD motif.
Intriguingly, the HPD loops of yeast Tim14 and SV40 Tag
are identical in sequence, HPDKGG (in some Tim14 homo-
logues the lysine residue is replaced by an arginine). This
suggests that a similar rearrangement can occur in the HPD
loop of Tim14. Tim14 is an active cochaperone of mtHsp70
(D’Silva et al, 2003; Mokranjac et al, 2003; Truscott et al,
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2003) and therefore the flexible conformation of the HPD
loop of Tim14 is likely to be induced via a change in the
conformation of the Tim14-Tim16 complex. A major deter-
minant of the conformation of both proteins in the complex
likely resides in its oligomeric nature. Biochemical and
crystallographic data presented here favor the existence of
Tim14-Tim16 as tetramers or even higher oligomers. They
are also in agreement with previous results demonstrating the
ability of Tim16 to form homodimers (Kozany et al, 2004;
D’Silva et al, 2005). The tetramers are formed by interactions
between two Tim16 molecules of two heterodimers. Tim16-
Tim16 interactions occur through the surfaces, which corre-
spond to the ones in Tim14 which are involved in the
interaction with mtHsp70. The DKE motifs from two Tim16
molecules are fixed via asymmetric hydrogen bridges. At the
same time, these DKE motifs are part of the loops that interact
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with the binding grooves on Tim14. Interestingly, the DKE
loops of Tim16 contain two consecutive and invariant glycine
residues, which can undergo conformational changes as
described above for SV40 Tag. Notably, Phe99 of Tim14,
the first residue of the arm, is also part of the hydrophobic
network, which stabilizes the tetramers.

Based on previous mechanistic insights and the results
presented here, we put forward a working hypothesis for the
function of the J and J-like proteins in the import motor.
Tim44 recruits both mtHsp70 and the Tim14-Tim16 complex
to the protein conducting channel of the TIM23 translocase
(Schneider et al, 1994; Mokranjac et al, 2003; Kozany et al,
2004). When a precursor polypeptide appears at the outlet
of the channel, it is recognized by and loosely bound to
Tim44 (Schneider et al, 1994). We propose that as a result
of precursor binding, Tim44 undergoes a conformational
change which is sensed by the Tim16-Tim16 interface of
the tetramer. This will result in loosening of the Tim14 arm
and, as a consequence, to a change in the conformation of the
Tim14-Tim16 heterodimer. Tim14, in a more flexible con-
formation, is now able to stimulate the ATPase activity of
mtHsp70. MtHsp70 in the ADP form can then exert a strong
grip on the precursor allowing transfer of a segment of the
polypeptide into the mitochondrial matrix.

Elucidation of the exact steps of the mitochondrial import
motor will require extensive biochemical (Liu et al, 2003) and
genetic analyses combined with determination of intricate
crystal structures, such as the complex of Tim44 with
mtHsp70, Tim14 and Timl16, in different nucleotide states
of the chaperone and in the presence/absence of the unfolded
polypeptide chain.

Materials and methods

Yeast strains and plasmids

Wild-type yeast strain YPH499 was used (Sikorski and Hieter,
1989). Deletion strains of TIM14 and TIMI16 that carry the
corresponding wild-type genes on a URA plasmid were described
before (Mokranjac et al, 2005). Tim14 and Tim16 mutants were
cloned into the centromeric yeast plasmid pRS314 under the control
of their respective promoters and 3’UTRs, and subsequently
transformed into the respective deletion strains. Functionality of
mutant proteins was assessed on 5-fluoroorotic acid-containing
medium, which selects for cells which lost the URA plasmid
carrying the wild-type copy of the gene (Boeke et al, 1987). ATim14
mutant lacking amino-acid residues 99-109 was also transformed
into YPH499. Plasmids for expression of His-tagged versions of
Tim14 and Tim16 in yeast were described before (Mokranjac et al,
2005), with the difference that the respective 3’'UTRs were added
after the stop codon. They were transformed into YPH499.
Mitochondria were isolated from yeast cells grown at 30°C in the
synthetic medium lacking tryptophan and containing 0.1% glucose
and 2% lactate as carbon sources (Sambrook et al, 1989).

Expression and purification of the Tim14-Tim16 complex

The nucleotide sequence coding for an N-terminal TEV cleavage site
and amino-acid residues 99-168 of Tim14 was cloned into the
multiple cloning site 1 of pETDuet-1 (Novagen) between BamHI
and Pstl sites to produce Hisg-TEV-Tim14 (99-168). This plasmid
was digested with Ndel and Xhol to introduce a fragment encoding
Tim16 (54-119) into the multiple cloning site 2 of the same plasmid.
The resulting plasmid enabled expression of the Tim14 fragment
with a cleavable His-tag and the non-tagged Tim16 fragment from
two distinct T7 promoters. The E. coli strain BL21 (DE3) harboring
the plasmid was grown in LB medium supplemented with 100 pug/
ml ampicillin at 37°C to an ODggg~ 0.6. Expression of recombinant
proteins was induced with 1 mM isopropyl-f-p-thiogalactopyrano-
side for 3h at 37°C. The Tim14-Tim16 complex was purified on a
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NiNTA-agarose column (Qiagen) according to the manufacturer’s
instructions. After cleavage of the His-tag with TEV protease, the
Tim14-Tim16 complex was loaded onto a Superdex-75 gel filtration
column (GE Healthcare) equilibrated with 20 mM Tris-HCI, 300 mM
NaCl, pH 8.0. Protein containing fractions were concentrated using
a Microsep 3K Omega centrifugal device (Pall Life Sciences) and
used for crystallization.

Crystallization and structure determination
Crystals of Tim14-Tim16 were grown at 20°C within 4 days to a final
size of 200 x 200 x 200 um? by using the hanging drop vapor diffusion
method. The drops contained equal volumes of protein (400 mg/ml)
and reservoir solution (1.65M sodium citrate, pH 7.0). Before
exposure to X-rays, crystals were soaked in a solution of 1.65M
sodium citrate, pH 7.0, and 5% glycerol for 30s and subsequently
frozen in a stream of cold nitrogen gas at 95K (MSC-XStream).
Native data to 2.0A resolution were collected on the BW6
beamline at DESY, Hamburg using MarCCD detector (Table I). The
data were processed with DENZO and SCALEPACK (Otwinowski
and Minor, 1997). The space group of Tim14-Tim16 crystals was
P2,2,2, with unit cell dimensions of a=111.7A, b=114.8A,
c=162.2 A. The self-rotation function calculated using MOLREP
(Vagin and Teplyakov, 1997) indicated possible tetragonal pseudo-
symmetry of the native crystals. Indeed, after testing a variety of
Tim14-Tim16 crystals that were incubated with various heavy
metal atom solutions, it turned out that crystals treated with
K,0sClg for 6h changed the space group to P4;2,2 with unit cell
dimgnsions ofa=b=114.1A, c=163 A. SAD data were collecoted at
3.5 A resolution using absorption peak wavelength at 1.1402 A (see
Table I). Seven Os* ™ sites were localized using SHELXD (Schneider
and Sheldrick, 2002). Subsequent phasing with MLPHARE (The
CCP4 suite: programs for protein crystallography) and solvent
flattening with DM (Cowtan and Main, 1996) resulted in an
interpretable electron density map showing four Tim14 and four
Tim16 subunits in the asymmetric unit, which was modelled by
polyalanine. Next, we transferred the model to the orthorhombic
cell using MOLREP. After rigid body refinement and preliminary
positional refinement with REFMAC (Murshudov et al, 1997), 16
chains (eight Tim14 and eight Tim16 subunits) in the asymmetric
unit of the orthorhombic crystal form were re-traced and phases
extended to 2.0 A resolution using ARP-WARP (Perrakis et al, 1999).
The model has been completed using the interactive three-
dimensional graphics programs MAIN (Turk, 1992) and refined
with REFMACS. Temperature factors were refined with restraints
between bonded atoms and between noncrystallographic symme-
try-related atoms. The final model comprises fully defined Tim14,
whereas in Tim16 the two C-terminal amino acids are structurally
disordered. The data of Tim14-Tim16 have been deposited in the
RCSB Protein Data bank: PDB ID code 2GUZ.

ATPase assay

ATPase assays were performed according to Sichting et al (2005) and
Mokranjac et al (2005), using as the J protein either free Tim14 (as
MBP-Tim14) or the one bound to Timl6 (as the Tim14-Timl16
complex). In the inhibition experiments, wild-type or mutant forms of
Tim14 (as MBP fusion proteins) were preincubated with HissTim16
(25-149) for 5min at 25°C before the ATPase assay was performed.

Miscellaneous

Co-immunoprecipitation and NiNTA pull down assays were
previously described (Mokranjac et al, 2005). Protein concentration
was determined according to Bradford (1976) using bovine plasma
gamma globulin as a standard.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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