No detergents were used, as they can reduce the degree of glitamic acid decar-
boxylase (GAD) immunostaining. Slices were then incubated overnight in PBS
containing 1% bovine serum albumin and 0.05% sodium azide, before being
incubated in mixture of rabbit polyclonal anti-glycine antibody (1:10,000;
Chemicon) and goat polyclonal S3 antibody against GAD (1:2,000; NIMH
Laboratory of Clinical Science) for 5 d at 20 °C. The S3 antibody recognizes
both GAD65 and GAD67 forms*0. After this, the sections were rinsed briefly in
PBS, and then incubated with a mixture of fluorescein isothiocyanate (FITC)-
conjugated donkey anti-rabbit antibody (1:1,000; Jackson Immunoresearch)
and rhodamine red-conjugated donkey anti-goat antibody (1:1,000; Jackson
Immunoresearch) for 3 h. The sections were rinsed briefly in PB, mounted in
Vectashield (Vector Laboratories) and examined with a confocal laser-
scanning microscope (CLSM; TCS-SP2; Leica). Single laser beams, of 488 and
543 nm in wavelength, were alternately focused on to the specimen to collect
fluorescent images for FITC (glycine) and rhodamine red (GAD), respectively.
In the absence of the primary antibodies, only negligible background staining
was observed in the LSO (data not shown), confirming the specificity of our
GAD and glycine immunolabeling.

Note: Supplementary information is available on the Nature Neuroscience website.

ACKNOWLEDGMENTS

‘We thank A. Moorhouse for discussion and editing of the manuscript, and N.
Akaike for technical advice. We also thank O.P. Otterson, 1.]. Kopin, W.H. Oertel,
D.E. Schmechel and M.L. Tappaz for help obtaining antibodies. This work was
supported by research grants from the Ministry of Education, Culture, Sports,
Science and Technology, Japan (15016082, 15650076 and 15390065 to J.N).

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 4 July; accepted 1 December 2003
Published online at hitp://www.nature.com/naturensuroscience/

Ornung, G. et al. Qualitative and quantitative analysis of glycine- and GABA-
immunoreactive nerve terminals on motoneuron cell bodies in the cat spinal cord: a
postembedding electron microscopic study. J. Comp. Neurol. 365, 413-426
(1996).
Yang, H.W., Min, M.Y., Appenteng, K. & Batten, T.F. Glycine-immunoreactive termi-
nals in the rat trigeminal motor nucleus: light- and electron-microscopic analysis of
their relationships with motoneurones and with GABA-immunoreactive terminals.
Brain Res. 749, 301-319 (1997).

Levi, S., Chesnoy-Marchais, D., Sieghart, W. & Triller, A, Synaptic control of glycine
and GABA,4 receptors and gephyrin expression in cultured motoneurons. J. Neurosci.
19, 7434-7449 (1999).

Kneussel, M. & Betz, H. Receptors, gephyrin and gephyrin-associated proteins:
novel insights into the assembly of inhibitory postsynaptic membrane specializa-
tions. J. Physiol. 525, 1-9 (2000).
O'Brien, J.A. & Berger, A.J. Cotransmission of GABA and glycine to brain stem
motoneurons. J. Neurophysiol. 82, 1638-1641 (1999).
Jonas, P., Bischofberger, J. & Sandkuhler, J. Co-release of two fast neurotransmitters
af a central synapse. Science 281, 419-424 (1998).

Russier, M., Kopysova, L.L., Ankri, N., Ferrand, N. & Debanne, D. GABA and glycine
co-release optimizes functional inhibition in rat brainstem motoneurcns /n vitro.
J. Physiol. 541,123-137 (2002).

Kotak, V.C., Korada, S., Schwartz, I.R. & Sanes, D.H. A developmental shift from
GABAergic to glycinergic transmission in the central auditory system. J. Neurosci.
18, 4646-4655 (1998).
Smith, AJ., Owens, S. & Forsythe, 1.D. Characterization of inhibitory and excitatory
postsynaptic currents of the rat medial superior olive. J. Physiol. 529, 681-698
(2000).
Sanes, D.H. & Friauf, E. Development and influence of inhibition in the lateral supe-
rior olivary nucleus. Hear. Res. 147, 46-58 (2000).

Korada, S. & Schwartz, |.R. Development of GABA, glycine, and their receptors in
the auditory brainstem of gerbil: a light and electron microscopic study. J. Comp.
Neurol. 409, 664-681 (1999).

del Castillo, J. & Katz, B. Quantal components of end-plate potentiai. J. Physiol.
124, 560-573 (1954).
. Walmsley, B., Alvarez, F.J. & Fyffe, R.E. Diversity of structure and function at mam-
malian central synapses. Trends Neurosci. 21, 81-88 (1998).

10.

11.

12.

1

w

20.
21.

2

23.

25.

26.

2

28.

29.

30.

3

32.

33.

34,

35.

36.

37.

38.

39.

4

ARTICLES

14, Akaike, N. & Moorhouse, A.J. Techniques: applications of the nerve-bouton prepara-

tion in neuropharmacology. Trends Pharmacol. Sci. 24, 44-47 (2003).

Dumoulin, A., Triller, A. & Dieudonne, S. IPSC kinetics at identified GABAergic and

mixed GABAergic and glycinergic synapses onto cerebellar Golgi celis. J. Neurosci.

21, 6045-6057 (2001).

. Keller, A.F,, Coull, J.A,, Chery, N., Poisbeau, P. & De Koninck, Y. Region-specific

developmental specialization of GABA-glycine cosynapses in laminas -1l of the rat

spinal dorsal horn. J. Neurosci. 21, 7871-7880 (2001).

Friauf, E, Hammerschmidt, B. & Kirsch, J. Development of adult-type inhibitory

glycine receptors in the central auditory system of rats. J. Comp. Neurol. 385,
117-134(1997).

Otis, T.S., De Koninck, Y. & Mody, i. Lasting potentiation of inhibition is associated

with an increased number of gamma-aminobutyric acid type A receptors activated
during miniature inhibitory postsynaptic currents. Proc. Natl. Acad. Sci. USA 91,
7698-7702 (1994).

Sanes, D.H. & Siverls, V. Development and specificity of inhibitory terminal arboriza-

tions in the central nervous system. J. Neurobiol. 22, 837-854 (1991).

Kim, G. & Kandler, K. Elimination and strengthening of glycinergic/GABAergic con-
nections during tonotopic map formation. Nat. Neurosci. 6, 282~290 (2003).
Gasnier, B. The loading of neurotransmitters into synaptic vesicles. Biochimie 82,
327-337 (2000).

. Schotzinger, R.J. & Landis, S.C. Cholinergic phenotype developed by noradrenergic

sympathetic neurons after innervation of a novel cholinergic target in vivo. Nature

335, 637-639 (1988).

Habecker, B.A., Tresser, S.J., Rao, M.S. & Landis, S.C. Production of sweat gland

cholinergic differentiation factor depends on innervation. Dev. Biol. 167, 307-316
(1995).

. Rietzel, H.J. & Friauf, E. Neuron types in the rat lateral superior olive and develop-
mental changes in the complexity of their dendritic arbors. J. Comp. Neurol, 390,
20-40 (1998).

Takahashi, 7., Momiyama, A., Hirai, K., Hishinuma, F. & Akagi, H. Functional corre-
lation of fetal and adult forms of glycine receptors with developmental changes in
inhibitory synaptic receptor channels. Neuron 9, 1155-1161 (1992).

Kakazu, Y., Akaike, N., Komiyama, S. & Nabekura, J. Regulation of intracellular
chloride by cotransporters in developing lateral superior olive neurons. J. Neurosci.
19, 2843-2851 (1999).

. Kandler, K. & Friauf E. Development of glycinergic and glutamatergic synaptic trans-
mission in the auditory brainstem of perinatal rats. J. Neurosci. 15, 6890-6904
(1995).

Balakrishnan, V. et al. Expression and function of chloride transporters during devel-
opment of inhibitory neurctransmission in the auditory brainstem. J. Neurosci. 23,
4134-4145 (2003).

Kulimann, P.H., Ene, FA. & Kandler, K. Glycinergic and GABAergic calcium
responses in the developing lateral superior olive. Eur. J. Neurosci. 15, 1093-1104
(2002).

Gao, B.X. & van den Pol, A.N. GABA, not glutamate, a primary transmitter driving
action potentials in developing hypothalamic neurons. J. Neurophysiol. 85,
425-434 (2001).

. Ganguly, K., Schinder, A.F., Wong, $.T. & Poo, M. GABA itself promotes the devel-
opmental switch of neuronal GABAergic responses from excitation to inhibition. Cef/
105, 521-532 (2001).

Lauder, J.M., Liu, J., Devaud, L. & Marrow, A.L. GABA as a trophic factor for devel-
oping monoamine neurons. Perspect, Dev. Neurobiol. 5, 247-259 (1998).

Kirsch, J. & Betz, H. Glycine-receptor activation is required for receptor clustering in
spinal neurons. Nature 392, 717-720 (1998).

Kotak, V.C., DiMattina, C. & Sanes, D.H. GABAg and Trk receptor signaling mediates
long-lasting inhibitory synaptic depression. J. Neurophysiol. 86, 536-540 (2001).
Chang, E.H., Kotak, V.C. & Sanes, D.H. Long-term depression of synaptic inhibition
is expressed postsynaptically in the developing auditory system. J. Neurophysiol.
90, 1479-1788 (2003).

Kakazu, H., Uchida, S., Nakagawa, T., Akaike, N. & Nabekura, J. Reversibility and
cation selectivity of K*-CI~ cotransport in rat CNS Neurons. J. Neurophysicl. 84,
281-288 (2000).

Nabekura J., Omura T. & Akaike N. Alpha2 adrenoceptor potentiates glycine recep-

tor-mediated taurine response through protein kinase A in rat substantia nigra neu-
rons, J. Neurophysiol. 76, 2447-2454 (1996).

Matsubara, A., Laake, J.H., Davanger, S., Usami, S. & Ottersen, O. P. Organization

of AMPA receptor subunits at a glutamate synapse: a quantitative immunogold

analysis of hair cell synapses in the rat organ of Corti. J. Neurosci. 16, 44574467
(1996).

Ottersen, O.P., Zhang, N. & Walberg, F. Metabolic compartmentation of glutamate

and glutamine morphological evidence obtained by quantitative immunocytochem-
istry in rat cerebellum. Neuroscience 46, 519-534 (1992).

. Kaufman, D.L., McGinnis, J.F., Krieger, N.R. & Tobin, A.J. Brain giutamate decar-
boxylase cloned in lambda gt-11: fusion protein produces gamma-aminobutyric
acid. Science 232, 1138-1140 (1986).

15,

1

(&3]

17.

18.

19.

N

~

pueed

(=]

NATURE NEUROSCIENCE VOLUME 7 | NUMBER 1 | JANUARY 2004

98

23



Available online at www.sciencedirect.com

SGIENCE@DIREOT"

Neuroscience Research 48 (2004) 211-220

Neuroscience
Research

www.elsevier.com/locate/neures

Experience-dependent changes in intracellular C1™ regulation in
developing auditory neurons

Shumei Shibata?, Yasuhiro Kakazu?, Akihito Okabe?,
Atsuo Fukuda®, Junichi Nabekura ®*

2 Department of Cellular and System Physiology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan
b Department of Physiology, Hamamatsu University School of Medicine, Hamamatsu 420-3192, Japan

Received 21 August 2003; accepted 29 October 2003

Abstract

A developmental change in GABA and glycine responses, from a depolarization to a hyperpolarization, have been reported for a range of
CNS neurons, and has been demonstrated to be due to a developmental decrease in the intracellular C1~ concentration ([C17];). We examined
[CI~}; in isolated rat lateral superior olive (L.SO) neurons using patch-clamp recordings of glycine gated C1~ currents and by measuring
intracellular C1™-fluorescence. In neurons from 14~16-day-old rats (P14-P16), which had previously received unilateral or bilateral cochlear
ablations before the onset of hearing, there was no developmental decrease in [C1™];. No significant differences in [C]™]; were observed amongst
rats with either ipsi- and contralateral ablations. Implanted strychnine pellets also prevented the decrease in [C1™]; in most neurons. In some
of these neurons in which [Cl~}; remained high, there was a lack of expression of the K*—Cl~ cotransporter 2 (KCC2) mRNA. These results
demonstrate that the developmental decrease in [C1~]; in LSO neurons is dependent on neuronal activity and that both GABAergic/glycinergic

and glutamatergic afferent activity contribute to this maturation of the Cl~ regulatory mechanisms.
© 2003 Elsevier Ireland Ltd and The Japan Neuroscience Society. All rights reserved.

Keywords: Development; Ablation; KCC2; LSO; Auditory brainstem; Perforated-patch clamp; RT-PCR

1. Introduction

. Many studies have indicated that excitatory neuronal cir-
cuits can be modified by sensory experiences (Wiesel and
Hubel, 1963; Klinke et al., 1999; Rittenhouse et al., 1999;
Di Cristo et al., 2001). There are also reports that inhibitory
circuits are also adversely affected when sensory input is
disrupted. In the visual and auditory systems, for example,
deafferentation affects the development of appropriate in-
hibitory neuronal circuits (Hensch et al., 1998; Rajan, 1998;
Mossop et al., 2000; Kapfer et al., 2002).

Deafferentation can also affect the subsequent properties
of synaptic transmission across surviving synapses. At many
immature synapses, activation of GABA or glycine receptor
channels can evoke a membrane depolarization mediated by
C1~ efflux and resulting from a high intracellular CI~ con-
centration ([C1™};) (Cherubini et al., 1991; Luhmann and

* Corresponding author. Tel.: +81-92-642-6090;
fax: +81-92-642-6094.
E-mail address: nabekura@physiol2.med.kyushu-u.ac.jp (J. Nabekura).

Prince, 1991; Chen et al., 1996; Kaila, 1994; Rohrbough
and Spitzer, 1996; Hollrigel and Soltesz, 1997). With mat-
uration, [Cl™}; becomes lower, and GABA and glycine typ-
ically cause a C1~ influx and a hyperpolarization in mature
neurons. Changes in [Cl™]; throughout development are
thought to be mediated by a developmental change in C1™
transport proteins, which include the Nat-K*-Cl~ and
K*—CI™ cotransporters (NKCC and KCC, respectively), and
the CI"—HCO3 ™~ and Na™—CI™—HCOQO3;~ exchangers (Kaila,
1994; Payne et al., 2003). Among these Cl~ transporters, a
developmental up-regulation of the K*—CI™ cotransporter
has been suggested to be responsible for the developmental
decrease in [C17]; (Rivera et al., 1999; Kakazu et al., 1999).
In the inferior colliculus, bilateral cochlea ablations cause
the reversal potential of evoked inhibitory postsynaptic cur-
rents (IPSCs) to remain at a more depolarized level (Vale and
Sanes, 2000, 2002). The ablations also reduced the ability
of neurons to transport CI~, although the levels of NKCC1
and KCC2 mRNA were unchanged (Vale et al., 2003).
Bilateral ablations also reduced the postsynaptic conduc-
tance change associated with the IPSC, affected presynaptic

0168-0102/$ — see front matter © 2003 Elsevier Ireland Ltd and The Japan Neuroscience Society. All rights reserved.
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transmitter release and altered excitatory transmission in
the inferior colliculus (Vale and Sanes, 2000, 2002). Just
how deafferentiation leads to these changes is not clear.

The lateral superior olive (LSO) is the first auditory center
involved in processing the different sound intensity experi-
enced by the two ears (Sanes, 1993; Koyano and Ohmori,
1996). The LSO receives glutamatergic innervations directly
from the ipsilateral cochlea nucleus, and GABA/glycinergic
inputs from the contralateral cochlear nucleus via the me-
dial nucleus of the trapezoid body (MNTB) (Grothe et al.,
1994; Suneja et al., 1995; Vater, 1995; Winer et al., 1995;
Kotak et al., 1998). Cochlea ablations in the first postnatal
week have been shown to alter the morphology of LSO neu-
rons and their inhibitory inputs (Sanes et al., 1992; Sanes
and Chokshi, 1992). Contralateral cochlear ablation in im-
mature gerbils, as well as in vivo application of strychnine,
both of which should preferentially deafferentiate inhibitory
inputs, disrupts the developmental refinement of LSO den-
drites (Sanes and Takacs, 1993).

In this study, we investigate the effects of auditory experi-
ence on C1~ homeostasis and KCC2 expression, in rat lateral
superior olive neurons. We were particularly interested in
whether just inhibitory input from the contralateral cochlea
was sufficient to sustain the typical changes in [Cl™}; and
IPSCs seen during LSO development. We have also inves-
tigated whether there is any correlation between [C1™}; and
the levels of KCC2.

2. Methods
2.1. Cochlea ablations and hearing tests

Bilateral and unilateral cochlear ablations were performed
at P7. Rats were anesthetized with diethyl ether, and an in-
cision was made just behind the pinna. Under a dissecting
microscope, the middle ear cavity was exposed and the bony
wall of the cochlea was identified. The cochlea was then
carefully destroyed using a needle. Control sham-operated
rats only received the incisions behind the pinna. After su-
turing the incision, we placed the animals on a heating pad
until recovery from anesthesia was complete after which the
pups were returned to their original cages and reared until
Pi4.

At P14, the extent of hearing was tested by measure-
ments of the auditory brainstem response (ABR) (Morishita
et al., 2001). Briefly, rats were first anesthetized with injec-
tion of pentobarbital (60 mg/kg of body mass) and subcu-
taneous needle electrodes were placed at the vertex of the
head, in the right and left retro-auricular region, and in the
pre-sacral region of the rats. The sound stimulus was a 1 ms
burst of 75dB clicks presented at 5 kHz clicks (duration of
each click was 0.1 ms), delivered to the rats through a probe
designed to fit the external ear canal. For each recording
condition, responses to 1000 bursts of clicks were averaged.
All tests were performed in a soundproof room and the ABR
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was recorded with a SYNAX ER 1100 system (NEC, Japan).
The sound intensity through the probe was calibrated by
a sound pressure meter (NL-04, Rion). The stimuli were
delivered to control and test rats derived from the same
litter.

2.2. Strychnine implants

To pharmacologically block glycinergic inputs, we im-
planted slow release strychnine pellets (i.e. strychnine-rear-
ing). These strychnine pellets (0.05 mg 21-day-release, In-
novative Research of America, Toledo, OH) were implanted
subcutaneously at a posterior mid-dorsal location (Kotak and
Sanes, 1996). Implantations were performed at P3, because
rats suffered from general seizure when pellets were em-
bedded at ages older than P5. After implantation, rats were
returned to their litter.

2.3. Preparation of slices and acute dissociation of LSO
neurons

Acute dissociation of central neurons was as described
previously (Nabekura et al., 1996). Wister rats between
PO-P3 or between P14-P16, either with or without cochlea
ablation, or with strychnine pellets, were quickly decap-
itated under ether anesthesia and the brain was rapidly
excised and immersed in ice-cold standard solution (below).
Approximately 400 pm slices were cut using a vibratome
(VT1000, Leica) and incubated in standard solution at
room temperature for 1h before a single slice was trans-
ferred to a petri dish and observed under the light micro-
scope. Fine glass pipettes were placed on the surface of
the LSO and gently vibrated so as to liberate single, me-
chanically dissociated LSO neurons. The dissociated LSO
neurons were left for about 10 min to adhere to the botiom
of the Petri dish before commencing electrophysiological
recordings.

2.4. Solutions

The standard solution contained: NaCl, 150 mM; KCI,
SmM; MgCly, 1mM; CaClp, 2mM; glucose, 10mM and
HEPES, 10mM (pH = 7.4 with Tris-base). The artifi-
cial cerebrospinal fluid (ACSF) solution contained: NaCl,
124 mM; KCl, 5mM; KH3PO4, 1.2mM; MgSQy, 1.3 mM;
CaCl;, 2.4mM; glucose, 10mM and NaHCO3, 24 mM
(pH = 7.45 with 95% O and 5% CO,). The pipette solu-
tion for the gramicidin perforated patch-clamp recordings
contained: KCl, 150mM; HEPES, 10mM (pH = 7.2 with
Tris-base). Gramicidin D, purchased from Sigma (USA),
was dissolved in methanol as a 10mg/ml stock solution,
and this stock solution was diluted in the pipette solution to
the given concentration. As the effectiveness of the diluted
gramicidin stock solution gradually declined over time, it
was prepared just before each experiment, and was only
used for up to a maximum of 5h.
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2.5. Electrophysiological recordings

All electrical recordings utilized the gramicidin per-
forated patch-clamp technique. Membrane currents and
voltages were continuously measured with a patch-clamp
amplifier (EPC-7, List-Electronic), low pass filtered at
1kHz (FV-665, NF Electronic Instruments), and monitored
on both an oscilloscope (HS-5100A, Iwatsu) and a pen
recorder (RECTI-HORIZ-8K21, Nihondenki San-ei). Data
were simultaneously recorded on videotapes after digital-
ization (at 5kHz) with a PCM processor (PCM 501 ESN,
Nihon Koden). Patch pipettes were made from glass capil-
laries (outer diameter 1.5 mm) using a vertical pipette puller
(PB-7, Narishige Scientific Instruments). The tip resistance
was 4-8 M. Voltage offsets were nulled before formation
of the GS2 seal. After making contact with the cell surface,
a GQ seal was established by applying gentle suction to
the patch pipette interior. After the cell attached configu-
ration had been attained, the pipette potential was set to
—50 and —10mV hyperpolarizing step pulses were period-
ically delivered to monitor the access resistance. The access
resistance typically reached a steady level below 20 MQ
within 40 min after making the GS2 seal. In all experiments,
75-80% series resistance compensation was employed. All
experiments were carried out at 28-30°C.

2.6. Drug application

External solutions were applied to single neurons using
a “Y-tube” (Nabekura et al., 1993). Using this technique,
solutions could be completely exchanged within 10-20 ms.

2.7. Drugs

Drugs used in the experiments were gramicidin D
(Sigma, USA), glycine (Kanto, Japan; Tokyo Kasei, Japan),
tetrodotoxin (TTX) (Sankyo, Japan). Final drug concentra-
tions were made up from $tock solutions just before use.

2.8. Optical imaging of intracellular CI~

The highly membrane permeant compound DiH-MEQ,
was produced by reducing MEQ (Fukuda et al., 1998).
Briefly, under protection from light, 5mg of MEQ was dis-
solved in 100 pl of distilled water gassed with 100% N.
The dissolved MEQ was reduced by addition of 15 ul of
12% NaBH;. DiH-MEQ was extracted from the reaction
mixture as a yellow organic layer with the aid of diethyl
ether. This organic layer was dehydrated using 100mg of
MgSOy4 for 5 min, and the ether was then evaporated under
a stream of 100% N3 in a glass test tube. A portion of the
organic extract was dissolved in 15 ul of ethyl acetate and
added to the ACSF to yield a final concentration of 740 uM
diH-MEQ.

Neurons were loaded with MEQ by incubating slices with
diH-MEQ (740 uM) in ACSF for 60-90 min. DiH-MEQ is
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Cl™-insensitive, but it is readily loaded into cells where
it is readily oxidized in the cytosol to form MEQ, which
is both Cl™-sensitive and membrane impermeable (Biwersi
and Verkman, 1991). The MEQ remains trapped in the cy-
tosol for several hours. Pre-incubated slices were laid on
the glass bottom of a submerged-type chamber, placed on
a microscope stage and continuously perfused at a rate of
3—4 ml/min with ACSF.

For calibration of MEQ fluorescence we used ACSF solu-
tions containing different C1~ concentrations, in which the
NaCl was replaced with equimolar concentrations of K glu-
conate.

MEQ fluorescence was excited at 330 nm (and emitted at
450nm) using a Xenon arc lamp (75 W) and a band pass
filter set. Fluorescence images were obtained using a CCD
camera (Cool Snap cf., Roper Scientific) fitted to an upright
microscope (DIA PHOT 300, Nikon). Images were digitized
on-line, 128 frames being averaged to improve the signal
to noise ratio. Data were analyzed using an image proces-
sor and data analysis software (MetaMorph/MetaVue, Roper
Scientific). The apparent leakage and/or bleaching of MEQ
under the recording conditions described here, was indicated
by a gradual and linear decline in fluorescence, and was
about 10-30% after 30 min. MEQ fluorescence was mea-
sured in the center of the soma of LSO neurons, once every
6—-10s. MEQ fluorescence was normalized to that initially
observed, and plotted against time. Drugs were applied to
the slices by bath perfusion.

2.9. Single-cell multiplex RT-PCR analysis

For harvesting cell cytoplasm for subsequent single-cell
multiplex RT-PCR reactions, 10 pl of the standard pipette
solution was injected into each patch-clamp pipette. After
completion of the whole cell recording, mild suction was
used to aspirate the contents of the cell into the recording
pipette tip which were then expelled into a microfuge tube.
The harvested cytoplasm was frozen with crushed dry ice
and stored at —80°C for a maximum of 2 days. Several
target sequences were simultaneously amplified from a sin-
gle cDNA synthesis by multiplex PCR with nested primers
(below) and with two rounds of amplification. RT and
first-round PCR reactions took place in the same tube using
a OneStep RT-PCR kit (QIAGEN, GmbH). PCR analysis
was carried out to determine the presence of f3-actin and C1™
transport proteins. For the initial RT-PCR, 10 pl of pipette
solution containing the cell cytoplasm was placed into a
thin-walled PCR tube and to this was added 10wl of Qia-
gen OneStep RT-PCR buffer (5x), 2 ul of Qiagen OneStep
RT-PCR enzyme mix, 0.4 mM of dNTP, 8 units of RNase in-
hibitor (Promega, Tokyo, Japan) and 0.6 uM of each primer,
made up in buffer supplied by the manufacturer and added to
give a final reaction volume of 50 pl. After the RT reaction
at 50 °C for 30 min, the first-round PCR was subsequently
performed in the same tube with a 15 min pre-incubation at
95 °C followed by 40 cycles of 30 s at 94 °C (denaturation),
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30s at 55°C (annealing), 1min at 72°C (extension) in
Program Temp Control System (PC-801, ASTEC Co. Ltd.,
Fukuoka, Japan). Subsequently, first-round PCR prod-
ucts were diluted 25-fold and re-amplified for 40 cycles
(94°C, 30s; 60°C, 30s; 72°C, 1min) in separate reac-
tions using the internal primer pairs for each template.
The second-round PCR reaction was performed with 5 pl
PCR buffer (10x), 3mM MgCl;, 0.2mM of each dNTP
(Amersham Bioscience, Tokyo, Japan), 1.25 units HotStar-
Tag DNA polymerase (QIAGEN, GmbH) in the buffer
supplied with enzyme and a reaction volume of 50 ul. The
solution containing cDNA products was subjected to 10%
acrylamide gel electrophoresis with ethidium bromide.

2.10. PCR primers

Nested primers used for the PCR analyses were selected
based on the known rat cDNA or genomic sequences and are
listed below. The outside primer pair is listed first in each
case; the size of the final amplification product is shown in
parentheses:

KCC2 (GenBank # U55816, Gillen et al., 1996), 5'-
GATGAAGAAAGACCTGACCA-3'/5'-CTGGTTCAAGT-
TTTCCCACT-3 and 5'-CATTCGGAGGAAGAATCCAG-
3/5'-TTTGTTCTTCTGAGCCGCTG-3' (238 bp; 2935-
3172 bp); B-actin (GenBank # V01217, Nudel et al., 1983),
5-ACACGGCATTGTAACCAACT-3'/5'-CATTGCCGAT-

S. Shibata et al. /Neuroscience Research 48 (2004) 211-220

AGTGATGACC-3' and 5'-AGAAGATTTGGCACCACA-
CT-3'/5'-CCATCTCTTGCTCGAAGTCT-3' (435 bp).

3. Results
3.1. Developmental changes in [Cl™]; in LSO neurons

In the present study, we used gramicidin perforated
patch-clamp recordings from LSO neurons acutely disso-
ciated from rats aged between PO-P2 and P14-P16. The
gramicidin pore allows permeation of monovalent cations
but does not allow anion permeation and hence the physio-
logical [C1™); is maintained (e.g., Kakazu et al., 1999). We
measured the response to glycine at different membrane
potentials and considered that Egyy was close to the CI™
equilibrium potential. The intracellular C1~ concentration

" (ICI"}) could then be estimated using the Nernst equa-
tion (e.g., Kakazu et al., 1999). In neurons isolated from
PO-P2 rats, with a large number of LSO neurons contain-
ing a relatively high [Cl7];, there was a wide range of
[CI™];, from between about 545 mM, with a mean value of
19.6 = 1.8 mM (n = 37) (Fig. 1Aa). For almost all neurons
from P16 rats, however, [C1™]; was below 10mM with a
mean value of 7.9 £ 0.3mM, significantly lower than in
the immature neurons (P < 0.01) (Fig. 1Ab). These results
show that there is a fall in [CI™}; in LSO neurons during
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Fig. 1. Developmental increase in K*-dependent CI~ extrusion in LSO neurons. (A) Distribution of [C17}; in LSO neurons, isolated from PO-P2 rats
(upper, n = 37) and P14-P16 (lower, n = 37). Note the larger number of neurons with a relatively high [C1™); in the PO-P2 neurons, while in P14-P16
neurons [C1™]; was typically below 10 mM. (B(a)) K*-dependent Cl~ extrusion in mature LSO neurons at P14. Vy was —S0mV. An increase in Ko
from 5 to 20mM abolished outward currents. The vertical current transjents in current traces are in response to voltage ramps applied during the glycine
response. (B(b)) [C1}; in LSO neurons from PO-P2 (open circles) and from P14-P16 rats (filled circles, mean & S.EM., n = 6-12) before, during and

after application of 20mM [K*].
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the first two postnatal weeks, and this results in a switch of
glycine responses from excitatory to inhibitory.

3.2. Regulation of [CI™ ]; by cation-chloride cotransporters
during development

Several studies have demonstrated that the K™~Cl~ co-
transporter (KCC) plays an important role in this develop-
mental decrease in [CI7];, including in the LSO (Rivera
et al.,, 1999; Kakazu et al., 1999). We also investigated the in-
volvement of KCC in the present study, by altering its activ-
ity by manipulating the K* driving force across the plasma
membrane. An increase in the extracellular KT concentra-
tion ([K¥]o) is expected to cause a decrease in the ability of
KCC to cotransport C1~ and K from inside cells. We mon-
itored changes in [C1™]; by repetitively evoking glycinergic
currents, which also causes some ClI~ loading into the cell at
a Vg of —=50mV (e.g., Thompson and Gahwiler, 1989; Haas
and Forbush, 1998; Kakazu et al., 2000; Ueno et al., 2002).

In neurons from P14--P16 rats, an increase in extracellu-
lar K™ concentration ([K*],) from 5 to 20 mM resulted in a
gradual reduction in the amplitude of outwardly directed Igly
evoked at a Vi of —50mV (Fig. 1B). During perfusion with
20mM [K*],, [C17]; was estimated from Egyy to gradually
increase to a significantly higher level than observed in the
presence of 5mM [K*], (Fig. 1B; n = 5; P < 0.01; paired
t-test). At a Vg of —50mV, Igy changed from an outward
to an inward current in the presence of 30 mM [K*], (data
not shown, see also Kakazu et al., 1999). After [K+], was
returned from 20 to 5mM, [CI™]; gradually recovered back
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to control values. This result indicates that [K™],-dependent
mechanism plays an important role in extruding Cl~ at
P13-P15. In contrast, the initially higher [C1™}; in neurons
from PO-P2 rats was less affected by a change in [K*],
(Fig. 1Bb), indicating that this [K*],-dependent [C1~]; reg-
ulation is not well developed in LSO neurons at this age (see
also Kakazu et al., 1999).

3.3. Auditory activity alters the developmental
changes in [CI™ J;

The hearing ability of rats was tested by recording the
auditory brainstem response. Up until the age of P9, no ABR
was observed in response to a 75dB click, as previously
reported (Geal-Dor et al., 1993). At P14 rats responded to
the 75 dB click with a clear ABR (Fig. 2B, upper panel). In
contrast, rats that received bilateral cochlear ablation at P7
showed no ABR at P14-P16 (Fig. 2B, middle panel). In rats
who received a unilateral cochlear ablation at P7, the ABR
in response to a click presented to the ear with cochlear
ablation was diminished in amplitude, but the intact ear still
showed a clear ABR (Fig. 2B, lower panel).

‘We next addressed the question whether auditory-depen-
dent activity might influence the developmental decrease in
the intracellular CI™ concentration. Bilateral cochlear ab-
lations or sham control operations were performed at P7.
When neurons were subsequently isolated at P14, a signif-
icantly greater proportion of neurons from the cochlear ab-
lation rats had a high [C]™]; when compared to those from
the control rats (P < 0.01, Mann-Whitney test)(Fig. 3).

(A) Birth (PO) p|7 onset of*hearing P1 4.1 5
A
Cochlea ablation | bilaterai Experiments
ipsilateral
contraiateral
(B)
control
. left
bilateral ) '
’ « w
right
unilateral Contra.
®
Ipsi. —

2ms

Fig. 2. Effects of cochlea ablation on the auditory brainstem responses. (A) Time line of experimental protocol. At P7, before the onset of hearing
(P10-P12), bilateral or unilateral cochlea ablations, or sham control operations, were performed and auditory brainstem responses (ABR) were obtained
at P14~P15. (B) ABRs recorded from control rats (upper trace), from rats with bilateral ablation in response to input to the left and right ears (center
traces) and from rats with unilateral ablation in response to input to the ipsilateral and contralateral ears (lower traces). No response to sound stimuli

applied to a cochlea-ablated ear were obtained.
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Fig. 3. Intracellular CI~ concentration in LSO neurons from P14-P16 rats
with sham and bilateral cochlear ablations performed at P7. Histograms
showing the distribution of [CI™]; in LSO neurons from P14-P16 rats,
with control (shame-operated, A) or bilateral cochlear ablations (B). [C1™];
was significant higher in the bilateral ablated rats, with a mean value of
11.6 &+ 0.6 mM (n = 32) than in the sham control operated rats, with a
mean value of 8.2 £ 02mM (n = 36) (P < 0.01, Mann-Whitney test).

This indicates that the developmental decrease in intracel-
lular C]™ concentration is affected by auditory experience.
On the other hand, [CI7]; in the bilateral ablation group
(Fig. 3B) was significantly lower than [C17]); in PO-P2 rats
(Fig. 1Aa, P < 0.05), indicating that the developmental
change in [C1™}; can proceed in the absence of auditory in-
put and is accelerated by auditory experience.

We next investigated whether the ipsilateral auditory input
(which sends glutamatergic afferents to the LSO) or the con-
tralateral auditory input (involving GABAergic and glycin-
ergic afferents) (Kotak et al., 1998) was predominantly re-
sponsible for the effects of the bilateral ablations. We per-
formed unilateral cochlear ablations at P7 and recorded IgLy
in neurons isolated from the ipsilateral or contralateral LSO
at P14-P16. Ablation of either the ipsilateral or contralat-
eral cochlea both significantly affected the normal develop-
mental decrease in [C17]; (P < 0.05 contralateral ablation
versus control; P < 0.01 ipsilateral ablation versus control)
(Fig. 4). There appeared to be a larger number of neurons
with [CI7]; > 15mM in neurons with an ablated ipsilateral
input (Fig. 4), although there was no significant difference
in the [CI™]; between neurons with ipsilateral, contralateral
or bilateral ablations.

Finally, we examined the involvement of glycinergic neu-
rotransmission in the developmental decrease in [Cl™}; by
using chronic in vivo blockade of glycine receptors with im-
planted strychnine pellets, which has previously been shown
to disturb the morphological development of LSO neurons
(Sanes and Chokshi, 1992). A significantly larger propor-
tion of LSO neurons isolated from strychnine-reared rats
at P14-P16 had a high [CI];, when compared to neu-
rons from control rats (Fig. 5A, P < 0.05). We also con-
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Fig. 4. Inwacellular CI- concentration in LSO neurons from P14 rats

“with ipsi- or contralateral cochlear ablations performed at P7. Histograms
-showing the distribution of [CI™]; in LSO neurons from P14-P16 rats,
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with ipsilateral cochlea ablations (A) or contralateral cochlear ablations
(B). For both groups, [CI™]; was significant higher (ipsi- 11.3+0.9mM,
n = 19; contra- 9.8 0.6 mM, n = 23) than in control (Fig. 3A) but there
was no significant difference in the [C1™]; distribution between the ipsi-
or contralateral ablations.

firmed that strychnine-rearing attenuated the developmen-
tal decrease in [C1™]; using optical imaging with the CI~
sensitive dye, MEQ (Fukuda et al., 1998). In LSO neu-
rons in slices from P15 control rats, application of glycine
elicited a decrease in MEQ fluorescence, indicating an in-
crease in [CI™]; in response to glycine application (Fig. 5A).
In contrast, application of glycine to LSO neurons in slices
from strychnine-reared P15 rats, an increase in fluorescence
was more typically seen in response to glycine, suggest-
ing an efflux of C1™ in response to glycine, consistent with
an elevated initial [C17]; (Fig. 5B). There was also typ-
ically a lower level of basal MEQ fluorescence in neu-
rons from strychnine-reared rats, as compared to control
neurons, which is also consistent with their higher basal
[CI7].

3.4. Developmental changes in KCC2 mRNA expression

Among the various KCC isoforms, KCC2 is neuron spe-
cific and changes in its function and/or expression have
been shown to play a major role in the developmental de-
crease of [C17); (Rivera et al.,, 1999) and in the diversity
of [CI”]; among neurons from various brain regions (Ueno
et al., 2002). Therefore we performed single-cell RT-PCR
to investigate any developmental change in KCC2 mRNA
expression. We found that every LSO neuron isolated from
P13-P16rats expressed KCC2, while only two of seven LSO
neurons from PO-P3 rats expressed KCC2. B-Actin was ex-
pressed at comparable levels in all neurons at both ages. In
an additional set of experiments, we investigated whether
there was a correlation between the [C1™]; concentration es-
timated during gramicidin perforated-patch recordings and
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Fig. 5. Strychnine-reared rats maintain a high intracellular C1~. (A) Distribution of [Cl™]; in neurons from P14-P16 rats in which strychnine pellets were
implanted subcutaneously at a posterior mid-dorsal location at P3. Note the greater number of neurons with high [C17); (11.11.1mM, n = 18) than in
the cochlear ablated experimental groups (Figs. 4 and 5A). (B) Effects of glycine on MEQ fluorescence in neurons from control (a) and strychnine-reared
(b) rats. A decrease in fluorescence indicates an increase of [C17]); and occurs in response to glycine in sham-operated control rat neurons (a). In contrast,
in some neurons from strychnine-reared rats, there was an increase in fluorescence (i.e., a decrease in [C1™);) due to their higher resting [C17); (b).

KCC2 mRNA expression in the cytoplasmic constituents to an up-regulation of KCC2 expression, causing increased

harvested from the same cell. K*-dependent ClI~ extrusion and a developmental decrease
In three LSO neurons isolated from PO-P2 rats, KCC2 in [CI7};.

mRNA expression was only detected in the cell with the low-

est [C17];, which was about 14 mM (Fig. 6). All three neu-

rons isolated from P14-P16 rats had [C1™); about 10mM or 4. Discussion

less, and all showed clear KCC2 mRNA expression (Fig. 6).

We also performed combined RT-PCR and [CI™]; measure- In the present study, we have confirmed that there is a
ments on single LSO neurons isolated from P14-P16 rats developmental decrease in [Cl™]; in LSO neurons, and that
with previous cochlear ablations. In two neurons that had this change is promoted by auditory-experience and seems
received bilateral cochlea ablations, [Cl™]; was maintained to involve, at least partly, activation of glycine receptors.

at a relatively high value and no KCC2 mRNA expression
was observed (Fig. 6). In neurons from P14-P15 rats which 4.1. Developmental changes of [CI™]; and CI~ regulators
had received either ipsilateral or contralateral ablations at

P7, there was a good correlation between KCC2 mRNA ex- In many immature neurons, GABA, and glycine
pression and [CI7];, with only those neurons with [C17]; receptor-mediated responses are depolarizing and excita-
below about 15 mM showing any KCC2 mRNA expression. tory, and this is due to a high [Cl™]; in immature neurons.
This result suggests that activity in auditory afferents leads While a developmental decrease in {C1™]; has been widely
P0-3 P14-16 P14-15 P14-15
control Bilateral ope lpsi. ope
KCC2
B actin §

[CHymm32 14 28 6 8 11 23 21 10 8 8 18 14

Fig. 6. KCC2 mRNA expression in single LSO neurons. Relationship between [CI™}; and the presence of KCC2 transcripts in individual LSO neurons
from PO-P3 rats (left panel), from control P14~P16 rats (second panel from left) and from P14-P16 rats with previous cochlea ablations (right panels).
KCC2 mRNA expression by single-cell RT-PCR was correlated with [C1™]; from the same cell. For LSO from P0-P3 rats, and for rats with previous
bilateral, contralateral or ipsilateral ablations, KCC2 mRNA expression was only observed in those neurons in which [CI”]; was quite high. KCC2
expression was robust in all P14-P16 control neurons. B-Actin was expressed in all neurons.
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reported in neurons, there is not complete consensus as
to the underlying mechanisms, and particularly how KCC
contributes. In the hippocampus, an up-regulation of KCC2
mRNA correlates well with the developmental decrease in
[CI™} (Rivera et al.,, 1999; Gulyas et al., 2001). Devel-
opmental increases in KCC2 expression levels have also
been reported for the rat neocortex (Clayton et al., 1998;
DeFazio et al., 2000) and the rat retina (Vu et al., 2000).
Conversely, KCC2 expression levels are down-regulated
following axotomy (Nabekura et al., 2002) and seizures
(Reid et al., 2001); both of these events are also associated
with increases in [CI™};. Difference in the levels of KCC2
expression between motor neurons and sensory neurons are
also well correlated with their [CI™}; (Ueno et al., 2002).
Hence a number of studies support an increase in KCC2
expression levels as a significant cause of developmental,
pathological and random variations in neuronal [C1~};. On
the other hand, however, KCC2 is reported to be already
expressed in immature hippocampal neurons (Kelsch et al.,
2001), in inferior colliculus neurons (Vale et al., 2003) and
in LSO neuron (Balakrishnan et al., 2003) although, for
reasons not yet clear, it does not seem to function effec-
tively in extruding Cl™ at this developmental stage (see
also Fig. 1, Kakazu et al., 1999). Our results suggest that
KCC2 mRNA levels are too low to detect in many neonatal
LSO neurons but becomes detectable in all neurons by 2
weeks after birth, a time when [C17); is reduced (Fig. 6A).
Our results also indicate some heterogeneity in the develop-
mental changes in C1~ homeostasis, with KCC2 expression
and low [Cl7]; being observed in some neonatal neurons
(Fig. 1).

Several reports indicate that neuronal activity is involved
in the developmental and pathological regulation of CI™.
In cultured hippocampal neurons, activation of GABA4 re-
ceptors, but not glutamate receptor activation, promotes the
increase in KCC2 mRNA expression and the associated de-
crease in [CI7]); (Ganguly et al., 2001). Deafferentation of
gerbil inferior colliculus neurons (by bilateral cochlea ab-
lation) at least partially prevents the typical developmental
shift in the equilibrium potential of IPSCs to more hyper-
polarized potentials (Vale and Sanes, 2000). The relatively
depolarized IPSC reversal potential in the ablated gerbils
was due to a lack of Cl1™ transport function rather than any
change in expression levels of KCC2 or NKCC1 (Vale et al.,
2003). In our experiments, bilateral cochlear ablation also
disrupted the normal developmental change in [CI™];, this
is likely to be due to reduced LSO neuronal activity. Prior
to the onset of hearing (which occurs around P10-P12 in
rats), activation of C1~ channels induces neuronal depolar-
ization in the LSO (Kandler and Friauf, 1995), due to the
high [CI™]; (Kakazu et al., 1999; Ehrlich et al., 1999). Our
results are consistent with the hypothesis that this depolar-
izing afferent input, and the resulting membrane depolariza-
tion, are important in the development of KCC2 expression
and CI™ homeostasis. A similar disruption to Cl™ regula-
tion was observed with either chronic strychnine treatment,
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ipsilateral ablation (causing predominantly a loss of gluta-
matergic afferents) or contralateral ablation (causing loss of
GABAergic/glycinergic afferents). This suggests that both
neurotransmitter systems can contribute to the changes in
[CI7];,, possibly reflecting their common ability to excite
LSO neurons. Alternatively, ipsilateral ablation might also
indirectly reduce GABAergic/glycinergic inputs to the LSO
neurons, e.g., by decreasing excitatory input to local in-
terneurons. This would be more consistent with the obser-
vation that activation of GABA, receptors, but not gluta-
mate receptors, contributes to enhanced KCC2 expression
(Ganguly et al., 2001).

4.2. Changes in the auditory brain stem with
development

The LSO receives excitatory projections driven by sound
input into the ipsilateral ear, and inhibitory projections driven
by the contralateral ear. We show here that these inputs are
required for development of Cl~ homeostasis. While this
may be associated with inhibitory synaptic transmission, a
nmumber of other changes are occurring around the time when
rats and gerbils acquire hearing ability (between P10 and
P14). During the first 2 weeks after birth, massive synapse
remodeling takes place within the LSO that is associated
with changes in both morphology and function. Around the
onset of hearing, there is a refinement of inhibitory affer-
ent arborizations and the LSO dendrites that they innervate
(Sanes and Friauf, 2000), including elimination of GABAer-
gic/glycinergic inhibitory inputs (Kim and Kandler, 2003)
and a change in the nature of the major inhibitory neuro-
transmitter from GABA to glycine (Kotak et al., 1998).

Several reports also suggest a role for afferent activity in
these developmental changes. Removing the cochlear in the
first neonatal week disturbs these refinements of axonal and
dendritic morphology at inhibitory synapses (Sanes et al.,
1992; Sanes and Chokshi, 1992). Contralateral cochlear ab-
lation in immature gerbils, as well as in vivo application
of strychnine, disturbs the refinement of dendritic spread of
LSO neurons (Sanes and Takacs, 1993).

Our present study provides evidence that another crucial
change in LSO physiology, i.e., alterations in Cl™ regula-
tion, is also dependent on hearing experience. Sound affer-
ents from the both the ipsilateral and contralateral ears are
important in the maturation of [C1™}; homeostasis in LSO
neurons, possibly due to their common depolarizing effect.
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TOMA40 is the central component of the preprotein
translocase of the mitochondrial outer membrane (TOM
complex). We purified recombinant rat TOM40
TOM40), which was refolded in Brij35 after solubiliza-
tion from inclusion bodies by guanidine HCL rTOM40 (i)
consisted of a 63% pB-sheet structure and (i) bound a
matrix-targeted preprotein with high affinity and par-
tially translocated it into the ¥TOM40 pore. This partial
translocation was inhibited by stabilization of the ma-
ture domain of the precursor. (iii) ¥rTOM40 bound pre-
protein initially through ionic interactions, followed by
salt-resistant non-ionic interactions, and (iv) exhibited
presequence-sensitive, cation-specific channel activity
in reconstituted liposomes. Based on the domain struc-
ture of rTOM40 deduced by protease treatment, we pu-
rified the elastase-resistant and membrane-embedded
C-terminal segment (rTOM40(AN165)) as a recombinant
protein with 62% B-structure that exhibited properties
comparable with those of full-size ¥TOM40. We con-
cluded that the membrane-embedded C-terminal half of
rTOMA40 constitutes the preprotein recognition domain
with an enriched B-structure, which forms the prepro-
tein conducting pore containing a salt-semsitive cis-
binding site and a salt-resistant frans-binding site.

Mitochondrial precursor proteins synthesized in the cytosol
are delivered to the preprotein translocase of the outer mem-
brane (TOM* complex) where the precursors destined to the
inner compartments are translocated across the membrane,
and those destined to the outer membrane are sorted into the
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lipid bilayer of the membrane (1-8). In yeast, the ~400-kDa
TOM holocomplex is composed of the import receptors Tom70,
Tom20, and Tom22, the import channel Tom40 with a pre-
dicted B-barrel structure, Tom 5, which regulates precursor
transfer from the receptor to the channel, and Tom6 and Tom?7,
which regulate channel assembly (4, 7). Tom22, Tom5, Tom6,
and Tom7 are tightly associated with Tom40 and form the
~350-kDa TOM core complex (7-9). The TOM holocomplex and
TOM core complex exhibit two to three ring structures with an
~20-A diameter and voltage-dependent, cation-specific chan-
nel activity (3, 8—10). The oligomeric form of Neurospora crassa
Tom40 (~350 kDa), purified after dissociating the TOM holo-
complex with dodecylmaltoside, is mainly composed of a one-
ring structure with a 20~-30-A diameter (10) and exhibits chan-
nel activity comparable with that of the TOM core and
holocomplexes. Upon reconstitution into liposomes, they ac-
tively import preproteins destined for the outer membrane,
intermembrane space, inner membrane, and matrix (3, 11).
Purified recombinant yeast Tom40 reconstituted into lipo-
somes forms a cation-selective and voltage-dependent high con-
ductance channel with multiple conductance states, which spe-
cifically bind mitochondria-targeting sequences added to the
cis-side of the membrane (12). Matrix-targeted precursors or

-synthetic presequence peptides added to the cis-side strongly

reduced the channel open probability and increased the fre-
quency of channel gating. In a recent report, site-specific cross-
linking revealed that the Tom40 channel binds to unfolded
segments of non-native proteins and prevents their aggrega-
tion. Furthermore, it has the capacity to sequester ~90 resi-
dues of unfolded or loosely folded preproteins (13).

Despite these advances, mechanism of preprotein recogni-
tion and sorting by the Tom40 .machinery remains unclear,
probably due, partly, to the difficulty in isolating Tom40 in the
correctly folded and soluble form. In the present study, we
expressed rat mitochondrial TOM40 (rTOMA40) (14) in Esche-
richia coli, and we purified it from the inclusion bodies by
solubilizing it in 6 M guanidine hydrochloride (GdnHCl) with
subsequent refolding in the non-ionic detergent Brij35. The
purified ¥TOMA40 consisted of a ~63% B-structure and, when
incorporated into liposomes, exhibited presequence-sensitive,
cation-specific channel activity. A pull-down assay and surface
plasmon resonance (SPR) revealed that purified rTOM40 di-
rectly bound loosely folded matrix-targeted preprotein, pSU9-
DHEFR, with high affinity (K, range of 10™20), Salt sensitivity of
the binding indicated that rTOM40 recognized preproteins by
two distinct sequential interactions: initial ionic interactions
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followed by salt-resistant hydrophobic interactions. These
sequential interactions drove partial translocation of pre-
proteins and sequestration of the mitochondrial processing
peptidase (MPP)-processing site of preproteins within the
rTOM40 pore. We then narrowed the location of the p-struc-
ture-enriched channel domain to the membrane-embedded
C-terminal half of rTOMA40 (residues 166-361). Purified recom-
binant *TOM40(AN165) was in the oligomeric form of ~170-
kDa, as assessed by gel filtration, and exhibited both structural
and preprotein-binding characteristics almost identical to
those of rTOM40.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—For construction of the E. coli expression
plasmid of rat TOMA40, the 1086-bp ¢cDNA encoding N-terminal Hisg-
tagged TOM40 was cloned into the NdeI-BamHI sites of pET28a (No-
vagen) to obtain pET28-NHis40 (14). The expression vector of
TTOMA40(AN165) was constructed as follows. A DNA fragment encoding
His-TOM40(AN165) was prepared by PCR using pET28a-NHis40 as
the template, and the following oligonucleotides as the primer: sense
strand, 5'-GGGAATTCCATATGCACCAGCTGAGCCCAG GC-3', and
antisense strand, 5'-GCGGGATCCTCAGCCGATGGTGAG GCC AAA-
3'. The Ndel and BamHI sites are underlined. The fragment was
inserted into the Ndel-BamHI sites of pET28a to create pET28a-
AN165. The expression vector for the N-terminal His,-tagged TOM40-
(1-~165) was constructed as follows. A DNA coding for N-terminal Hisg-
tagged TOM40-(1-165) was amplified by PCR using pET28-NHis40 as
the template and the following oligonucleotides as the primers: sense
strand, 5'-GGGAATTCCATATGGGGAACGTGTTGGCTGCT-3', and
antisense strand, 5~-GCGGGATCCTCAGATGACCTGTGCATTGAG-3".
The Ndel and BamHI sites are underlined. The amplified fragment was
inserted between the Ndel-BamHI sites of pET28a fo create
pET28a-(1-165).

Purification of rTOM40, rTOM40(AN165), and rTOM40-(1-165)—
BL21(DE3)LysS cells harboring the expression plasmids for rTTOMA40,
rTOMA40(AN165), or rTOM40-(1-165) were cultured to Az, = 0.5, and
protein expression was induced by 1 my isopropyl 1-thio-B-p-galacto-
pyranoside and cultured further for 8 h at 30 °C. The cells were sus-
pended in the sonication buffer (50 mm Tris-HCl (pH 7.5) containing 250
mu NaCl, 1 mM EDTA, and 1 mm PMSF) and disrupted by sonication.
For purification of rTOM40-(1-165), the soluble supernatant fraction
obtained by ultracentrifugation was directly applied to a HiTrap che-
lating HP column (Amersham Biosciences). For purification of rTOM40
and rTOM40(AN165), the sonicated cell debris was washed with soni-
cation buffer containing 1% Triton X-100, and the unsolubilized fraction
was recovered by centrifugation. This step was repeated nine times, and
the unsolubilized materials were washed once with 20 mum Tris-HCI (pH
7.5) containing 500 mm NaCl, 4 M urea, and 1 mm PMSF. After centrif-
ugation, the obtained inclusion bodies were suspended in the lysis
buffer (20 mM Tris-HC! buffer (pH 8.0), containing 0.5 M NaCl, 6 M
guanidine HCl, 1 mM 92-mercaptoethanol (2ME), and 5 mu imidazole).
The ultracentrifuged supernatant was passed through a HiTrap che-
lating HP column equilibrated with the lysis buffer. The column was
extensively washed with washing buffer (20 mm Tris-HCl (pH 8.0)
containing 0.5 M NaCl, 6 M urea, 1 my 2ME, and 5 mM imidazole), and
then the washing buffer was slowly exchanged (0.2 ml/min) by a con-
centration gradient from 0 to 100% of the refolding buffer (20 mM
Tris-HCI (pH 8.0) containing 0.5 M NaCl, 0.5% Brij35, 1 mm 2ME). After
the refolding step, rTOM40 or rTOM40(AN165) was eluted by 20 mM
Tris-HCl buffer (pH 8.0) containing 0.5 M NaCl, 0.5% Brij35, 1 mmM 2ME,
and 300 mu imidazole. The eluted fraction was applied to a Mono-S
column equilibrated with 20 mym phosphate buffer (pH 6.5) confaining
0.5% Brij35, and eluted by a 0 to 1 M NaCl concentration gradient in the
same buffer. The eluted proteins were dialyzed against 20 mM sodium
phosphate buffer (pH 7.0) containing 0.5% Brij35. Approximately 5 mg
of rTOMA40 or rTOM40(AN165) was obtained in high purity from ~15 g
(wet weight) of E. coli cells.

Preparation of Elastase Fragments of rTOM40 for the N-terminal
Sequencing—The reaction mixture (50 1) containing 3 pg of ’'TOM40
and elastase (2 pg/ml) was incubated at 0 °C for 30 min. The protein
fragments were recovered by trichloroacetic acid precipitation and sep-
arated by SDS-PAGE. The fragments were transferred to polyvinyli-
dene difluoride membrane followed by Ponceau S-staining. The stained
bands were cut out and subjected to protein sequencing.

Preparation of Proteoliposomes—Preparation of proteoliposomes con-
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taining rTOM40 was essentially according to the method described by
Jackson and Litman (15). Briefly, 1.2 mg of L-a-phosphatidylcholine
and 0.8 mg of L-a-phosphatidylethanolamine in chloroform were mixed
in a test tube, and the solvent was evaporated by flushing with N,. One
milliliter of 50 mum Tris-HCl buffer (pH 7.5) containing 0.5% Brij35 and
20 g of rTOM40 was added to the tube, vortexed, and incubated on ice
for 4 h with intermittent mixing. After incubation, the reaction mixture
was diluted in 50 ml of 50 mm Tris-HCl buffer (pH 7.5) containing 50
mm sodium acetate. The reaction mixture was then dialyzed against 5
liters of 10 mM Tris-FICl buffer (pH 7.5) containing 0.15 M NaCland 20 g
of Bio-Beads SM-2 (Bio-Rad). The dialysate was concentrated using a
membrane filter. Approximately 80% of the obtained proteoliposomes
assumed unilamellar vesicles with ~0.1 pm diameter.

Preparation of Mitochondria from HeLa Cells Expressing the
Epitope-tagged rTOM40—HeLa cells were transfected with N-terminal
His-tagged r'TOM40 or C-terminal HA-tagged r'TOM40 using FuGENE
6 (Roche Applied Science) and cultured for 24 h. The cells were collected
and homogenized in the homogenization buffer (10 mm Hepes-KOH
buffer (pH 7.4), containing 0.22 M mannitol, 0.07 M sucrose, and 1 mM
PMSF) by passing them through a 27-gauge needle 20 times using a
syringe. The homogenate was centrifuged at 600 X g for 5 min, and the
supernatant was then centrifuged at 6000 X g for 10 min to obtain the
mitochondrial fraction.

Measurement of Channel Activity—Electrical measurements were
performed with nystatin-perforated patch recordings applied on lipid
bilayer vesicles containing rTTOM40. SCC1-19 (10 pM) dissolved in the
perfusate was applied using the Y-tube method, which allowed the
external solution to be exchanged within 20 ms (16). The resistance
between the patch pipette and the reference electrode in the external
solution was 10-12 megohms. Ionic currents were measured with a
patch clamp amplifier (EPC-7, List-Medical, Germany) and low pass
filtered at 1 kHz (E-3210A, NF Electronic Instruments, Japan). All
experiments were performed at room temperature. The composition of
the pipette solution was 100 my KCl, 50 mM potassium methane sul-
fonate, and 10 myM Hepes (pH 7.2). The external solution contained 150
mm KCl, 10 my Hepes (pH 7.2), and 1 mm CaCl,. In some experiments,
the reversal potentials were obtained as the membrane potential at
which the current responses to ramp voltage steps from —100 mV to
+100 mV with and without SCC1-19 intersected with each other. The
presence of the TOM40 pore was verified by measuring release of
[Clsucrose from the proteoliposomes containing rTOM40 or
rTOMA40(AN165). The assay was carried out essentially as described by
Zalman et al. (17) using [**Clsucrose and [ *Hldextran (mean M.,
70,000) as the permeable and impermeable substrates, respectively,
except that rTOM40, rTOM40(AN165), rTOM40-(1-165), or lactate de-
hydrogenase, in lieu of mitochondrial outer membrane, was reconsti-
tuted into asolectin liposomes. The reaction mixture was passed
through a Sepharose CL-4B column (0.9 X 9.5 cm) equilibrated with 10
mM Hepes-KOH buffer (pH 7.4) containing 100 mm NaCl, 0.1 mm
MgCl,, and 3 mm NaNj. 0.3-ml fractions were collected and assayed for
radioactivity by using a liquid scintillation counter. Membrane vesicles
were eluted in fractions 6-7 (Fig. 7B).

Isolation of Proteoliposomes by Centrifugal Floatation—After recon-
stitution of proteoliposomes, the reaction mixture was adjusted to 1.6 M
sucrose, placed under the layers of 1.25 M and 0.25 M sucrose, and
centrifuged in a Hitachi RP-S120AT3 rotor at 100,000 rpm for 90 min.
Proteoliposomes floated to the 0.25 and 1.25 M sucrose layers were
recovered and analyzed by SDS-PAGE.

Binding Assay of Preproteins to rTOM40, rTOM40(AN165), or
rTOMA40-(1-165) by Co-precipitation—The mixture containing 1 ug of
pAd and the indicated amounts of rTOM40, rTOM40(AN165), or
rTOM40-(1-165) in 200 pl of the binding buffer (20 mM Hepes-KOH

- buffer (pH 7.4) containing 0.1% Brij35, and 50 mM NaCl) was incubated

at 30 °C for 30 min. The reaction mixture was centrifuged at 45,000 rpm
for 5 min. The obtained supernatant was mixed with 30 ul (50% slurry)
of TALON metal affinity resin (Clontech) and incubated at 4 °C for 1 h.
The beads were washed with the binding buffer, and the bound proteins
were analyzed by SDS-PAGE and subsequent immunoblotting using
anti-adrenodoxin IgG.

Protection of the MPP-processing Site of pAd by rTOM40 or
rTOM40(AN165)—Binding of pAd to rTOM40, rTOM40(AN165), or
rTOM40-(1-165) and isolation of the complex by TALON beads were
performed as described above. The isolated beads were suspended in 25
ul of the binding buffer, and the suspension was then incubated with 3
ug of yeast recombinant MPP in the presence of 2 mm MnCli2 at 30 °C
for 30 min. The reaction was terminated with the sample loading buffer
and analyzed by SDS-PAGE and subsequent immunoblotting using
anti-adrenodoxin IgG.
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FiG. 1. Structural characteristics of rTOM40. A, SDS-PAGE pro-
file of purified rTOM40. B, CD spectrum of rTOMA40.

CD Spectrum Measurement—CD spectra of rTOM40, rTOM40(AN165),
and rTOM40-(1-165) were measured in 10 mM Tris-HCl buffer (pH 7.4)
containing 0.5% Brij35 at 25 °C using a JASCO J-720 spectropolarim-
eter and a cuvette with a 1-mm light-path. Each spectrum represents
an average of five scans from 195 to 250 nm at 0.1-nm intervals. The
base line was established by subtracting the spectrum of the buffer
alone. Analysis of the secondary structure was performed using the
method of Reed and Reed (18).

Surface Plasmon Resonance Measurements—The SPR measure-
ments were performed at 25°C with a Biacore 3000 (Biacore AB).
Purified ¥TOM40, rTOM40(AN165), or rTOM40-(1-165) was immobi-
lized onto the sensor chip CM5 by amine-coupling according to the
manufacturer’s protocel. Briefly, the coupling was performed in 10 mm
sodium acetate buffer (pH 6.5) at a protein concentration of 10 pg/ml.
The level of immobilization typically corresponded to 2000 resonance
units, which corresponded to ~2 ng of protein/mm? (Fig. 6, A-D). In Fig.
6E, r'TOM40 was immobilized to the chip at 22,000 resonance units
(corresponding to ~22 ng of protein/mm?). Binding analyses were per-
formed in 20 mM Hepes-KOH buffer (pH 7.4) containing 150 mm NaCl
and 0.05% Brij35 (running buffer) at a flow rate of 20 ul/min. The
sensor chip surface was regenerated by 50 mMm HCl. Binding curves
were analyzed using BIA-Evaluation software (version 3.2). The kinetic
data fitting was performed using a Langmuir 1:1 binding model.

RESULTS

Purification of Rat TOM40—N-terminal Hisg-tagged
rTOMA40 expressed in E. coli as inclusion bodies was solubilized
by 6 M GdnHC], applied to a Ni-NTA affinity column, and
subjected to a refolding reaction by exchanging GdnHClI slowly
with Brij35. r*TOM40 was then eluted by imidazole and sub-
jected to Mono-S column chromatography. Purified rTOM40
(Fig. 14) was eluted through a Superose 6 column with a peak
at ~250 kDa, although with a rather broad elution profile (see
Fig. 5B).

Secondary Structure of rTOM40-—A CD spectrum of
rTOM40 in 0.5% Brij35 had a minimum value at 213 nm,
crossover of the base line at 201 nm, and zero ellipticity at a
wavelength 235 nm (Fig. 1B). The secondary structure of
rTOMA40 estimated from the CD spectrum using the program of
Reed and Reed (18) comprised 62.9% B-sheet, 10.0% «-helix,
5.9% turn, and 21.1% random structures in the protein. The
content of the B-sheet structure of rTOM40 was comparable
with that of recombinant Saccharomyces cerevisiae Tom40
(>60%) purified from inclusion bodies after solubilization with
8 M urea and either reconstituted into liposomes or solubilized
in Mega9, although the CD spectra were distinct (12). The
secondary structure of rTOM40 was significantly different from
that of the oligomeric form of N. crassa Tom40, which was
purified after dissociation of the purified TOM complex with
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Fi16. 2. Kinetics and reversal potential of presequence peptide-
sensitive current of the rTOM40 channel. A, the presequence pep-
tide-induced shift of the current level. B, relative current as a function
of applied membrane potential. Electrical measurements were per-
formed as described under “Experimental Procedures.”

octyl glucoside (less B-sheet, ~31%; more o-helix, 30%) (10).
The reason for this structural difference between rat and N.
crassa Tom40 is not known.

Channel Properties of rTOM40—The purified TOM holocom-
plex, TOM core complex, oligomeric V. crassa Tom40 isolated
from the purified TOM core complex, and recombinant Tom40
of S. cerevisiae form cation-selective high conductance channels
when incorporated into lipid membranes and the presequence
peptide block the channel in a voltage-dependent manner (3, 8,
10, 12, 19). We therefore examined whether purified rTOM40
was correctly folded to exhibit channel activity. rTOM40 was
incorporated into unilamellar ~0.1-um-diameter liposomes,
and electrical measurements were performed with nystatin-
perforated patch recordings. A functional presequence peptide
SCC1-19 (10 um) (20) induced an immediate outward shift of
current at a holding potential of —100 mV in less than 1 s (Fig.
2). During SCC1-19 application, there was no desensitization
of the current but current noise increased. The current re-
turned to base line within 10 s upon washing out the prese-
quence peptide. Less hyperpolarization of the membrane re-
duced SCC1-19-induced current amplitude and a positive
membrane potential reversed the direction of SCC1-19-in-
duced current inward. The reversal potential of SCC1-19-in-
duced current was 8.3 = 3.2 mV (mean = S.E.,, n = 5). This
result suggested that the lipid bilayer with rTOM40 contains
cation-permeable ion channels that are rapidly and reversibly
blocked by the presequence peptide.

Binding of Matrix-targeted Preproteins to Purified rTOM40—
Confirming that recombinant rTOM40 had refolded to con-
stitute a dominant B-sheet structure and to exhibit channel
activity, we examined its interaction with matrix-targeted pre-
proteins. Recombinant preadrenodoxin (pAd) (21) was incu-
bated with rTOM40 (N-terminal Hisg-tagged), and rTOM40
was recovered with nickel resin. Immunoblot analysis with
anti-adrenodoxin antibody revealed that pAd was recovered to
the nickel resin depending on the amount of rTOM40 added to
the reaction mixture (Fig. 3A). As a control, the mature form of
adrenodoxin (mAd) did not bind to rTOM40 (data not shown).
The interaction between rTOM40 and pAd was sensitive to
NaCl, and the interaction was almost completely abolished by
500 mm NaCl (Fig. 3B). The pAdrTOM40 complex, once
formed, was stable in high salt (Fig. 3B, Af in the lower panel).
These results suggested that the preprotein initially binds to
rTOM40 mainly through ionic interactions, which is followed
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A

F1G. 3. Recognition of preprotein by
purified ¥YTOMA40. A, binding of pAd to
rTOM40 as measured by pull-down assay.
pAd (1 ug) was incubated with the indi-
cated amounts of rTOM40 (N-terminal
Hisg-tagged), and then the reaction mix-
tures were subjected to pull-down reac-
tion by Ni-NTA beads. The recovered
pAd-rTOM40 complex was subjected to
SDS-PAGE followed by immunoblotting
using anti-adrenodoxin antibodies and
subsequent image analysis by a LAS1000
plus (Fuji Film Co.). The band intensities
were calculated by setting the total pAd
signal to 100% (shown in the right panel).
B, salt sensitivity of the pAdrTOM40
complex. The binding assay was per-
formed as in A using 5 pug of rTOM40 in
the presence of the indicated concentra-
tions of NaCl. In the lower panel, the
pAd-rTOM40 complex formed after 30
min of incubation was incubated with 500
mM NaCl (4f) and then subjected to the
pull-down assay as in A. In a separate
experiment, pAd and rTOM40 were incu-
bated in the presence of 500 mm NaCl (Bf)
followed by the pull-down assay. The
quantified results are shown in the right
panel. C, sequestration of the MPP-proc-
essing site of pAd within the rTOM40
molecule. pAd (1.4 pg) and rTOM40 (3.8
1g) were incubated in 50 ul at 30 °C for 30
min. The reaction mixtures were then in-
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cubated with Ni-NTA beads to separate
into pAd (unbound) and the pAd-rTOM40
complex (bound). Both fractions were

MPP

then incubated with (+) or without (-) pAd
MPP at 30 °C for 30 min, and the reaction
mixtures were analyzed by SDS-PAGE
and subsequent immunoblotting with an- mAd

ti-adrenodoxin  antibodies. D, dose-
dependent sequestration of the MPP-
processing site of pAd by rTOM40. pAd (1
ug) and the indicated amounts of rTOM40
were incubated at 30 °C for 30 min. The
reaction mixtures were then incubated

D

with MPP at 30 °C for 30 min, which were rTOM40 O
subjected to SDS-PAGE and subsequent

image analysis. The protection efficiency

(%) was calculated as the ratio of pAd to pAd

pAd plus mAd, and shown in E.

mAd

by the other interactions invelving hydrophobic interactions.
The so-called “cis-binding sites” or “cis-sites” of mitochondria or
mitochondrial outer membranes, which are located in the pro-
tease-sensitive surface receptors Tom20 and Tom?22, are sensi-
tive to salt concentrations as low as 100 mm (22—26). Therefore,
the “cis”-site of TOMA40 involved in the initial precursor recog-
nition binds preproteins through stronger ionic interactions
than that for the cis-binding site of the mitochondrial outer
membrane. Stan et al. (27) demonstrated that the isolated N.
crassa TOM holocomplex and the proteinase K-treated core not
only bind pSU9-DHFR but protect the precursor from cleavage
by MPP, indicating partial translocation of the precursor pro-
tein into the TOM complex and that the MPP cleavage site is
protected by the TOM complex against MPP. Because this MPP
protection is a suitable criterion to assess Tom40 function, we
examined MPP protection with rTOM40. Recombinant pAd
was incubated with rTOM40 and then the pAd-rTOM40 com-
plex was isolated using nickel resin, which was then subjected
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to MPP digestion. As shown in Fig. 3C, the pAd recovered as
the complex with rTOM40 was protected against MPP,
whereas unbound pAd was efficiently processed. This protec-
tion occurred as a function of the amount of rTOMA40 (Fig. 3, D
and E), and the reaction was essentially saturated by 4—8 pg of
rTOM40 per 1 pg of pAd (roughly calculated, ~2-4 mol of
rTOM40/mol of pAd, assuming the molecular size of rTOM40
and pAd to be 38 and 20 kDa, respectively). The rTOM40-de-
pendent MPP protection was also observed for pSU9-DHFR
(data not shown). Therefore, recombinant rTOM40 had prop-
erties similar to those of the isolated N. crasse TOM holocom-
plex or the proteinase K-treated core, which is composed solely
of the oligomeric form of Tom40 (27). The TOM core complex
was unable to partially translocate the preprotein unless
phospholipids from the mitochondrial outer membrane were
supplied externally (27).. Because phospholipid P; was not
detected in our rTOM40 preparation (data not shown),
TTOMA40 seemed to have folded correctly in Brij35 during the
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FiG. 4. Domain structure and mem-
brane topology of ¥YTOM40. A, elastase
(Ela) digestion of rTOM40. rTOM40 (3
ung) was digested with 2 pg/ml elastase in
50 ul at 0°C for 30 min. The reaction
mixture was trichloroacetic acid-precipi-
tated and analyzed by SDS-PAGE and
subsequent Coomassie Brilliant Blue
staining. B, recognition of the elastase-
produced fragments of rTOM40 by vari-
ous antibodies. rTOM40 (3 pug) was di-
gested in 50 ul with the indicated
concentrations of elastase at 0 °C for 30
min. The reaction mixtures were trichlo-
roacetic acid-precipitated, and the precip-
itates were solubilized in the loading
buffer, divided into 4 aliquots, and ana-
lyzed by SDS-PAGE and subsequent im-
munocblotting using the indicated anti-
bodies. C, elastase susceptibility of
endogenous rTOMA40 in the mitochondrial
outer membrane. Mitochondria (50
1g/100 ul) were digested with the indi-
cated concentrations of elastase at 0 °C
for 30 min under isotonic (—) or hypotonic
(+) conditions. The reaction mixtures
were trichloroacetic acid-precipitated and
subjected to SDS-PAGE and subsequent
immunoblotting using the indicated anti-
bodies. Asterisk, nonspecific band. D,
membrane topology of the N- and C-ter-
minal ends of rTOMA40 in the outer mem-
brane as probed by elastase and protein-
ase K (Pro.K). Mitochondria (10 pg/100
ul) harboring either N-terminal Hisg-
tagged rTOM40 (Hisg-TOM40) or C-ter-
minal HA-tagged rTOM40 (TOM40-HA)
were treated with or without 100 pg/ml
elastase or 100 ug/ml proteinase Kat 0 °C
for 30 min under the indicated conditions.
The trichloroacetic acid-precipitates were
resolved by SDS-PAGE and analyzed by
immunoblotting using the antibodies
against His, or HA. TX-100, Triton X-100.
E, topology of the C-terminal end of
rTOM40 in the mitochondrial outer mem-
brane as probed by carboxypeptidase Y
(CPY). Mitochondria (50 ug/100 ul) were
treated with 5 ug/ml carboxypeptidase Y
at 30 °C for 30 min under the indicated
conditions. The reaction mixtures were
analyzed by SDS-PAGE and subsequent
immunoblotting using the indicated anti-
bodies. F, schematic representation of the
topology of rTOM40 in the mitochondrial
outer membrane. The p-structure-en-
riched C-terminal half is shown as the
cylindrical structure. The sites Ala’™-Ser®
and Ala®°-Ala®® are accessible to elastase
from outside mitochondria and from the
intermembrane  space, respectively,
whereas Ile'®-His'®®, which is accessible
to elastase in the purified rTOM40, is re-
sistant in the outer membrane to elastase
treatment from either side of the mem-
brane. The segment 1-165 should span
the membrane at least once, although the
detailed membrane disposition of this
segment is not known. OM, outer mem-
brane; IMS, intermembrane space.

purification process to acquire the activity of partial translo-
cation of preproteins even in the absence of phospholipids.
Domain Structure of rTOM40 and Its Membrane Topology—
We then probed the domain structure of purified rTOM40 using
protease digestion. Elastase (2 pg/ml) treatment of rTOMA40 at
0 °C for 30 min produced at least three distinct fragments (Fig.
4A). Fragments 1 and 2 were formed transiently, and fragment
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3 was formed stably. These fragments were detected even after
50 pg/ml elastase digestion (see Fig. 4B). N-terminal amino
acid sequencing revealed that fragments 1-3 had lost residues
1-7, 1-65, and 1-165, respectively. The antibodies against
rTOMA40 (a-TOMA40) recognized only fragment 1, whereas two
antibodies raised against the synthetic peptides corresponding
to the regions near the C terminus (residues 323-345: peptide
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Fic. 5. Structural characteristics of purified *TOM40(AN165) and its properties of preprotein recognition. A, SDS-PAGE profile of
purified rTOM40(AN165). B, elution profiles of rTOM40 and rTOM40(AN165) through Superose 6 column equilibrated with 20 mm Tris-HCI (pH
7.5) containing 0.5% Brij35 and 150 mm NaCl. C, CD spectrum of rTOM40(AN165). D, binding of pAd by rTOM40(AN165) as assessed by pull-down
assay. pAd (1 ug) was incubated with the indicated amounts of rTOM40(AN165) (N-terminal His,-tagged), and then the reaction mixtures were
subjected to pull-down reaction. Other conditions were as described in the legend to Fig. 3. E, salt sensitivity of the pAdTTOM40(AN165) complex.
The binding assay was performed as in D using 5 ug of rTTOM40(AN165) in the presence of the indicated concentrations of NaCl. F, sequestration
of the MPP-processing site of pAd within rTOM40(AN165) molecule. pAd and rTOM40(AN165) were incubated at 30 °C for 30 min. The reaction
mixtures were then incubated with Ni-NTA beads. The pAd-rTOM40(AN165) complex was incubated with (+) or without (—) MPP at 30 °C for 30
min, and the reaction mixtures were analyzed by SDS-PAGE and subsequent immunoblotting with anti-adrenodoxin antibodies. In a separate
experiment (AN165 = 0 pg), pAd was incubated with MPP at 30 °C for 30 min, and the reaction mixture was analyzed by SDS-PAGE and
subsequent immunoblotting. The band intensities were quantified, and the processing efficiency (mAd/(pAd + mAd)) was calculated by setting the
efficiency in the absence of rTOM40(AN165) to 100% (shown in the right panel). G, rTOM40-(1-165) binds pAd but does not sequester the
MPP-processing site within the molecule. The indicated amounts of N-terminal Hisg-tagged rTOM40-(1-165) were incubated in 200 ul with 1 pg
of pAd, and the reaction mixtures were subjected to the MPP protection assay as described in F.
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Fic. 6. Interaction of the presequence peptide or pSU9-DHFR with rTOM40 as assessed by SPR. 4, SCC1-19; B, SCC1-19M; or C,
pSUS-DHFR in running buffer containing 0.05% Brij35 was injected to rTOM40-immobilized sensor chip at 25 °C. D, pSU9-DHFR pretreated with
or without methotrexate (Mzx) at 0 °C for 30 min was injected into the sensor chip. Other conditions were described under “Experimental
Procedures.” E, interaction of rTOM40 and pSU9-DHFR was performed in running buffer containing the indicated concentrations of NaCl.

40-1, and 189-207: peptide 40-2) recognized all three frag- tibodies recognized the epitopes located within the N-terminal
ments (Fig. 4B). On the other hand, anti-His, antibodies only 65 residues of rTOM40. These results indicated that the C-
recognized the full-size rTOM40 (Fig. 4B). Thus, rTOM40 an-  terminal half of *TOM40 (residues 166-361; 21.4 kDa) folded
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to form a stable domain structure.

We then addressed the topology of rTOM40 in the mitochon-
drial outer membrane using antibodies against *TOM40 (a-
TOM40) and against a synthetic peptide corresponding to res-
idues 189-207 (a-peptide 40-2). Elastase treatment of rat liver
mitochondria under isotonic conditions produced a fragment,
which was recognized both by o-TOM40 and a-peptide 40-
2(Fig. 4C, left and middle panels). Under hypotonic conditions,
elastase produced a fragment, which was detected only by
a-peptide 40-2 (Fig, 4C, middle panel). From the size and
reactivity with the antibodies, the bands produced under iso-
tonic conditions and hypotonic conditions were considered to
correspond to fragment 1 and fragment 2, respectively. These
results indicated that the N-terminal site (Ala”™-Ser®) of
1TOMA40 is exposed to the outer surface of the mitochondria,
whereas the site Ala®®-Ala®® is localized in the intermembrane
space. The T1e*55—His'®® site, which is accessible to elastase in
purified rTOM40 to produce fragment 3, was masked by the
membrane or by the components of the TOM complex. The
behavior of mitochondrial markers, mHsp70 (matrix protein),
TIM23 (inner membrane protein extruding the N-terminal seg-
ment out of the inner membrane), and TOM20 (outer mem-
brane protein extruding the bulk C-terminal portion to the
cytosol), indicated that the protease digestion reactions were
well controlled (Fig. 4C, right panel). Of note, fragments 1 and
2 were resistant to sodium carbonate (pH 11.5) extraction,
indicating that they were firmly embedded in the membrane
(data not shown). Topology of the N-terminal segment was
further confirmed by using mitochondria isolated from HeLa
célls expressing N-terminal Hisg-tagged rTOM40. As shown in
Fig. 4D, the His, epitope tag was removed by elastase treat-
ment under isotonic conditions, indicating that the N-terminal
segment of rTOMA40 is exposed to the cytosol. We then probed
the orientation of the C-terminal segment by using mitochon-
dria harboring C-terminal hemagglutinin (HA)-tagged
rTOM40. When the mitochondria were treated with proteinase
K under isotoniec conditions, the HA tag was unaffected,
whereas. it was completely removed from rTOM40 when the
outer membrane was ruptured by hypotonic treatment, thus
indicating that the C-terminal segment is exposed to the inter-
membrane space (Fig. 4D, right panel). This was further con-
firmed by carboxypeptidase Y treatment. rTOMA4O0 in the iso-
lated mitochondria was resistant to carboxypeptidase Y
treatment under isotonic conditions, whereas it was completely
digested under hypotonic conditions or in the presence of Triton
X-100 (Fig. 4E). As a control, rTOM22 that is inserted into the
outer membrane in the N, ,.-C;, orientation exhibited the same
susceptibility to the carboxypeptidase Y treatment (Fig. 4FE).
Taken together, rTOM40 is embedded in the outer membrane
exposing its N-terminal segment to the cytosol and the C-
terminal segment to the intermembrane space, whereas at
least the site Ala®—Ala®® is exposed to the intermembrane
space (Fig. 4F). Whether segment 1-165 is embedded in the
membrane by a single or multispanning configuration remains
to be determined. The predicted overall topology is distinct
from that of N. crassa Tom40; the N- and C-terminal ends are
exposed to the intermembrane space (28, 29). The N-terminal
segment of S. cerevisiae Tom40 is exposed to the cytosol (12),
but the topology of the C-terminal segment is not known.

rTOM40(AN165) Has a Secondary Structure and Preprotein-
binding Properties Comparable with rTOM40—Based on the
above findings, we purified a recombinant protein
rTOM40(AN165) (21.4 kDa) in which the N-terminal 165-resi-
due segment of rTOM40 was deleted, essentially according to
the procedure adopted for rTOM40 (Fig. 5A). On a Superose 6
gel filtration column, it was eluted at an apparent molecular
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TaBLE I
WT indicate wild type Kinetic parameters by surface
plasmon resonance

TOM40 SCC 1-19 pSU9-DHFR
WT (full) k, M5 3.0 X 10? 3.1 x 10*
ky(s™Y 8.7 % 107* 3.7 x 107
K, (k k) 3.0 X 1078 1.2 X 10710
AN165 k, (018 1.8 X 10° 2.9 x 10*
ky (s™Y) 8.7 x 10~* 2.3 x 10°°
Ky (kylky) 49X 1078 8.0 x 107%°

size of ~170 kDa with a sharp elution peak compared with
rTOM40 (Fig. 5B). The secondary structure calculated from the
CD spectrum in 0.5% Brij35 (Fig. 5C) revealed 62.0% B-sheet,
1.8% a-helix, 1.8% turn, and 34.5% random structures.

rTOM40(AN165) had preprotein-binding properties compa-
rable with those of rTOM40 as follows: (i) dose-dependent pAd
binding (Fig. 56D); (ii) salt-sensitive initial binding of pAd, fol-
lowed by salt-resistant binding (Fig. 5F); and (iii) sequestration
of the MPP processing site within the rTOM40(AN165) pore
(Fig. 5F). It should be noted that the purified recombinant form
of segment 1-165 of rTOM40 (xTOM40-(1-165)) bound pSU9-
DHFR with a Kp of 1.4 X 1070 i as assessed by SPR meas-
urements (data not shown), but it failed to protect the precur-
sor from attack by MPP (Fig. 5G), suggesting that the
protection against MPP was because of specific interactions
with rTOM40(AN165). Taken together, rTOMA40(AN165) exhib-
ited preprotein recognition properties as the import pore com-
parable with those of rTOMA40. In support of these findings,
rTOM40 and rTOM40(AN165) reconstituted into proteolipo-
somes exhibited permease activity for the vesicle-entrapped
sucrose (see below).

Binding Kinetics of Preproteins to. rTOM40 and rTOMA40-
(AN165) as Analyzed by SPR—We next measured the kinetics
of interaction of rTOM40 or rTOM40(AN165) with either the
synthetic presequence SCC1-19 or recombinant pSU9-DHFR
by using SPR. ¥*TOM40 or rTOM40(AN165) was immobilized to
the sensor tips, and various concentrations of presequence or
pSU9-DHFR were injected. The binding curves obtained (Fig. 6
for r*TOMA40; data not shown for rTOM40(AN165)) were ana-
lyzed by using BIA Evaluation software. Calculated association
(k,) and dissociation (k;) rate constants and K, (k /k,) values
are summarized in Table I. The affinity of ¥TOMA40 for prese-
quence peptide SCC1-19 was 3.0 X 107 M (Table I). No bind-
ing was observed with nonfunctional control peptides SCC1-
19M (20) (Fig. 6B) and Synb2 (30) (data not shown). In
contrast, however, rTOM40 exhibited ~10*-fold higher affinity
(1.2 X 107*% u) for pSU9-DHFR compared with the synthetic
presequence, suggesting that the mature segment of the pre-
cursor was responsible for the high affinity binding (Fig. 6C
and Table I). When the conformation of the DHFR segment was
stabilized with methotrexate, binding of pSU9-DHFR was
strongly inhibited (Fig. 6D). Taken together, these results sug-
gested that the affinity of rTOMA40 for the presequence per se
was rather low, and the affinity was greatly increased by the
presence of the unfolded mature region of the preprotein.

We then examined the salt sensitivity of the interaction
between rTOM40 and pSU9-DHFR. The interaction was salt-
sensitive, and the binding was almost completely inhibited by
0.5 M NaCl (Fig. 6E), confirming the results of the pull-down
assays (see Fig. 3). These results indicated that YTOM40 ini-
tially binds preproteins mainly through ionic interactions,
which is followed by some other interactions including hydro-
phobic forces; the unfolded mature segment of preprotein
seemed to contribute to the Ilatter interactions (13).
rTOM40(AN165) exhibited similar but slightly lower affinity
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A

Fig. 7. Sucrose passage activity of
rTOM40 and rTOM40(AN165). A, re-
constituted proteoliposomes (asolectin +)
or mock-treated proteins (asolectin —)
were subjected to centrifugal floatation at
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for SCC1-19 and pSU9-DHFR compared with full size rTOM40
(Table 1 and data not shown). The N-terminal 165 segment
might contribute to stabilize the correct conformation of the
pore-forming segment.

rTOM40 and rTOM40(AN165) Exhibit Sucrose Passage Ac-
tivity When Reconstituted into Liposomes—Because our at-
tempts to measure the channel activity for rTOM40(AN165) by
using electrical methods were unsuccessful for technical rea-
sons, we tried to measure the pore activity biochemically. Be-
cause the TOM complex, when reconstituted into proteolipo-
somes, mediates passage of small molecules (11, 31), we

Fraction Number (0.3 mli)

examined whether rTOM40(AN165) has sucrose passage activ-
ity, using the method adopted for measuring the activity of
mitochondrial porin (17, 32). This assay measures the retention
of large [*H]dextran (mean M, 70,000) versus small [**C]su-
crose that had been trapped into proteoliposomes containing
rTOM40 proteins by sieving through a Sepharose 4B column.
These experiments revealed that both rTOM40 and
rTOM40(AN165) mediated passage of sucrose to a significant
extent (Fig. 7 and Table II). As the controls, heat-denatured
rTOM40(AN165) and cytoplasmic enzyme lactate dehydrogen-
ase were inactive in this assay. We thus concluded that the
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