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Abstract
Many mitochondrial proteins are synthesized as preproteins carrying amino-terminal presequences
in the cytosol. The preproteins are imported by the translocase of the outer mitochondrial
membrane (TOM) and the presequence translocase of the inner membrane (TIM). Tim50 and
Tim23 transfer preproteins through the intermembrane space to the inner membrane. We report the
crystal structure of the intermembrane space domain of yeast Tim50 to 1.83 Å resolution. A
protruding β-hairpin of Tim50 is crucial for interaction with Tim23, providing a molecular basis
for the cooperation of Tim50 and Tim23 in preprotein translocation to the protein-conducting
channel of the mitochondrial inner membrane.

Keywords
mitochondrial inner membrane; preprotein; protein sorting; Saccharomyces cerevisiae; Tim23

Mitochondria play central functions in cellular bioenergetics, metabolism, ion homeostasis
and apoptosis.1-5 99% of the ~1,000 different mitochondrial proteins are synthesized in the
cytosol and imported into mitochondria.1,2,6-8 More than half of the mitochondrial
preproteins are synthesized with N-terminal presequences that form positively charged
amphipathic α-helices and target the preproteins to mitochondria. The preproteins are
imported by the general translocase of the outer membrane (TOM complex) and the
presequence translocase of the inner membrane (TIM23 complex).2,9-14 After passing

© 2011 Elsevier Ltd. All rights reserved.
*Corresponding authors. N. Pfanner, Institut für Biochemie und Molekularbiologie, ZBMZ, Universität Freiburg, Stefan-Meier-Str. 17,
79104 Freiburg, Germany. Tel: +49 761 203 5224; Fax: +49 761 203 5261; nikolaus.pfanner@biochemie.uni-freiburg.de. B. Sha,
Department of Cell Biology, University of Alabama at Birmingham, 1918 University Blvd., Birmingham, AL 35294-0005, USA. Tel:
+1 205 934 6446; Fax: +1 205 975 5648; bdsha@uab.edu. .
†These authors contributed equally to this work.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Accession code Atomic coordinates have been deposited in the Protein Data Bank under accession code 3QLE.
Supplementary material Supplementary material associated with this article can be found online at doi: xxx.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2012 August 19.

Published in final edited form as:
J Mol Biol. 2011 August 19; 411(3): 513–519. doi:10.1016/j.jmb.2011.06.020.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



through the TOM complex, the preproteins are received by Tim50, an essential component
of the TIM23 complex exposed to the intermembrane space (IMS).15-17 Tim50 interacts
with the N-terminal IMS-domain of Tim23 to transport preproteins to the transmembrane
channel formed by the C-terminal domain of Tim23.13,18-22 No structural information on
Tim50 has been reported and thus the molecular mechanism of Tim50 and its mode of
interaction with Tim23 are unknown.

In this study, we report the crystal structure of the IMS-domain of Tim50 that contains a
large groove as putative binding site for presequences and an exposed β-hairpin. We show
that the β-hairpin is crucial for the interaction of Tim50 with Tim23, suggesting a
cooperative function of these two essential TIM proteins in preprotein import.

Structure of the IMS-domain of Tim50
Tim50 consists of an N-terminal presequence, a transmembrane anchor and a large C-
terminal IMS-domain (residues 133-476 in Saccharomyces cerevisiae).15-17 We expressed
the C-terminal domain in E. coli and generated a trypsin-resistant fragment (residues
164-361). The crystal structure of the trypsin-resistant fragment was determined to 1.83 Å
resolution using the molecular replacement method (Table 1). The final model of Tim50IMS
contains residues 176-361, representing the conserved core of Tim50 (Fig. S1). Tim50IMS
forms a monomer in the crystal structure and consists of five α-helices (A1-A5) and nine β-
strands (B1-B9) (Fig. 1a). The core of the structure is constituted by a parallel β-sheet
formed by B1, B4, B5, B8 and B9 with B1 in the middle. A proline-rich region forms an
extended loop region at the N-terminus of the structure. Three α-helices A3, A4 and A5
constitute an anti-parallel bundle at the C-terminus of the structure. A β-hairpin protruding
out of the Tim50 molecular surface by ~15 Å is formed by B2 and B3 and the short loop
between B2 and B3 (Fig. 1a). The protruding β-hairpin represents the largest conserved area
on the Tim50 molecular surface (Fig. 1b). Close to the protruding β-hairpin, Tim50IMS
contains a large groove with a dimension of 15×10×5 Å (L×W×D) (Fig. 1b and c). The
bottom of the groove is formed by the loops between B1/B2, B4/A2, B5/B6 and B8/B9.

Interaction of Tim50 with Tim23 in organello
To map the region of Tim50 that interacts with Tim23, we established an in organello assay
by importing modified forms of Tim50 into mitochondria that carried a protein A-tag at
Tim23. It was shown that the N-terminal presequence and transmembrane domain of Tim50
are not essential for its function.21 However, the crystallized Tim50IMS also lacks 115 C-
terminal residues. To test if this C-terminal region of Tim50 was required for its biogenesis
or binding to Tim23, we synthesized and radiolabeled a C-terminally truncated Tim50.
Tim501-361 was efficiently imported into yeast mitochondria (Fig. S2a) and co-precipitated
by protein A-tagged Tim23 after lysis of the mitochondria with a non-ionic detergent (Fig.
S2b). Control proteins like Atp19 of the mitochondrial ATP synthase and Tim10 of the
carrier translocase were not co-precipitated. Thus, the C-terminal region of Tim50 (residues
362-476) is neither essential for biogenesis of Tim50 nor binding to Tim23. The exact
function of the C-terminal region of Tim50 is unknown; it may potentially contribute to the
interaction with preproteins or the cooperation of Tim50 with the TOM complex or further
TIM subunits.

Using a chemical crosslinking reagent, the only cysteine of yeast Tim50 (C268) was
reported to be in proximity to Tim23.23 C268 is located at the bottom of the large groove
and near the protruding β-hairpin (Fig. 1c). We performed a structure-based mutagenesis of
Tim50 residues located at the protruding β-hairpin or the groove. The resulting mutant forms
of Tim501-361 were efficiently imported into mitochondria (Fig. 2a, lanes 3-8), but differed
significantly in their interaction with Tim23, as analyzed by pull-down with tagged Tim23
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(Fig. 2a, lanes 11-16). Replacement of R214 and K217 of the β-hairpin strongly reduced the
ability of Tim50 to bind to Tim23. In contrast, replacement of the residues E199 and D200
did not impair the Tim50-Tim23 interaction, whereas replacement of D222, Y223 and E310
slightly enhanced the interaction (Fig. 2a and b). In the crystal structure, residues R214 and
K217 are located at the lateral surface of the protruding β-hairpin; E199, D200 and E310 are
located in the large groove; and residues D222 and Y223 are positioned at the side of the
Tim50 molecule below the β-hairpin (Fig. 1b and c; Fig. S3). In addition to the in organello
interaction studies, we also analyzed the interaction of recombinant Tim50164-361 with
Tim23IMS (residues 1-96; pI 4.12) by crosslinking. Replacement of R214 or K217 inhibited
the Tim50-Tim23 interaction in vitro (Fig. 2c) comparable to the findings in organello.
Taken together, these results indicate that the protruding β-hairpin of Tim50IMS, including
the positively charged residues 214 and 217, is critical for binding to the acidic IMS-domain
of Tim23.

Model for cooperation of Tim50 and Tim23 in protein import
The large groove in Tim50IMS contains several exposed negatively charged residues (Fig.
1c). We speculate that this groove is ideally suited as binding site for positively charged
presequences/preproteins (additionally, hydrophobic residues located around the rim of the
groove may contribute to an interaction with the hydrophobic surfaces of the amphipathic
presequences), though an involvement of the groove in the cooperation of Tim50 with the
TOM complex or further TIM subunits cannot be excluded. The crystal structure of
Tim50IMS was determined by molecular replacement using the phosphatase Scp1 that is
specific for the C-terminal domain of RNA polymerase II.24 Scp1 is the top structural
homologue of Tim50IMS (Z-score of 22.8), exhibiting similar protein folding with rms
derivation of 2.2 Å for the main chain atoms (Fig. 3) (the sequence identity between human
Scp1 and yeast Tim50IMS is 33.5% [calculated by ClustalW]). Interestingly, the crystal
structure of Scp1 was solved in complex with the C-terminal phosphorylated peptide of
RNA Polymerase II.24 The peptide forms a U-turn in a groove that corresponds to the
putative presequence-binding groove in Tim50IMS (Fig. 3). In Tim50IMS, the protruding β-
hairpin swings away from the groove, providing more space for the presequence-binding
groove to likely accommodate an α-helix formed by the presequence. The bottom of the
peptide-binding groove of Scp1 contains a DXDX(T/V) phosphatase motif24 that is not
present in Tim50 (and Tim50 does not show phosphatase activity).15 The bottom of the
putative presequence-binding groove of Tim50IMS is only weakly conserved (Fig. 1c),
which may reflect that Tim50 has to interact with a large variety of mitochondrial
presequences.

The close proximity between the putative preprotein-binding groove and the Tim23-
interacting β-hairpin of Tim50 can provide a molecular explanation for the observation that
binding of preproteins to Tim50 depends on the interaction of Tim50 with Tim23.21 Though
NMR spectroscopy analysis indicated that Tim23IMS is intrinsically disordered,25 recent
studies provided evidence that the Tim23 sites for preprotein binding and interaction with
Tim50 are in close proximity. Crosslinking studies mapped a region of Tim23 including
residues 70 and 71 interacting with Tim50.20,22 NMR spectroscopy suggested that a Tim23
region from residues 71–84 is involved in presequence binding.25 We propose that for
Tim50 as well as Tim23, the site of preprotein recognition is in close proximity to the
Tim50-Tim23 interaction site, leading to a working model that the receptor module of the
presequence translocase is formed by a composite presequence binding pocket that involves
both Tim50 and Tim23.

In summary, our structural and functional analysis of Tim50 revealed that the protruding β-
hairpin is important for recruiting Tim23, supporting the hypothesis that Tim50 and Tim23
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function cooperatively to direct preproteins to the transmembrane channel formed by the C-
terminal domain of Tim23.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The Tim50 IMS-domain structure. (a) Ribbons drawing of the Tim50IMS monomer structure
in side-by-side stereo mode. α-helices (A1 to A5) and β-strands (B1 to B9) are shown in
light blue and green, respectively. Turns are shown in dark blue. (b) Sequence conservation
drawing of the Tim50IMS molecular surface. The Tim50 sequences from ten species (S.
cerevisiae, C. elegans, H. sapiens, D. melanogaster, N. crassa, D. rerio, M. musculus, B.
taurus, P. pastoris and D. hansenii) were put into the ClustalW program for sequence
alignment. The aligned sequences in multiple sequence alignment formats were converted
into a property file by use of the program ProtSkin
(http://www.mcgnmr.mcgill.ca/ProtSkin/). The property file was then visualized by using
the program PyMol (http://www.pymol.org). Red color denotes conserved regions. The
orientation is similar to that in A. (c) Tim50IMS of b is rotated along the horizontal axis by
90° and the protruding β-hairpin is facing the reader.
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Fig. 2.
Interaction of mutant forms of Tim50 with Tim23. (a) Radiolabeled Tim501-361 and mutant
forms were imported into yeast mitochondria carrying protein A-tagged Tim23 or into wild-
type (WT) mitochondria. After lysis with digitonin and affinity-purification, mature-sized
(m) Tim501-361 was analyzed by SDS-PAGE and autoradiography (see Supplementary
Material). Control proteins, Tim17 and Atp4, were detected by Western blotting. Load,
10%; elution, 100%. (b) Quantification of co-purification of wild-type (WT) and mutant
Tim501-361 forms with Tim23, normalized to input/load. The yield of co-purification of
imported WT Tim501-361 was set to 100%. Shown are averages ± SEM (n=4) (range with
n=2 for the R214A K217N double mutant form). (c) In vitro crosslinking of purified
Tim50164-361 forms and Tim231-96. Crosslinking reactions with glutaraldehyde were carried
out at room temperature for 20 min. 10 μM Tim231-96 were incubated with equimolar
amounts of Tim50164-361 or mutant forms in 20 mM HEPES, 0.1 M NaCl, pH 8 buffer.
0.005% glutaraldehyde was added. The crosslinking reaction was quenched by adding SDS-
PAGE sample buffer, and products were analyzed by 12% SDS polyacrylamide gel
electrophoresis.
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Fig. 3.
Superimposition of Tim50IMS (green) and Scp1 structures (blue). The orientation of Tim50
is similar to that in Fig. 1a. The bound peptide substrate of Scp1 is shown in red.
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Table 1

Data collection and refinement statistics for Tim50IMS structure

Tim50IMS

Data collection

Space group P6122

Cell dimensions

a, c (Å) 84.109, 116.549

Wavelength (Å) 1.000

Resolution (Å) 1.83

Rsym 0.0613 (0.266)

I / sigmaI 42.1 (5.2)

Completeness (%) 98.8 (91.9)

Redundancy 8.2 (7.1)

Refinement

No. reflections 20436

Rfactor / Rfree 0.193/0.224

No. atoms (Non-
water)

1532

No. waters 132

R.m.s deviations

Bond lengths (Å) 0.015

Bond angles (°) 1.578

The coding region of S. cerevisiae Tim50 (residues 132-476) was cloned into the vector pET28b for expression in E. coli. A trypsin-resistant
fragment (residues 164-361), termed Tim50IMS, was identified by using limited proteolysis. The coding region of Tim50IMS was cloned into the

vector pET28b for expression in E. coli. Tim50IMS was concentrated to 20 mg ml−1 in 10 mM Tris buffer (pH 7.5), 150 mM NaCl and subjected
to crystallization trials. Large rod-shaped crystals (0.5 × 0.2 × 0.2 mm) were obtained by the hanging-drop vapor-diffusion method using Linbro
plates at room temperature. The well solution consisted of 1 ml 100 mM MES buffer (pH 6.0), 30% (w/v) PEG4K, 100 mM calcium acetate and
200 mM ammonium acetate. The native Tim50 crystals diffracted X-ray to 1.83 Å in the beamline SER-CAT at APS. The crystals were flash
frozen at 100 K in a Nitrogen gas stream in the cryoprotectant consisting of 100 mM MES buffer (pH 6.0), 30% (w/v) PEG4K, 200 mM
ammonium acetate and 20% (v/v) ethylene glycol. The atomic coordinates of Scp1 (PDB code: 2GHQ) were used to search for molecular

replacement solutions for the crystals of Tim50 by the program PHASER.26 The initial model was built by use of WARP/ARP,27 followed by

manual model building using COOT.28 Residues 176-361 of Tim50 were modeled into the resultant electron density map. The subsequent

structure refinement was performed by using the program CNS and Refmac5 against the native data set of 1.83 Å resolution.26,29 After each cycle
of refinement, the model was manually rebuilt based on the resultant 2Fo-Fc and Fo-Fc maps. The Tim50 structure was refined with an Rfactor of
19.3% and Rfree of 22.4%. The refinement gave reasonable rms derivations from the ideal geometry at this resolution. A Ramachandran plot of the

final model by use of the program Probity (http://kinemage.biochem.duke.edu) revealed that 98.3% of the residues were in favored regions.30 The
final model contains Tim50IMS, two calcium atoms, one acetate molecule and one penta-ethylene glycol (PEG400) molecule. Highest-resolution
shell is shown in parentheses in the table.
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