The Journal of
Biological Chemistry

AFFINITY SITES A vl
ASBMB

RETT] v \
e, Q‘ American Soclety for Blochemisiry and Molecular Biokogy
- et L

Molecular Biophysics: MOLECULAR
Interaction of the Intermembrane Space BIOPHYSICS
Domain of Tim23 Protein with S ——
Mitochondrial Membranes AND FOLDING

Rakhi Bgjgj, Francesca Munari, Stefan Becker

and Markus Zweckstetter

J. Biol. Chem. 2014, 289:34620-34626.

doi: 10.1074/jbc.M114.595702 originally published online October 27, 2014

Access the most updated version of this article at doi: 10.1074/jbc.M114.595702

Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 33 references, 9 of which can be accessed free at
http://www.jbc.org/content/289/50/34620.full. html#ref-list-1

STOZ ‘2 Atenuer uo usbuneo 8TOLE TS 1d'[d1d UyeH oNO9ILBYD aydsiex sAydoig isu| doueld Xe W 1 /B10-0g [ mmmy/:dny wouy pspeojumod


http://affinity.jbc.org/
http://molbio.jbc.org
http://proteinsf.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M114.595702
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;289/50/34620&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/50/34620
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=289/50/34620&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/289/50/34620
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/289/50/34620.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 50, pp. 3462034626, December 12, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Interaction of the Intermembrane Space Domain of Tim23
Protein with Mitochondrial Membranes®

Received for publication, July 10,2014, and in revised form, October 20, 2014 Published, JBC Papers in Press, October 27,2014, DOI 10.1074/jbcM114.595702

Rakhi Bajaj*', Francesca Munari*®', Stefan Becker®, and Markus Zweckstetter

+592

From the *Department of NMR-based Structural Biology, Max Planck Institute for Biophysical Chemistry and the SGerman Center
for Neurodegenerative Diseases (DZNE), 37077 Géttingen and the YCenter for Nanoscale Microscopy and Molecular Physiology of
the Brain (CNMPB), University Medicine Géttingen, 37073 Géttingen, Germany

Background: Tim23 mediates protein translocation into mitochondria.
Results: Tim23 binds to mitochondria-like membranes through a hydrophobic anchor at its N terminus, with cardiolipin

enhancing the interaction.

Conclusion: The intermembrane space domain of Tim23 can interact with both inner and outer mitochondria-like membranes.
Significance: Tim23 provides the central element for formation of the translocation contact.

Tim23 mediates protein translocation into mitochondria.
Although inserted into the inner membrane, the dynamic asso-
ciation of its intermembrane space (IMS) domain with the outer
membrane promotes protein import. However, little is known
about the molecular basis of this interaction. Here, we demon-
strate that the IMS domain of Tim23 tightly associates with both
inner and outer mitochondrial membrane-like membranes
through a hydrophobic anchor at its N terminus. The structure
of membrane-bound Tim23™S is highly dynamic, allowing rec-
ognition of both the incoming presequence and other translo-
case components at the translocation contact. Cardiolipin
enhances Tim23 membrane attachment, suggesting that cardi-
olipin can influence preprotein import.

The majority of mitochondrial proteins are synthesized in
the cytosol and then imported and sorted into specific mito-
chondrial compartments. Protein import is governed by the
coordinated interplay of highly dynamic hetero-oligomeric
molecular machines: the translocases of the outer (TOM) and
inner (TIM) mitochondrial membranes (1-5). Whereas the
TOM40 complex works as a general mitochondrial entry gate,
the inner membrane translocase TIM23 regulates the delivery
of proteins, equipped with the proper presequence signal, into
the mitochondrial matrix and the inner mitochondrial mem-
brane (IMM)? (6 -9). During protein translocation across the
mitochondrial membranes, TIM23 and TOM complexes tran-
siently associate in supramolecular complexes at translocation
contact sites (10-12).
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The presequence translocase TIM23 is a very plastic assem-
bly in which many subunits dynamically interact to favor pre-
protein import (8, 13, 14). The TIM23 core components are
Tim17, Tim50, and Tim23, with Tim23 playing a crucial role in
translocase activity (5). The Tim23 C-terminal domain (resi-
dues 97-222) anchors the protein within the IMM and forms
the protein-conducting pore across the membrane, whereas the
N-terminal domain (Tim23™S, residues 1-96) is located in the
intermembrane space (IMS) and works as a presequence recep-
tor (15-18). The first 50 residues of Tim23 were shown to be
required for yeast growth at 37 °C (15). In addition, removal of
this region resulted in mitochondrial morphological aberra-
tions (15), although it did not significantly affect protein import
(10).

How could Tim23 contribute to the formation of transloca-
tion contact sites? One potential mechanism might be that
Tim23 engages in a two-membrane topology whereby
Tim23™S crosses the outer mitochondrial membrane (OMM),
with the first 20 residues being exposed on the outer surface,
and thereby tethers the OMM to the IMM (15). Such an asso-
ciation of Tim23 with the OMM was shown to be highly
dynamic and reversible (19) and to be regulated by the interac-
tion with Tim50 and dependent on TIM23 translocation activ-
ity (13, 14). Despite the importance of the translocation con-
tact, however, little is known about the molecular details that
regulate the interaction of Tim23™S$ with membranes. Here,
we provide atomic resolution insights into the mechanisms
underlying the membrane interaction of Tim23™?%. Our study
reveals that a hydrophobic cluster at the N terminus of Tim23
works as a molecular hook to dynamically anchor Tim23 to
membranes and thus enables Tim23 to contribute to the estab-
lishment of translocation contact sites.

EXPERIMENTAL PROCEDURES

Protein Preparation—The IMS domain of Saccharomyces
cerevisiae Tim23 (residues 1-96, Tim23™%) was expressed in
Escherichia coli and purified as described previously (16). Due
to cloning and tobacco etch virus nuclear inclusion a endopep-
tidase cleavage, two residues (Gly-Ser) were present at the N
terminus (see Fig. 14). '°N-Labeled samples were obtained by
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protein expression in M9 minimal medium with '*°NH,Cl as the
unique source of nitrogen. Tim23(1-13), Tim23(1-24),
Tim23(1-24)W3S/L4S/F5S, and the 22-residue presequence
peptide from retinal aldehyde dehydrogenase (rALDH) were
obtained by standard Fmoc (N-(9-fluorenyl)methoxycarbonyl)
solid-phase synthesis using an ABI 433A synthesizer (Applied
Biosystems) and purified by reversed-phase HPLC.

1,2-Dihexanoyl-sn-glycero-3-phosphocholine (DHPC), 1,2-
dioleoyl-sun-glycero-3-phosphocholine (DOPC), DOPE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine), 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), phosphatidylinositol
(1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol  3'-phos-
phate), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol
4',5'-bisphosphate)), and cardiolipin (heart, bovine) were pur-
chased in lyophilized form from Avanti Polar Lipids. Lipid
compositions corresponding to the OMM (48:28:10:10:4
DOPC/DOPE/DOPS/phosphatidylinositol/cardiolipin) and IMM
(38:24:4:16:18 DOPC/DOPE/DOPS/phosphatidylinositol/car-
diolipin) were dissolved in chloroform, mixed, and dried under
N, gas for 30 min to form a film. The semidried mixture of
phospholipids was additionally lyophilized for 12 h to remove
traces of organic solvent. NMR buffer was added to the dried
phospholipid film and vortexed to homogeneously suspend the
phospholipids. The resuspended phospholipid mixture was
sonicated in a precooled water bath at 4 °C for 2 h with 5-min
pulses alternating with 15-min delays to prepare the liposome
stock. The liposome stock solution contained either 10 or 25
mg of total lipid. The stock solutions were diluted in NMR
buffer prior to NMR measurements. Total lipid concentrations
were estimated assuming that all lipids were rehydrated when
forming liposomes.

Transmission Electron Microscopy—Samples were deposited
on glow-discharged carbon-coated grids and stained with 1%
uranyl acetate. EM pictures were taken with a Philips CM120
transmission electron microscope using a TemCam-224A slow
scan CCD camera (TVIPS GmbH, Gauting, Germany).

Circular Dichroism—CD measurements were carried out
with 0.01 mm Tim23™ and OMM:-like liposomes at 0.15 mm
total lipid concentration in 50 mMm sodium phosphate buffer
(pH 7.0). CD spectra were recorded at room temperature on a
Chirascan spectrometer (Applied Photophysics) using a 2-mm
path length cuvette. Five repeats of each spectrum were
obtained for the wavelength range of 190 -260 nm.

Fluorescence Spectroscopy—Fluorescence emission spectra
were recorded in the 285-395 nm range, using 280 nm as the
excitation wavelength with a slit of 5 nm, on a Cary Eclipse
fluorescence spectrophotometer (Varian). Measurements were
done at 298 K in 20 mm Hepes (pH 7.2) and 50 mm NaCl.

NMR Spectroscopy—NMR spectra were recorded at 288 K on
600- and 700-MHz Bruker BioSpin spectrometers. For NMR
studies, samples were prepared in 20 mm Hepes (pH 7.2), 50 mm
NacCl, and 10% D,O.

NMR data were processed using NMRPipe (20) and analyzed
with Sparky (T.D. Goddard and D. G. Kneller, University of
California, San Francisco). Tim23™5 backbone assignment was
obtained as described previously (16). For titration analysis, the
normalized average chemical shift perturbation (A;y,) was cal-
culated as A, = (((8/5)* + (8,1)%)/2)""%. Secondary chemical
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FIGURE 1. Tim23'"™S and mitochondria-like membranes. A, amino acid
sequence of Tim23"™* (residues 1-96). Two additional residues (Gly-Ser) are
present due to His tag removal by tobacco etch virus nuclear inclusion a
endopeptidase cleavage. The two membrane-binding regions are high-
lighted in red. B, electron micrograph of liposomes mimicking the phospho-
lipid composition of the OMM. C, superposition of 'H-">N heteronuclear sin-
gle quantum coherence (HSQC) spectra of 0.05 mm Tim23™® without (black)
and with (red) the addition of a 3-fold molar excess of total lipids in OMM:-like
liposomes. Selected resonance assignments are indicated.

shift values were calculated as the differences between mea-
sured Ca chemical shifts and amino acid-specific random-coil
values, which were taken from Refs. 21 and 22.

Steady-state 'H-'°N hetero-NOE (HetNOE) experiments
were measured using a recycle delay of 5 s. NOE values were
calculated by the ratio of the peak intensities between saturated
and reference spectra.

RESULTS

Tim23™% Associates with Both IMM- and OMM-like Lipo-
somes—To obtain insight into the interaction of Tim23"™? with
mitochondrial membranes, we used NMR spectroscopy. NMR
is uniquely suited to study protein-membrane interactions, as it
can provide structural information at high resolution even for
dynamic protein-membrane systems. To this end, a variety of
liposomes that mimic both the IMM and OMM were prepared.
First, we studied the association of Tim23"™ with liposomes
prepared with a lipid composition mimicking the OMM (Fig.
1B). At increasing concentrations of OMM-like liposomes,
NMR signals belonging to residues 1-12 and 29-46 of
Tim23™ were strongly attenuated (Figs. 1C and 24). The res-
idue-specific perturbation of the NMR signals demonstrates
that the two regions directly bound to the membrane. More-
over, the finding that residues 1-12 were most strongly per-
turbed suggests that the very N terminus of Tim23™* has the
highest affinity for OMM-like liposomes and works as the
prime interaction site. In contrast, NMR signals of residues
18-25 and 61-96 were not affected, suggesting that these
regions remain highly flexible when Tim23™% is bound to
OMM-like membrane.

To address whether Tim23™* exclusively interacts with the
OMM or can also associate with the IMM, where the C-termi-
nal domain of Tim23 is located, we analyzed the binding of
Tim23™S to liposomes mimicking the lipid composition of the
IMM. At a total lipid/protein molar ratio of 0.5, NMR reso-
nances of residues 1-12 and 29—-46 were already broadened
beyond detection (Fig. 2B), suggesting that these residues were
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FIGURE 2. Tim23'™S binds to both IMM- and OMM-like liposomes. A, NMR signal intensity changes in Tim23™® upon addition of OMM:-like liposomes as a
function of residue number, with 0.5-fold (green), 1.5-fold (blue), and 3-fold (red) molar excesses of total lipids. The intensity ratio (//1,) is calculated from the data
height (/) of a resonance in the "H-">N HSQC spectrum of Tim23'™* at a defined molar excess of lipids and the data height (/,) of the same resonance in the
spectrum of free Tim23', /I, values of prolines and overlapping residues were set to zero. B, NMR signal intensity changes in Tim23™* upon addition of a
0.5-fold molar excess of total lipids in IMM-like liposomes. The dashed line indicates the estimated noise level in NMR spectra. C, "H-">N signal intensity
attenuation profiles of Tim23'™> in the presence of OMM:-like (red) and IMM-like (green) liposomes without cardiolipin at an equimolar total lipid/protein
concentration. The Tim23™* concentration in A-Cwas 0.05 mm. D, far-UV CD spectrum of 0.01 mm Tim23™° bound to OMM-like liposomes at 0.15 mm total lipid
concentration. deg, degrees. E, normalized signal changes in Tim23(1-24) upon addition of increasing amounts of IMM-like liposomes. Relative intensity values
are plotted versus the total lipid/protein molar ratio. Titrations were carried out with wild-type Tim23(1-24) (black) and the triple mutant Tim23(1-
24)W3S,L4S,F5S (red). The initial peptide concentration was 0.1 mm. Note that intensity values in the presence (/) or absence (/,) of liposomes were determined

by overall integration of 'H spectra between 10.5 and 6.5 ppm, thus including residues both involved and not involved in binding.

fully bound to the membrane. Residues of neighboring regions
were partially broadened, possibly as a result of weak electro-
static interactions between the negatively charged cardiolipin
and positively charged residues in Tim23™° (His*?, Arg®’,
His®?, and Lys®®).

Cardiolipin Enhances the Membrane Association of the N
Terminus of Tim23—The IMM is particularly rich in cardioli-
pin, which has been shown to be crucial for mitochondrial mor-
phology and the functional reconstitution of proteins into the
IMM (23-25). At comparable total lipid/protein ratios, binding
to IMM-like liposomes was more effective than to those mim-
icking the OMM (Fig. 2, A and B). We therefore tested the role
of cardiolipin in Tim23"™5-IMM binding. To this end, we pre-
pared liposomes lacking cardiolipin. Compared with IMM-like
liposomes containing cardiolipin, the new IMM membrane sys-
tems showed lower affinity for Tim23™? (Fig. 2, B and Fig. C).
The data demonstrate that Tim23™* can bind to both OMM-
and IMM-like membranes. The membrane interaction is medi-
ated by two distinct regions located within the N-terminal 50
residues: residues 1-12 and 29 —46. Cardiolipin further tight-
ens the membrane association of Tim23"™? by expanding the
lipid-binding region outside these two major interaction sites.

Membrane-bound Tim23™ Has a Highly Dynamic Structure—
The membrane association/dissociation process of Tim23™% is
slow on the NMR time scale. Protein signals from the slowly
tumbling complex are broadened beyond detection, and direct
detection of membrane-bound Tim23™* is not possible. To
overcome this obstacle and obtain information on the mem-
brane-bound structure of Tim23™?, we used DHPC micelles, a
membrane-mimicking system that has been proven to be highly
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useful for membrane proteins (26). In agreement with a specific
interaction of Tim23"™* with DHPC micelles, no changes in the
NMR signals of Tim23™? were observed when the detergent
was below its critical micelle concentration (~16 mm). Above
the critical micelle concentration, increasing amounts of DHPC
most strongly perturbed residues 1-7, followed by residues
33-46 (Fig. 3, A and B). Thus, Tim23™?® contacts DHPC
micelles through the same regions that mediate its binding to
OMM- and IMM-like liposomes, supporting the choice of
DHPC to mimic the membrane-bound conformation of
Tim23™°,

Next, we analyzed the structure and dynamics of micelle-
bound Tim23™?®. To this end, we determined secondary Ca
chemical shifts, a highly sensitive probe for protein backbone
geometry. Secondary Ca chemical shifts were, with the excep-
tion of Ser?, smaller than 0.5 ppm (Fig. 3C), demonstrating that
DHPC-bound Tim23™* lacks rigid helical or 8-strand second-
ary structure. The dynamic nature of micelle-bound Tim23™*
was further supported by analysis of '"H-">N HetNOE, which
reports on pico-to-nanosecond backbone dynamics. For resi-
dues 2— 6, HetNOE values increased from below 0.1 in the free
form to values approaching 0.4 when bound to DHPC micelles
(Fig. 3D). The data show that the N-terminal region of
Tim23™S$, which forms the primary interaction site, was rigid-
ified upon binding to DHPC micelles. HetNOE values down-
stream of residues 2— 6 were very similar in the free and DHPC-
bound forms, indicating that most of the Tim23™* sequence
remains highly flexible. The dynamic nature of membrane-
bound Tim23™?* was further supported by CD. CD spectra of
liposome-bound Tim23"™? had a shape that is typical of ran-

SASBMB

VOLUME 289-NUMBER 50-DECEMBER 12,2014

GTOZ ‘2 Aenuer uo usBuNBOD 8TO/E TH8Z Id‘ 119 UUeH ono'siweyd ayosi ey sAydoig isul Youeld Xe A T /610°0q 'mmmy/:dny wol) pepeojumoq


http://www.jbc.org/

Interaction of Tim23 with Mitochondrial Membranes

A Z Bos E .
d .
1184 F5© 0.4 g
—_ o 5
g ..Q;wa € = 8
0.3 6]
ST £ > 05
1 g - o ©
2 & =g 3 2 2.05
» ° R4 Q=
p & 0.1 3
i »-15
126 - .
=0 m | oLl ol ol
8.2 7.8 7.4 10 30 50 70 90 10 30 50
"H (ppm) residue number residue number
D E
250 1
200
=
1Nlo 31901
% 100 4
[ =4
<o
c
£ 5
0 L T T T T T T T T T T T
10 30 50 70 90 200 310 330 350 370 3%

residue number wavelength (nm)

FIGURE 3. Interaction of Tim23'"S with DHPC micelles. A, superposition of "H-">N HSQC spectra of 0.05 mm Tim23™® without DHPC (black) and with 8 mm
(vellow), 16 mm (purple), 24 mm (green), and 32 mm (red) DHPC. Progressive changes in the resonance positions of Leu* and Phe® are marked. B, average chemical
shift perturbation (CSP) of Tim23™ resonances upon addition of 32 mm DHPC. C, secondary Ca chemical shifts of Tim23'™® in the presence of DHPC micelles
(50 mm DHPC). For clarity, only the first 50 residues of Tim23'™* are shown. D, 'H-">N HetNOE analysis of Tim23™>.1_, /I,.c = I/l, values in Tim23'™* in the presence
(50 mm; red) and absence (gray) of DHPC. Error bars were calculated on the basis of the signal/noise ratio. E, fluorescence emission spectra of 0.02 mm
Tim23(1-13) in the free state (blue) and in the presence of 100 mm DHPC (red). a.u., arbitrary units.
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FIGURE 4. Tim23'V* recognizes presequences in the presence of membranes. A, intensity changes in "H-">N resonances of Tim23'* in the presence of
IMM:-like liposomes at a 0.5:1 total lipid/protein molar ratio without (black bars) or with 1-fold (red circles), 2-fold (cyan triangles), 4-fold (purple crosses), and
8-fold (blue circles) molar excesses of rALDH presequence peptide. B, "H-">N chemical shift perturbation (CSP) in Tim23'"™2 in the presence of IMM-like liposomes
ata 0.5:1 total lipid/protein molar ratio without (black squares) or with 1-fold (red squares), 2-fold (cyan triangles), 4-fold (purple crosses), and 8-fold (blue circles)
molar excesses of rALDH presequence peptide. C, superposition of the Leu”” region from "H-">N HSQC spectra of Tim23'"™> in the presence (right) or absence
(left) of IMM-like liposomes at a 0.5:1 total lipid/protein molar ratio and of increasing concentrations of rALDH presequence. Molar ratios of Tim23™* to

presequence are 1:0 (orange), 1:1 (red), 1:2 (cyan), 1:4 (purple), and 1:8 (blue). The Tim23'"™* concentration was 0.125 mm.

dom-coil structure (Fig. 2D), indicating that liposome-bound
Tim23™" does not fold into a helical or 8-strand conformation.

Tim23™5 Recognizes Presequences in the Presence of Mem-
branes—The primary membrane-binding site of Tim23™* con-
tains the hydrophobic residues Trp?, Leu*, and Phe”. To test if
the side chains of these residues anchor Tim23"™? to the mem-
brane, we designed a 13-residue peptide, Tim23(1-13), which
comprises the primary Tim23™® membrane-binding region.
The DHPC interaction of Tim23(1-13) was probed using fluo-
rescence spectroscopy. Upon binding of Tim23(1-13) to
DHPC micelles, the fluorescence emission spectrum strongly
changed. The emission maximum shifted from 358 to 350 nm,
and the intensity increased (Fig. 3E). These changes indicate
that the solvent exposure experienced by Trp® was changed and
that Trp® was buried within the hydrophobic core of the
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micelle. Thus, fluorescence provided direct experimental evi-
dence for the insertion of the side chain of Trp® into a hydro-
phobic environment. The crucial role of Trp*-Leu*-Phe® in
binding to mitochondrial membranes was supported by muta-
tional analysis. Mutation of Trp®-Leu*-Phe® to Ser>-Ser*-Ser®
abolished the ability of Tim23(1-24) to bind to IMM-like lipo-
somes (Fig. 2E). Thus, the hydrophobic cluster formed by Trp?-
Leu*-Phe® acts as a molecular hook mediating the membrane
attachment of Tim23"™5,

We then asked if Tim23"™ keeps its fundamental ability to
work as a presequence receptor when bound to mitochondrial
membranes. To this end, we titrated Tim23™° bound to IMM-
like liposomes (Fig. 4, A—C) with increasing concentrations of
the presequence from rALDH. Analysis of Tim23™* signal
intensities (Fig. 44, black bars) showed that before addition of
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FIGURE 5. Model of dynamic membrane interactions of Tim23. A, scheme of binding motifs used by Tim23™® for contacting multiple partners within
the IMS: OMM and IMM (membrane-binding region (MBR)), Tim21™*, Tim50™2, Tom22™%, and presequences. B, model of alternative and dynamic binding of Tim23'™>
to the OMM and IMM. The membrane- and presequence-binding regions are also involved in Tim23™® binding to Tim50™ (33).

presequence, Tim23"™5 was in the membrane-bound state.
Addition of presequence increased signal intensities in the sec-
ond membrane-binding region, suggesting that its interaction
with the membrane was attenuated. At the same molar ratio,
however, no changes in signal intensity were observed for resi-
dues 1-12, demonstrating that the N-terminal hook remained
bound to the membrane, whereas chemical shift changes were
already present in the presequence-binding site (residues
71-84) (Fig. 4, B and C). The direction and magnitude of the

34624 JOURNAL OF BIOLOGICAL CHEMISTRY

chemical shift changes in the presequence-binding site were
similar to those observed in the absence of liposomes (Fig. 4C).
Residues 1-12 gained signal intensity only at higher prese-
quence concentrations, suggesting that the N terminus of
Tim23"™° was partially released from the membrane. The
observed membrane release might arise from competition
between Tim23'™® membrane-binding regions and the prese-
quence peptide to bind to liposomes, consistent with the ability
of several mitochondrial presequence peptides to interact with
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membranes (27-29). Taken together, the data suggest that
membrane-bound Tim23™% can recognize presequences.

DISCUSSION

Transfer of presequence-carrying proteins into mitochon-
dria requires the coordinated action of the TOM and TIM23
translocases (8, 9, 30). Tim23 is a key subunit of the TIM23
complex. It is inserted via its C-terminal domain into the IMM
and can contact the OMM through the IMS domain (15). By
contacting both mitochondrial membranes, Tim23 can pro-
mote preprotein import. However, little is known about the
molecular basis of the dynamic association of the IMS domain
of Tim23 with mitochondrial membranes. Our study demon-
strated that together with residues 29 —46 of Tim23, residues
1-7 directly bind to the membrane (Figs. 2 and 5A). The length
of each of the two binding regions is not sufficient to transverse
the lipid bilayer, in agreement with sequence analysis, which
did not predict a helical transmembrane segment (15).
Tim23™5-membrane binding is enabled through a hydropho-
bic hook that is formed by the N-terminal residues Trp*-Leu*-
Phe®, with the side chain of Trp? inserted into the hydrophobic
environment of the lipid bilayer (Figs. 2 and 3). Trp>-Leu®-Phe®
are conserved across many members of the fungus kingdom.

We further showed that the N terminus of Tim23 not only
anchors to OMM-like membranes, but also has a pronounced
affinity for IMM-like environments (Fig. 2). This suggests that
the N-terminal domain of Tim23 might contact dynamically
both the IMM and OMM (Fig. 5B), in agreement with its high
conformational flexibility (16). Cardiolipin, which is abundant
in the IMM and is enriched at translocation contact sites (31),
strongly promoted the membrane interaction of Tim23'™$
through an enhanced interaction of residues 29 —46 with car-
diolipin-containing membranes. In the absence of other pro-
tein interactions from TIM or TOM proteins, IMM binding
might therefore dominate over OMM binding. In this way, car-
diolipin might influence preprotein import. Moreover, as
TIM23-mediated protein import requires a membrane poten-
tial (5) and cardiolipin has been suggested to function as a pro-
ton trap (32), the presence of a membrane potential and pro-
ton-bound cardiolipin might further modulate membrane
binding of Tim23™%,

A detailed analysis of the change in NMR signal position and
intensity with increasing concentrations of the presequence
from rALDH (Fig. 4) showed that Tim23™ is able to bind to a
presequence in the presence of membranes and therefore rec-
ognize the incoming protein. In addition, as large parts of mem-
brane-bound Tim23'™* remain highly flexible, it is likely that
the flexible residues, which are not membrane-bound, are able
to interact with other components of the TOM/TIM transloca-
tion machinery. Consistent with this hypothesis, in vivo exper-
iments showed that Tom22 can be cross-linked to residue 41 of
Tim23 (14).

The TIM23 complex is a highly complex system that is con-
stantly remodeled in vivo and involves multiple components.
Supporting a complex interaction network, we have recently
shown that Tim23"™?% contains multiple sites to efficiently
interact with the IMS domains of Tim21, Tim50, and Tom22
(33). Both membrane-binding regions identified in the present

SASBMB

DECEMBER 12,2014 +VOLUME 289+NUMBER 50

Interaction of Tim23 with Mitochondrial Membranes

study overlap with sites that bind to Tim50"™5, whereas only

the N-terminal membrane-binding region is involved in bind-
ing to Tim21"™% (Fig. 5A). This suggests that binding of the N
terminus of Tim23™?9 to membranes can influence binding of
Tim23™5 to Tim50™9 (and vice versa), as well as to Tim21'™5,
The combined data also indicate that the Tim23"™® binding site
for Tom22 (residues 53—61) (33) remains accessible when the
N terminus of Tim23 is bound to membranes. Thus, Tim23™$
might contribute to the translocation contact site both by bind-
ing to Tom22™* and by directly associating with the OMM
(Fig. 5B). Notably, the binding site in Tim23"™? for presequence
is distinct from the membrane-binding region and from the
binding site of Tom22, whereas the Tom22-binding site par-
tially overlaps with one of the regions involved in binding to
Tim50™% (33), providing another level of regulation of the
TIM23 complex.
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