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TOM40 is the central component of the preprotein
transloecase of the mitochondrial outer membrane (TOM
complex). We purified recombinant rat TOM40
(xTOM40), which was refolded in Brij35 after solubiliza-
tion frem inclusion bodies by guanidine HCL xyTOM40 (i)
consisted of a 63% f-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) *TOM40 bound pre-
protein initially through ionic interactions, followed by
salt-resistant non-tonic interactions, and (iv) exhibited
Presequence-sensitive, cation-specifiec 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% -structure that exhibited properties
comparable with those of full-size ¥TOM40. We con-
cluded that the membrane-embedded C-terminal half of
rTOM40 constitutes the preprotein recognition domain
with an enriched B-structure, which forms the prepro-
tein conducting pore containing a salt-sensitive cis-
binding site and a salt-resistant trens-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 (1-6). In yeast, the ~400-kDa
TOM holocomplex is composed of the import receptors Tom70,
Tom20, and Tom?22, the import channel Tom40 with a pre-
dicted p-barrel structure, Tom 5, which regulates precursor
transfer from the receptor to the channel, and Tomé and Tom7,
which regulate channel assembly {4, 7). Tom22, Tom5, Toms,
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 ¢han-
nel activity (8, 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 Tomd40 reconstituted into lipo-
somes forms a cation-selective and voltage-dependent high con-
ductance channel with multiple conductance states, which spe-
cifically bind mitechondria-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 Tom4( 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 (*TOM40) (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 rTOM40 consisted of a ~63% f-structure and, when
incorporated into liposemes, 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, pSU%-
DHFR, with high affinity (K, range of 1070). Salt sensitivity of
the binding indicated that rTOM40 recognized preproteins by
two distinet 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 YTOMA40 (residues 166 -361). Purified recom-
binant rTOM40(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

Plusmid Constructions—For construction of the E. coli expression
plasmid of rat TOM40, the 1086-bp cDNA encoding N-terminal Hisg-
tagged TOMA40 was cloned into the Ndel-Bam[I sites of pET28a (No-
vagen) to obtain pET28-NHisd0 (14). The expression vector of
rTOM40{AN165) was constructed as follows. A DNA fragmenti encoding
His-TOMA40(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
ingerted 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 His,-
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-GCGQGATCCTCAGATGACCTGTGCATTGAG-3'.
The Ndel and BamHI sites are underlined. The amplified fragment was
inserted between the Ndel-BamHI sites of pET28a to create
pET28a-(1-165).

Purification of rTOM40, rTOM40(AN165), and rTOMA0-(1-165)—
BL21(DE3)LysS cells harboring the expression plasmids for rTOM40,
rTOM4MAN165), or rTOM40-(1-165) were cultured to Agy = 0.5, and
protein expression was induced by 1 mM isopropyl 1-thio-B-D-galacto-
pyranoside and cultured further for 3 h at 30 °C. The cells were sus-
pended in the sonication buffer (50 my Tris-HC1 (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 rTOMAQ(AN1G5), 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-HCl (pH
7.5) containing 500 mM NaCl, 4 M urea, and 1 my 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
guaridine HCL, 1 mM 2-mercaptoethanol (2ME), and 5 mM imidazole).
The ubtracentrifuged 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-HC1 (pH 8.0)
containing 0.5 ¥ NaCl, 6 M urea, 1 mym 2ME, and 5 mym 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-HC1 {pH 8.0} containing 0.5 M NaCl, 0.5% Brij35, 1 mu ZME). After
the refolding step, rTOM40 or rTOM40(AN165) was eluted by 20 mm
Tris-HC] buffer (pH 8.0) containing 0.5 s NaCl, 0.5% Brij35, 1 mm 2ME,
and 300 mu imidazole. The eluted fraction was applied to a Mono-5
column equilibrated with 20 mM phosphate buffer (pH 6.5} containing
0.5% Brij35, and eluted by a 0 to 1 M NaCl concentratior: 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 rTOM40 or rTOM40(AN165) was chtained 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 pl) containing 3 pg of r*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 protecliposomes con-

Domain Structure of Rat Mitochondrial TOM40

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-phosphatidylethanclamine in chloroform were mixed
in a test tube, and the solvent was evaporated by flushing with N,. One
milliliter of 50 mm Tris-HC buifer {pH 7.5) containing 0.5% Brij35 and
90 pg 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 m! of 50 mu Tris-HCl buffer (pH 7.5} containing 50
mM sodium acetate. The reaction mixture was then dialyzed against 5
liters of 10 mM Tris-HCI buffer (pH 7.5) containing 0.15 M NaCl and 20 g
of Bio-Beads SM-2 (Bio-Rad). The dialysate was concentrated using a
membrane filter. Approximately 80% of the obtained protecliposomes
assumed unilamellar vesicles with ~0.1 um diameter.

Preparation of Mitechondria from Hela Cells Expressing the
Epitope-togged rTOM40—HeLa cells were transfected with N-terminal
His,tagged rTOM40 or C-terminal HA-tagged rTOM40 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—FElectrical measurements were
performed with nystatin-perforated patch recordings applied on lipid
bilayer vesicles containing rTOM40. SCC1-19 (10 pm) dissolved in the
perfusate was applied using the Y-tube method, which allowed the
exiernal solution te 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 Electroni¢c 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 mm Hepes (pH 7.2). The external solution contained 150
m KCl, 10 mv 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
rTOM40(AN165). The assay was carried out essentially as described by
Zalman et al. (17) using [¥Clsucrese 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 mitochendrial cuter membrane, was reconsti-
tuted into asolectin liposomes. The reaction mixture was passed
through a Sepharose CL-4B column (0.9 X 9.5 em) equilibrated with 10
mM Hepes-KOH buffer (pH 7.4} containing 100 mm NaCl, 0.1 mum
MgCl,, and 3 mM NalN,. 0.8-ml fractions were collected and assayed for
radioactivity by using a liquid seintillation counter. Membrane vesicles
were eluted in fractions 67 {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 1.256 M and (.26 M sucrose, and
centrifuged in a Hitachi RP-5120AT3 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
rTOM40-(1-165} by Co-precipitation—The mixture containing 1 pg of
pAd and the indicated amounts of rTOM40, rTOM40(AN165), or
rTOMA0-(1-165) in 200 ] of the binding buffer (20 mM Hepes-KOH
buffer (pH 7.4) containing 0.1% Brij35, and 50 mu 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 pl (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, rTOM4O(ANIES), or
rTOM40-(1-165) and isolation of the complex by TALON beads were
performed as described above, The isclated heads 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 mym MnCl2 at 80 °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. Structuraj characteristics of ¥TOM40. A, SDS-PAGE pro-
file of purified rTOM40. B, CD spectrum of rTOMA40,

CD Spectrum Measurement—CD spectra of 'TOM40, rTOM40(AN1685),
and rTOM40-(1-165) were measured in 10 mM Tris-HCI buffer (pH 7.4)
containing 0.5% Brij35 at 25 °C using a JASCO J-720 spectropolarim-
eter and a cuvette with a2 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 rTOM40, rTOM40(AN165), or rTOM40-(1-165) was immobi-
lized onto the sensor chip CMS5 by amine-coupling according to the
manufacturer’s protocol. Briefly, the coupling was performed in 10 muM
sodium acetate buffer (pH 6.5) at a protein concentration of 10 pg/mi.
The level of immobilization typically corresponded to 2000 resonance
units, which correspended to ~2 ng of protein/mm? (Fig. 6, A-D). In Fig.
6F, rTOM40 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 mmM NaCl
and 0.05% Brij35 (running buffer) at a flow rate of 20 pl/min. The
sensor chip surface was regenerated by 50 mm HCL Binding curves
were analyzed using BIA-Evaluation software (version 3.2). The kinetic
data fitting was performed using 2 Langmuir 1:1 binding model.

RESULTS

Purification of Rat TOM40—N-terminal Hisgtagged
rTOMA0 expressed in E. coli as inclusion bodies was solubilized
by 6 m GdnHCl, applied to a Ni-NTA affinity column, and
subjected to a refolding reaction by exchanging GdnHCI slowly
with Brij3s. rTOM40 was then eluted by imidazole and sub-
jected to Mono-S column chromatography. Purified ¥TOM40
(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% o-helix,
5.9% turn, and 21.1% random structures in the protein. The
content of the B-sheet structure of ¥TOM40 was comparable
with that of recombinant Saccharomyces cerevisice 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. crasse Tom40, which was
purified after dissociation of the purified TOM complex with
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Fic. 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 a-heliz, 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 N. crasse Tom40 isolated
from the purified TOM core complex, and recombinant Tom40
of 5. 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
SCCI1-19 (10 pM) (20) induced an immediaie 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 fon 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, Immunoebiot analysis with
anti-adrenodoxin antibody revealed that pAd was recovered to
the nickel resin depending on the amount of yTOM40 added to
the reaction mixture (Fig. 34}, 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
rTOMA40 mainly through ionic interactions, which is followed
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A

Fic. 3. Recognition of preprotein by
purified rTOM40. A, binding of pAd to
rTOM40 as measured by pull-down: assay.
pAd (1 pg) 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
pAdTTOM40 complex was subjected to
SDS-PAGE followed by immunoblotting
using anti-adrenocdoxin 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 pg of rTOMA40) in
the presence of the indicated concenira-
tions of NaCl. In the lower panel, the
pAdTTOM40 complex formed after 30
min of incubation was incubated with 500
m¥ NaCl (Af) 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 ¥*TOM40 (3.8
pg) were incubated in 50 pl at 30 °C for 30
min. The reaction mixtures were then in-
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cubated with Ni-NTA beads to separate MPP
into pAd (unbound) and the pAdTTOM40
complex (bound). Both fractions were
then incubated with {+) or without (-)
MPP at 30 °C for 30 min, and the reaction
mixtures were analyzed by SDS-PAGE
and subsequent immunoblotting with an-
ti-adrenodoxin  antibodies. D, dose-
dependent sequestration of the MPP-
processing site of pAd by rTOM40. pAd (1
1g) and the indicated amnounts of YTOM40
were incubated at 30 °C for 30 min. The
reaction mixiures were then incubated
with MPP at 30 °C for 30 min, which were
subjected to SDS-PAGE and subsequent
image analysis. The protection efficiency
(%) was caleulated as the ratio of pAd to
pAd plus mAd, and shown in E.

pAd

mAd .-

D

rTOM4Q

by the other interactions involving 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 Tom22, are sensi-
tive to salt concentrations as low as 100 mum (22-26). Therefore,
the “cig”-site of TOM40 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 pSU2-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 Tomd( function, we
examined MPP protection with rTOM40. Recombinant pAd
was incubated with rTOM40 and then the pAdrTOM40 com-
plex was isolated using nickel resin, which was then subjected
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-9
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=]

o T T T T

4 6
rTOM40 (ug)

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 ocenrred as a function of the amount of rTOM40 (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. ¢crassa TOM holocom-
plex or the proteinase K-treated core, which is composed solely
of the oligomeric form of Tom4(Q (27). The TOM core complex
was unable to partially translocate the preprotein unless
phospholipids from the mitochondrial cuter membrane were
supplied externally (27).. Because phospholipid P; was not
detected in our rTOM40 preparation (data not shown),
rTOM40 seemed to have folded correctly in Brij35 during the
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Fie. 4. Domain structure and mem-
brane topology of ¥TOM40. A, elastase
(Ela) digestion of rTOM40. rTOM40 (3
ug) was digested with 2 pg/m] elastase in
50 pl 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 pg) 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-
muncblotting using the indicated anti-
bodies. €, elastase susceptibility of
endogenous rTOM40 in the mitochondrial
outer membrane. Mitochendria (50
1g/100 p1) were digested with the indi-
cated concentrations of elastase at 0°C
for 30 min under isotonic (—) or hypotenie
(+) conditions. The reaction mixtures
were trichloroacetic acid-precipitated and
subjected to SDS-PAGE and subsequent
immunoblotting using the indicated anti-
bodies. Asterisk, nonspecific band. DI,
membrane topology of the N. and C-ter-
minal ends of rTOM40 in the outer mem-
brane as probed by elastase and protein-
ase K (Pro.K). Mitochondria (10 pg/100
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«-peptide 40-1 o-peptide 40-2
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ul) harboring either N-terminal His,
tagged rTOM40 (Hisg-TOM40) or C-ter-
minal HA-tagged rTOM40 (TOM40-HA)
were treated with or without 100 pg/ml
elastase or 100 pg/ml proteinase K at 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-700, Triton X-100.
E, itopology of the C-terminal end of
rTOMAO in the mitochondrial outer mem-
brane as probed by carboxypeptidase Y
(CPY). Mitochondria (60 ug/100 pl} were
treated with 5 pg/ml carboxypeptidase ¥
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 rTOMA40 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%®-Aia® are accessible to elastase F 1
from outside mitochondria and from the

intermembrane  space, respectively, Cylosol »

a-TOM40

16.5—

w-peptide 40-2

His6-TOM40 TOM40-HA

whereas [le!®-His'®®, which is accessible
to elastase in the purified rTOM490, is re-
sigtant in the outer membrane to elastase
treatment from either side of the mem-
brane. The segmeni 1-165 should span
the membrane at least once, although the

oM

His-165

»
o

detailed membrane disposition of this
segment is not known. OM, outer mem-
brane; IMS, intermembrane space.

IMS P

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 yTOMA40 at
0 °C for 30 min produced at least three distinct fragments (Fig.
4A). Fragments 1 and 2 were formed transiently, and fragment

Ala-65 \J 61

-

COOH

3 was formed stably. These fragments were detected even after
50 ug/ml elastase digestion (see Fig, 4B). N-terminal amino
acid sequencing revealed that fragments 1-3 had lost residues
1-7, 1-85, and 1--165, respectively. The antibodies against
rTOM40 (o-TOM40) 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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F1G. 5. Structural characteristics of purified rTOM40(AN165) and its properties of preprotein recognition. A, SDS-PAGE prefile of
purified rTOMA40{AN165). B, elution profiles of rTOMA40 and rTOM40(AN165) through Superese 6 column equilibrated with 20 mM Tris-HCl (pH
7.5) containing 0.5% Brij35 and 150 mn NaCl. C, CD spectrum of PFOM40(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(AN166) (N-terminel Hise-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 pAdTTOMA40(AN165) complex.
The binding assay was performed as in D using 5 ug of "rTOM4KANIES) 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(AN185) were incubated at 30 °C for 30 min. The reaction
mixtures were then incubated with Ni-NTA beads. The pAdrTOM40(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 hy SDS-PAGE and
subseguent immunoblotting. The band intensities were quantified, and the processing efficiency (mAdi(pAd + mAd)) was calculated by setting the
efficiency in the absence of rTOMAXAN165) to 100% (shewn in the right panel). G, yTTOM40-(1-165) binds pAd but does not sequester the
MPP-processing site within the molecule. The indicated amounts of N-terminal Hisc-tagged rTOM40-(1-165) were incubated in 200 yul with 1 pg
of pAd, and the reaction mixtures were subjected to the MPP protection assay as described in F.
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FIG. 6. Interaction of the presequence peptide or pSUS-DHFR with rTOM4¢ as assessed by SPR. A, SCC1-19; B, SCC1-19M; or C,
pSUS-DHFR in running buffer containing 0.05% Brij35 was injected to rTOM40-immaobilized sensor chip at 25 °C. ), pSU9-DHFR pretreated with
or without methotrexate (M#x) at 0 °C for 30 min was injected into the sensor chip. Other conditions were described under “Experimental
Procedures.” E, interaction of yTOM40 and pSU9-DHFR was performed in running buffer containing the indicated concentrations of NaCl.

tibedies recognized the epitopes located within the N-terminal

ments (Fig. 4B). On the other hand, anti-Hisg antibodies only 65 residues of rTOM40. These results indicated that the C-

recognized the full-size rTOM40 (Fig. 4B). Thus, ¥TOM40 an-

186

terminal half of rTOM40 (residues 166-361; 21.4 kDa) folded
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to form a stable domain structure.

We then addressed the topology of rTOMA40 in the mitochon-
drial outer membrane using antibodies against rTOM40 (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 «-peptide 40-
2(Fig. 4C, left and middle panels). Under hypotonic conditions,
elastase produced a fragment, which was detected only hy
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
rTOM40 is exposed to the outer surface of the mitochondria,
whereas the site Ala®%-Ala%® is localized in the intermembrane
space. The Ile*®—His'®® site, which is accessible to elastase in
purified rTOM4Q 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 TOM2( (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
cells expressing N-terminal His,-tagged ¥TOM40. As shown in
Fig. 4D, the His, epitope tag was removed by elastase treat-
ment under isotonic eonditions, indicating that the N-terminal
segment of yTOM40 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 isofonic 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. rTOM40 in the iso-
lated mitochondria was resistant to ecarboxypeptidase 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, *TOM22 that is inserted into the
outer membrane in the N_-C,,, orientation exhibited the same
susceptibility to the carboxypeptidase Y treatment (Fig. 4K).
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®—A1a®® 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. crasse Tom40; the N- and C-terminal ends are
exposed to the intermembrane space (28, 29). The N-terminal
segment of S. cerevisiue 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 Freprotein-
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 ¥YTOM40 was deleted, essentially according to
the procedure adopted for ¥TOMA40 (Fig. 5A). On a Superose
gel filtration column, it was eluted at an apparent molecular
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Taste I
WT indicate wild type Kinetic parameters by surface
plasmon resongnce

TOM40 SCC 1-19 pSUS-DHFR
WT {full) k. (M 1s7Y) 8.0 x 16% 3.1 x 10*
kg (8™ 8.7 x 107 3.7 x 107®
K, (hyfh ) 3.0 x 107° 1.2 x 107
AN165 k, (M~ 1s™h) 1.8 x 10% 2.9 x 10¢
kg ls™h) 8.7 x 107 2.3 x 107°
By {hth,) 49%10°¢ 8.0 X 1071

size of ~170 kDa with a sharp elution peak compared with
rTOMA40 (Fig. 5B). The secondary structure calculated from the
CD spectrum in 0.5% Brij35 (Fig. 5C) revealed 62.0% p-sheet,
1.8% a-helix, 1.8% turn, and 34.5% random structures.

rTOM40(AN165) had preprotein-binding properties compa-
rable with those of rTOMA40 as follows: (1) duse-dependent pAd
binding (Fig. 5D); (ii) salt-sensitive initial binding of pAd, fol-
lowed by salt-resistant binding (Fig. 5E); 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 (rTOM40-(1-155)) hound pSU9-
DHFR with a Ky, of 1.4 X 107 M 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, rTOM40(AN165) exhib-
ited preprotein recognition properties as the import pore com-
parable with thoese of rTOM40. In support of these findings,
rTOM49 and rTOM40{AN165) reconstituted into proteolipo-
somes exhibited permease activity for the vesicle-entrapped
sucrose (see below).

Binding Kinetics of Preproteins to rTOM40 and rTOM40-
(AN165) as Analyzed by SPR—We next measured the kinetics
of interaction of rTOM40 or rTOM4MANI1EE) with either the
synthetic presequence SCC1-19 or recombinant pSU9-DHFR
by using SPR. TTOM40 or rTOM40{AN165) was immobilized to
the sensor tips, and various concentrations of presequence or
pSU9-DHFR were injected. The binding eurves cbtained (Fig. 6
for rTOM40; data not shown for rTTOM40(AN165)) were ana-
lyzed by using BIA Evaluation software. Calculated association
(k,) and dissociation (%} rate constants and Ky, (k,/k,) values
are summarized in Table I. The affinity of rTOM40 for prese-
guence peptide SCC1-19 was 3.0 X 1075 m (Table I). No bind-
ing was observed with nonfunctional control peptides SCC1—
19M (20) (Fig. 68) and Synb2 (30) (data not shown). In
contrast, however, rTOM40 exhibited ~10%fold higher affinity
(1.2 x 10729 u) for pSUY-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
gtabilized with methotrexate, binding of pSU9-DHFR was

" strongly inhibited (Fig. 6D). Taken together, these results sug-
gested that the affinity of YTOM40 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 rTOM40 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 confribute to the latter interactions (13).
rTOM40(AN185) exhibited similar but slightly lower affinity
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A

Fi6. 7, Sucrose passage activity of
rPOMA40 and ¥TOM40(AN165). A, re-
constituted proteoliposomes (asolectin +)
or mock-treated proteins (asolectin —)
were subjected to centrifugal floatation at
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Liposomes - 4+ - + - +
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for 3CC1-19 and pSU9-DHFR compared with ful] size rTOM40
(Table I 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 ml)

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 [PH]dextran (mean M, 70,000} versus small [*C]su-
crose that had been trapped into protecliposomes 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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Tasie II
Release of [**Clsucrose from vesicles reconstituted with TOM40 proteins

Results are normalized so that the *C/°H ratios of the incubation mixture would be equal to 1.0. Results of three independent experiments are

shown. LDH indicates lactate dehydrogenase.

Incubation mixture

Isolated vesicles

Addition oA
[*H]Dextran [1*C)Sucrose [*H]Dextran [4G]Sucrose
eom cpm

None 38,200 35,000 5,950 5,230 0.96
Turm40

38 ug 47,900 43,300 9,070 6,640 0.81

38 pg 44,400 40,300 8,110 4,960 0.67
Tom4{AN163)

3.8 pg 43,400 39,500 9,030 7,859 0.97

38 pg 47,600 41,000 9,470 5.650 0.69
Heated 38 pg 52,200 48,400 5,410 4,640 0.92
LDH

38 ng 45,200 41,000 8,110 7,080 0.96

C-terminal half-segment of rTOM40, like full-size rTOMA4G,
mediates passage of small molecules across the menibranes.
These properties seem to correspond to the ability of rTOM40
and rTOM40MAN16E) for sequestration of the MPP-processing
site of preprotein within the molecule (see Fig. 3 and Fig. 5).

DISCUSSION

Virtually all the nuclear coded mitochondrial proteins are
translocated and sorted into mitochondrial subcompartments
via the TOM complex; preproteins transported to the inner
compartments are translocated through the TOM channel ir-
respective of whether they are destined to soluble compart-
ments or to the inner membrane. On the other hand, the outer
mermbrane proteins are sorted by the TOM complex from the
proteins destined for the inner compartments and anchored to
the lipid bilayer of the outer membrane. As an initial step for
understanding the mechanism of this diverse preprotein recog-
nition by the TOM channel, we purified active recombinant
rTOM40, and we analyzed the recognition properties using
matrix-targeted preproteins.

Purified rTOM40 bound preproteins with high affinity and
sequestered the MPP-processing site within the molecule. Fur-
thermore, when reconstituted into liposomes, it exhibited pre-
sequence-sensitive cation-selective channel activity. Therefore,
recombinant rTOM40 was correctly refolded to attain the func-
tional conformation as the preprotein translocation pore. The
CD spectrum of rTOM40 did not exhibit the light-scattering
effects caused by aggregated species and revealed a greater
than 60% f-sheet structure. This value coincided well with that
for recombinant S. cerevisice Tom40 (12), although the CD
spectra differad considerably. In contrast, the f-sheet structure
content of N. cressa Tom40 predicted by CD spectra or IR
spectra was markedly lower with a maximum of 31% (10). The
a-helical strueture of rTOM40 (10%) was half that of N. crassa
Tom40. The reason for the difference in the secondary strue-
ture between N. crasse and mammals is not known.

Most importantly, this study demonstrates that the purified
membrane embedded C-terminal, half-formed ~170-kDa ho-
mo-oligomeric complex with a greater than 60% g-sheet strue-
ture and exhibited preprotein-binding properties comparabie
with those of yTOMA40, suggesting that the C-terminal segment
constitutes the preprotein conducting pore. Alignment of
Tom40 proteins from several organisms revealed that the se-
quence conservation is higher in the C-terminal pore-forming
segment compared with the N-terminal segment (14). Although
attempts to measure the presequence-responsive channel ac-
tivity of YTOM40(AN165) electrically were unsuccessful, we
could demonstrate that it mediated passage of sucrose across
the membrane. This preparation will help analyze the strue-

ture of the pore and preprotein recognition mechanizsms.

rTOM40{AN165) was =zlmost functionally identical with
rTOM40 with respect to the preprotein recognition, and both
exhibited enriched B-sheet structures, thus the g-barrel struc-
ture is responsible for the pore function as is the case for porin
(28, 33). The B-structure content of rTOM40(AN165) was lower
(62%) than that of rTOM40. Because the random coil structure
was increased in rTOM40{AN165), proper refolding might be
digturbed to some extent. The N-terminal 1-165 segment
night be required for correct formation or stabilization of the
pore structure, and this might be reflected in the decreased
affinity of rTOM40(AN165) for pSU9-DHFR.

Here we demonstrated that purified recombinant rTOM40
and rTOM40(AN165) exhibited virtually identical properties
with the TOM core complex (24, 27). They initially bind the
preprotein through predominantly electrostatic imteractions
and partially translocate the preprotein to the salt-resistant
trans-site that is inaccessible to MPP, probably within the
transloecation channel. Stabilization of the DHFR muoiety by
methotrexate inhibited binding of pSU2-DHFR to yTOM40 or
rTOM40(AN165), suggesting that the partial translocation is
accompanied by unfolding of the mature segment, and the
activity is restricted to the C-terminal half of rTOM40. These
results also indicate that purified rTOM40 as well as
rTOM40(AN165) contain the salt-sensitive cis-hinding site.
The salt-sensitive binding to the cis-site provided by the sur-
face receptors Tom20 and Torn22 is much weaker than that in
rTOM40 or rTOM4MAN165); cis-site binding of the preprotein
was almost completely inhibited by 100 mum KCl (22-24). Con-
sistent with this, the K, values of preproteins for the cytoplas-
mic domain of import receptors Tom70 or Tom20 as measured
by SPR were 10" "=107% M (34). This affinity difference might
facilitate vectorial preprotein transfer from the surface import
receptors to the cis-binding site of Tomd40.

Analysis by SPR revealed that rTOM40 bound pSU9-DHFR
with high affinity (in the 107 *® M range), and stabilization of
the DHFR moiety greatly decreased the affinity. Most interest-
ingly, *TOM40 bound a presequence peptide but with 10*-fold
lower affinity at 3.0 % 107° M. These results indicate that the
mature portion of the preprotein contributes significantly to
the high affinity binding. It should be noted that the
rTOM40-pSU9-DHFR  complex or rTOM40(AN165)-pSU9-
DHFR complex, once formed, was resistant to salt treatment,
indicating a mode of interaction different from the initial in-
teractions in the latter binding stage or in the trans-site bind-
ing in the purified molecules. The precise nature of the inter-
action of the preprotein with the ¢rens-binding site remains to
be determined. ¥TOM40 and rTOM40(AN165) thus possess
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virtually all the preprotein-binding properties characteristic of
the TOM holocomplex.

What might be the function of the N-terminal 165-residue
segment? rTOM40-(1-165) was expressed in E. coli as a soluble
form. CD spectra of the purified recombinant rTOM40-(1-165)
revealed that it has 49% w-helix, 6% B-sheet, and 45% random
structures. The segment consisting of residues 1--65 should
span the membrane at least once, although the exact states of
membrane disposition of the segment including this and up to
165 residues remains unknown. Recombinant rTOM40-(1-165}
bound preprotein with an affinity on the order of 107 u
mainly through hydrophobic interactions; the complex was sta-
ble in the presence of 500 mym NaCl.2 Considering that purified
rTOMA40 initially binds preproteins by ionic interactions, these
results suggest that the 1-165 segment functions in the later
stages of preprotein translocation. In N. crasse Tomd0, seg-
ment 41-60 (corresponds to residues 80-98 of rTOM40) is
essential for proper assembly/stability of Tom40 in the TOM
complex (35). In a recent report, residues 51-60 (correspond to
residues 90-98 of rTOM40) and the C-terminal 3 residues
(residues 321-323 which correspond to 353-355 of ¥TOM40)
are required for assembly beyond the 250-kDa assembly inter-
mediate of the TOM complex {36). Thus, the N-terminal 1-165
segment might also be involved in the assembly with the TOM
components such as Tom?22 and small Tom proteins or function
as the interface of releasing outer membrane proteins from the
import pore into the lipid bilayer. Another possibility is that
the N-terminal 1-165 segment is required for coupling the
TOM complex with the translocation of inner membrane com-
plex during preprotein transit from the outer membrane to the
inner membrane.
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Expression of amyloid precursor protein-like molecule in
astroglial cells of the subventricular zone and rostral
migratory stream of the adult rat forebrain

Katsunori Yasuoka, Kazuho Hirata, Akio Kuracka, Jian-wen He and Masaru Kawabuchi
Department of Anatomy and Cell Biology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Abstract

tn adult mammals, new neurons in the subventricular zone (SVZ) of the lateral ventricle {LV) migrate tangentially
through the rostral migratory stream (RMS) to the olfactory bulb {OB), where they mature into local interneurons.
Using a monoclonal antibody for the f-amyloid precursor protein (APP) (mAb 22C11), which is specific for the
amino-terminal region of the secreted form of APP and recognizes all APP isoforms and APP-related proteins,
immunoreactivity was detected in specific subpopulations of cells in the SVZ and RMS of the adult rat forebrain. In
the SVZ, APP-like immunoreactivity was deatected in the ependymal cells fining the LV and some of the subependymal
cells. The latter were regarded as astrocytes, because they were positive for the glial markers, 5-100 protein (5-100)
and glial fibrillary acidic protein (GFAP). APP-like immunoreactive astrocytes exhibited strong labelling of the
perinuclear cytopiasm and often possessed a long, fine process similar to that found with radial glia. The process
extended to an APP-like immunoreactive meshwork in the RMS that consisted of cytoplasmic processes of
astrocytes forming ‘glial tubes’. Double-immunofluorescent labelling with a highly polysialylated neural cell
adhesion molecule (PSA-NCAM) confirmed that the APP-like immunoreactive astrocytes in the SVZ and meshwork
in the RMS made close contact with PSA-NCAM-immunapositive neuroblasts, suggesting an interaction between
APP-containing cells and neuroblasts. This region of the adult brain is a useful /n vive model to investigate the role
of APP in neurogenesis.

Key words adult neurogenesis; confocal laser scanning microscopy; glial tube; immunohistochemistry; sub-
ependymal cell.

because this region is the largest germinal zone of

introduction the adult mammalian brain, contains a steady-state

Mitotic active cell proliferation has been reported in
specific regions of the adult mammalian central nervous
system {CNS), including the subventricular zone (SVZ}
of the lateral ventricle {LV) {reviewed by Alvarez-Buylla
& Garcia-Verdugo, 2002), the hippocampal dentate
gyrus (Paimer et al. 1997) and the olfactory neuroepi-
thelium {reviewed by Peretto et al. 1999). Attention
has increasingly focused upon the SVZ of the LV,
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population of proliferating cells and harbours neural
stem cells that could be used for neuroregenerative
therapy {Doetsch & Alvarez-Buylla, 1996; reviewed by
Alvarez-Buylla & Garcia-Verdugo, 2002). In addition, a
distinct migration pathway called the rostral migratory
stream {RMS) has been identified, where neural pre-
cursors generated in the anterior horn of the SVZ
migrate to the olfactory bulb (OB) and mature into
local interneurons {Lois & Alvarez-Buylla, 1994; Lois et al.
1996). Of particular interest is that astrocytes in this
region have an immature property that is thought to
be involved in the guidance of precursor cells {reviewed
by Peretto et al. 1999} or capable of proliferating
itself (reviewed by Alvarez-Buylla & Garcia-Verdugo,
2002). The SVZ-RMS-0B system of the forebrain seems
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to be a useful tool for studying the mechanisms under-
lying neurogenesis.

Armyloid precursor protein {APP) is an integral cell
mernbrane glycoprotein expressed in a variety of tissues,
and is abundant throughout the nervous system (Selkoe,
1994). APP produces the amyloid § protein {(AB}, which
is known as the major component of senile plagues
found in the brain of patients with Alzheimer’s disease
{Goldgaber etal. 1987; Kang et al. 1987; Tanzi et al.
1987). The non-amyleoidogenic pathway of APP metabol-
ism tnvolves enzymatic cleavage within the A sequence,
and promotes release of the secreted form of APP (sAPF)
{Esch et al. 1990; Sisodia et al. 1390). Interestingly,
several studies of embryonic (Ohta et al. 1993; Salbaum
& Ruddle, 1994) and mutant animals (Mucke et al. 1994,
Zheng et al. 1995) have suggested that APP piays a
cruciak role in neurogenesis. More recent fn vitro studies,
using a yeast expression system, have shown that the
amino-terminal region is responsible for the biological
activity of sAPP {Ohsawa et al. 1897, 1999 Morimoto
et al. 1998a,b), including the enhancement of neurite
outgrowth (Ohsawa et al. 1997) and stimulating the pro-
liferation of neural stem cells (Ohsawa et al. 1999). The
region is also involved in synapse formation (Morimoto
et al. 1998a), although the carboxyl-terminal modulates
synaptic activity along with amino-terminal region of
sAPP {(Morimoto et al. 1998b). Thus the amino-terminal
region of sAPP seems to be significantly involved in
neurogenesis. A number of studies have localized APP
within the nervous system and shown APP expression
in a wide range of cell types, including neuronal and
non-neuronat cells (Palacios et al. 1992; Banati et al.
1994; Beeson et al. 1924; Quimet et al. 1994; Chauvet
et al. 1997). The considerable variation in the distribu-
tion of APP reported by these studies is thought to be
partly due to the use of antibodies targeting different
regions of the APP molecule (Beeson et al. 1994). Using
the monodional antibody (mAb) 22C11, which is specific
for the amino-terminal region of sAPP, Chauvet et al.
{1997} reported APP-like immunoreactivity in immature
types of astrogiial cells. Although the entire rostrocaudal
region of the brain was examined, these authors did not
report the distribution of APP in the SVZ-OB system.

in the present study using the mAb 22C11 antibody,
APP expression was investigated in the adult rat fore-
brain, including the SVZ-0OB system. APP-iike immuno-
reactivity was detected in ependymal cells and radial
glia-like subependymal cells in the 5VZ, and a special
type of astrocyte forming glial tubes in the RMS.
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Materials and methods
Animals and tissue preparation

Adult female Wistar rats weighing 140-160 g (6—8 weeks
old) were used. Animals were deeply anaesthetized
with diethyl ether and pentobarbital sodium salt
(50 mg kg") and perfused intracardially with 0.01 m
phosphate-buffered saline {PBS) at pH 7.4, followed
by a mixture of 4% paraformaldehyde and 0.2% picric
acid in 0.1 m phosphate buffer (PB) at pH 7.4. After
removal from the skull, the brains were blocked and
post-fixed for 3-4 h in 4% paraformaldehyde in 0.1 m
PB and immersed overnight in 20% sucrose buffer.
They were then frozen with dry-ice-isopentane. The
brains were cut either sagittally or frontally into
50-um-thick serial sections on a cryostat. Sections were
collected in 0.02m potassium phosphate-buffered
saline (KPBS).

Antibodies and immunohistochemistry

The immunohistochemical procedure used here has
been described previously (He et al. 2000). Briefly, non-
specific binding sites were blocked by pre-incubation
with 0.1% bovine serum albumin (BSA) in KPBS
containing 0.5% Triton X-100 at 4 “C overnight. For
immunofluorescent histochemistry of APP, sections
were incubated with: (1) the primary antibody, a mouse
mAb for the brain Alzheimer precursor protein A4
(APP, 22C11) {Chemicon) at a dilution of 1 : 10 in KPBS
at 4 °C for 4 days; (2) the secondary antibody, a
biotinylated horse anti-mouse 1gG (Vector) 1: 200
at 4 “C overnight; and (3) fluorescein iso-thiocyanate
(FITC}-conjugated streptavidin (1 : 200) for binding to
the biotinylated secondary antibodies at 4 ~C over-
night. Control sections were processed identically and
in parallel; however, they were incubated with KPBS
instead of the primary antibodies. No labelling of the
structures was detected in these controls.

For cellular identification of the immunoreactive
elements, a double-immunofluorescence procedure with
S-100 protein {$-100) or glial fibrillary acidic protien
{GFAP) was performed. Sections were incubated with
{1} a mixture of mouse mAb to APP {1 : 10) and rabbit
polyclonal antibodies {(pAb) to 5-100 protein (Nichirei)
1: 5 or rabbit pAb to GFAP (Research Biochemicals
International; RBI} 1:100, with {(2) a mixture of
biotinylated horse anti-mouse 1gG {Vector) 1 : 200 and
Texas red-conjugated donkey anti-rabbit 1gG {Jackson)

© Anatomical Society of Great Britain and Ireland 2004



Table 1 Primary antibedies used in the immunohistochemical
procedures

Antibody {clong) Source Dilution Species

anti-APP (22C11) Chemicon 1:10 Meouse lgG
anti-5-100 protein Nichire! 1:5 Rabbit IgG
anti-GFAP RB1 10100 Rabbit 1gG
anti-vimentin (V9) Chemicon 1:0 Mouse IgG
anti-PSA-NCAM Dr Seki 1:5 Mouse ight

1: 200, and then with {3) FITC-conjugated streptavidin
{Vector) 1: 200 for binding to the biotinylated secondary
antibodies. To demonstrate the relationship between
APP-like-immunolabelled elements and neuroblasts, a
double-immunofluorescence procedure for APP and
highly polysialylated neural cell adhesion molecule
{PSA-NCAM) was used. Sections were incubated with
(1) a mixture of the mouse mAb {IgG) to APP and the
mouse maAb (igiM} to PSA-NCAM {(kindly provided by
Dr Seki, Juntendo University, Japan) {1:5), with {2) a
mixture of biotinylated rabbit anti-mouse IgG (Fc-
specific) (Jackson) {1:200) and FITC-conjugated goat
anti-mouse IgM (i chain-specific) {Jackson) 1:200,
and then with (3} Texas red-conjugated streptavidin
{Chemicon) 1 : 400 for binding to biotinylated secondary
antinodies. The findings of the double-immunofiuorescent
labelling were compared with those of the single-
immunofluorescent labelling, performed using each
cellular markers {Table 1) prior to the labelling of the
former, No difference was observed in the morphology
of the immunolabelled structures between the single
and double labelling. The double-tabelled sections were
mounted on gelatin-coated slides with Vectashield
mounting medium (Vector).

To compare APP-like immunolabelled structures with
those positive for the immature glial marker, vimentin,
a single-immunofluorescence procedure for AFP or
vimentin was used in two adjacent sections. Serial
sections were incubated with (1) the primary antibody,
a mouse mAb to anti-APP or mouse mAb to vimentin
{V9) (Chemicon) at a dilution of 1: 10 or 1: 30 in KPBS,
respectively, then with (2) biotinylated horse anti-
mouse IgG (1 : 200) as the secondary antibody, and
with (3) FITC-conjugated streptavidin {1 : 200) for bind-
ing to the biotinylated secondary antibodies.

To identify the nuclei of cells, FITC-labelled sec-
tions were counterstained with propidium iodide
{Pl) using Vectashield mounting medium with Pi
{Vector).
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Fig. 1 Schematic diagram of a parasagittal section of the
adult rat forebrain and the pathway of migrating precursor
cells newly generated inthe subventricular zone of the lateral
ventricle, Neural precursor cells {(black) are generated in the
anterior horn of the subventricular zone (SVZa), migrate ina
rostrat direction {rostral extension of the subependymal zone;
SEZre), and eventually reach the otfactory bulb {olfactory bulb
portion of the subependymal zone; SEZob}, thereby forming
the rostral migratory stream (RMS). This schematic
representation is also depicted in Figs 2, 3 and 6. LV, lateral
ventricle; CX, cerebral cortex; CC, corpus callosum; OB,
olfactory bulb.

Confocal laser scanning microscopy

The double-fluorescence-labelled sections were imaged
using a confocal laser scanning imaging system {LSM-
GB200) attached to a microscope {Olympus). Sections
were illuminated by light with an excitation wavelength
of 488 nm {argon laser) for FITC, and 568 nm (krypton
laser) for Texas red or Pl. Single and a series of optical
sections were transferred separately to Channel 1 and
Channet 2 to avoid crosstalk, and then superimposed.
A series of optical sections at 1.5-um intervals were
projected and extended on a single plane 10-20 gm in
thickness (volume projection method). Green and red
images were acquired simultaneously and are either
presented separately (cf. Figs 3 and 4) or as a superim-
posed image {cf. Figs 2 and 5).

Results

The entire length of the migration pathway for neural
precursor cells from the SVZ of the LV to the OB was
arbitrarily divided into three regions in a caudal to
rostral direction: anterior horn of the SVZ of the LV
(SVZa), rostral extension of the subependymal zone
(SEZre) and olfactory bulb portioh of the subependymat
zone (SEZob) (Fig. 1).

In parasagittal sections, the distribution of APP-like-
immunoreactive {-ir) structures was clearly cbserved
in conjunction with Pl-nuclear staining; the APP-like-ir
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components consisted of cells with a prominent cellular
configuration in the SVZ {Fig. 2A} and an elaborate
network in the RMS (Fig. 2C,D). In the 5VZa of the LV,
there was intense APP-like immunoreactivity in the
perinuciear region of a number of ependymal and
subependymal cells {Fig. 2A,B). The subependymal celis
often exhibited a similar profile to that of radial glia:
rostrally, they extended a long thin process across the
wall of the LV into the periventricular parenchyma.
These processes were connected with the APP-like-ir
network distributed throughout the RMS, induding
the SEZre (Fig. 2C) and the SEZob (Fig. 2D). The APP-
like-ir network was predominant in the 5EZre and the
most rostral region of the SEZob, due to the dense
distribution and more intense immunostaining of
the cells. In the most rostral region of the SEZob, the
processes of the APP-like-ir network spread out in a
fan-shaped manner (Fig. 2D}. In some areas of the RMS,
a cluster of residual ependymat cells, i.e. a remnant of
the olfactory ventricular wall, was occasionally observed
as reported by Peretto et al. (1997). These ependymal
cells exhibited strong immunoreactivity and were
connected with the APP-like-ir network {Fig. 2C}.

To identify APP-like-ir cells, double-immunofluorescent
labelling for APP and one of the glial markers, $-100
or GFAP, was performed in coronal sections. In the
SVZa, APP-like-ir ependymal and subependymal cells
were positive for 5-100 (Fig. 3A-C) or GFAP (Fig. 3D-F).
Furthermore, 8 comparison of the morphology and
distribution of two adjacent coronal (Fig. 3G,H) and
parasagittal {Fig. 4A,B) sections revealed that APP-like
exprassion in the SVZa matched that of vimentin, a
marker of immature glial cells. Thus, APP-like-ir sub-
ependymal cells are probably an immature type of
astrocyte. In the core of the SEZre, the APP-like-ir ele-
ments were also positive for 5-100 {Fig. 5A~C} or GFAP
{Fig. 5D~F). APP-like immunoreactivity was mainly
detected within the processes, rather than the perinu-
clear regions, of 5-100-ir astracytes, which form ‘glial
tubes’ in the core of the RMS {Fig, SA-C), APP-like-ir
processes completely overlapped the GFAP-ir processes.

APP-like immunoreactivity was slightly stronger in the
central region compared with the periphery, whereas
GFAP immunoreactivity was somewhat stronger in the
periphery (Fig. 5D~F). Thus, APP-like immunoreactivity
was only detected in ependymal cells and subependymal
astrocytes of the SVZ, and in the astrocytes forming
glial tubes in the RMS.

Double-immunofiuorescent {abelling of coronal
sections for APP and PSA-NCAM, a marker of migrating
neuroblasts {Bonfanti & Theodosis, 1994), was per-
formed to determine the relationship between APP-
like-ir cells and neuroblasts migrating from the SvZ
to the OB. In the §VZa, PSA-NCAM-ir elements usually
formed a cluster under the layer of APP-like-ir sub-
ependymal cells, and were roughly enclosed by loose
APP-like-ir networks. PSA-NCAM-ir elements sometimes
made contact with APP-like-ir elements {Fig. 6A). In the
SEZre, PSA-NCAM-ir elements were more numerous and
closely packed in the APP-fike-ir networks of glial tubes.
In the core of the SEZob, PSA-NCAM-ir elements were
also denisely packed in APP-like-ir networks {Fig. 6B,C).
Thus, PSA-NCAM-ir elements and APP-like-ir networks
in the RMS always showed close apposition. In the
SEZob, clusters of PSA-NCAM-ir elements were distrib-
uted beyond the limits of the core and spread towards
the internal granular layer, which exhibited radial
migration of neuroblasts {Fig. 6B,D). The cellutar local-
ization of PSA-NCAM was confirmed by immunofluo-
rescent labelling of PSA-NCAM and nuclear staining
with Pl. PSA-NCAM immunoreactivity was observed in
cells possessing round and densely stained nuclei, a
characteristic of neuroblasts {Fig. 6E}.

Discussion

In this study we used the antibody mAb 22C11, which
is specific for the amino-terminal region of sAPP {the
epitope is lpcalized between residues 66 and 81 of APP)
and recognizes all APP isoforms {Hilbich et al. 1993).
Siunt et al. (1994) identified ¢cDNA that encodes a 751-
amino acid APP-like protein (designated APLP2) in the

Fig. 2 Pseudocolour three-dimensional images reconstructed from a series of 20 sections of immunofluorescent labelling for
APP (green) and nuclear staining for Pl {red) in the SVZa (A, B), SEZre (C) and SEZob {D) in parasagittal sections of the rat
forebrain, (A) In the SVZa, a large number of ependymal and subependymal cells express strong APP-like immunoreactivity in
the perinuclear region. Some of the subependymal cells rostrally extend a single, long APP-like-ir process from the cell body,

- {B) Higher magnification of the white box in A shows APP-like-ir processes of subependymal cells extending across the wall of
the LV into the periventricular parenchyma {(arrows). (C) In the SEZre, a weli-developed APP-like-ir network can be seen in the
region of a dense population of Pl-stained nuclei in the RMS. Arrow shows that the APP-fike-ir network connects with a cluster
of APP-like-ir residual ependymal cells. {D} in the SEZob, the APP-like-ir processes spread out in a fan-shaped manner in the most

rostral part of the RMS, Scale bars = 10 um.
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vimentin-Pl
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mouse and showed that the mAb 22C11 cross-reacted
with mouse APLPZ. it cannot be ruled out that the
immunoreactivity shown here is not only for APP, but
also for APLP, because rat APLP2 has approximately
95% sequence homology with the murine CDEl binding
protein {(Sandbrink et al., 1924). Hence the immuno-
reactive site was designated APP-like. in the rat S\VZ-0B
system, mAb 22C11 immunostaining was detected in
specific subpopulations of cells of both the SVZ and
the RMS.

In the SVZ, at least two types of APP-like-ir cells were
detected: ependymal cells that face the ventricular
cavity, and subependymal cells that are located beneath
the ependymal cells. The former were immunopositive
for 5-100 or GFAP, which may include a few tanycytes,
i.e. ependymoglial cells, because Doetsch et al. (1997)
reported that GFAP-positive tanycytes were occasionally
observed in the SVZ. The mAb 22C11 immunostaining
in ependymal cells was not confined to this specific
region, but detected throughout the lining of the LV
{data not shown). The APP-like immunoreactivity of
the ependymal cell is consistent with that reported by
Chauvet et al. (1997), although they did not describe
immunoreactivity in the SVZ. The APP-like-ir subependy-
mal cells were also positive for 5100 or GFAP. According
to the cellular identification of Doetsch et al. {1997),
these cells were regarded as a type of astrocyte.
Comparison of two adjacent sections showed that
these cells approximately correspond to cells positive
for vimentin, which is the major cytoskeletal compon-
ent in immature glia {Dahi et al. 1981). Furthermore,
confocal taser scanning microscopy revealed that APP-
like-ir astrocytes often had a long process extending
rostrally, and resembled that of radial glia. Although
we are not able to state definitely whether these cells
are radial glia, APP-like expression in the radial glia-like
cells in SVZ of adult rat forebrains is not incompatible
with the expression of this molecule in radial glia of the
fetal and early postnatal mouse brain (Trapp & Hauer,
1994} and in rat neonatal radial glia-like structures
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‘vimentin

Fig. 4 Greyscale three-dimensional images reconstructed
from a series of 20 sections of immunofiuorescent labeiling for
APP {A) and vimentin {B), in two adjacent parasagittal sections
of the 5VZa. Rostrally directed, long processes of vimentin-ir
cells are clearly shown in this parasagittal section (8), whereas
the processes of the APP-liké-ir cells are apparently shorter,
because of being cut in the adjacent section {A).

{Chauvet et al. 1997), the former of which was examined
by an mAb raised against the carboxy-terminal region.
With regard to the morphology of the astrocytes in the
SVZ, there seems to be the difference between the rat
and mouse. Astrocytes in the mouse are positive for
vimentin (Doetsch & Alvarez-Buylla, 1996), although they
exhibited no immunostaining for RC 2 mAb, another
marker of radial glia (Gates etal. 1995). However,
there is no evidence of a long process, characteristic of
radial glia, even in a three-dimensional reconstruction
of ultrathin sections (Doetsch & Alvarez-Buylla, 1996;
Doetsch et al. 1997), In the mouse SVZ, neuroblasts are
thought to traverse a compiex network of intercon-
nected pathways formed by astrocytes to enter the

Fig. 3 (A=F) Pseudocolour images of double-immunoflucrescent labelling for APP with the glial markers 5-100 (A, B, C) and GFAP
(D, E, F), in caronal sections of the SVZa. {A-C) Images of FITC-Jabelied APP-like-ir elements (A) and Texas red-labelied 5-1C0-ir
elements (C), and their superimposed image (B}, of a single optical section. (D-F) Images of FITC-labelled APP-like-ir elements
(D) and Texas red-labelled GFAP-ir elements (F), and their superimposed image {E), of a single optical section. In the SVZa, almost
all of the APP-ike-ir cells express both 5-100 {yellow and yellowish green in B) and GFAP {yellow and yellowish green in E). Note
that APP-like expression is confined to the S-100-ir ar GFAP-ir elements within the SVZ. Arrows indicate the process extending
fromthe APP-like-ir subependymal cells. (G, H) Pseudocolour three-dimensional images reconstructed from a series of ten optical
sections of immunofluorescent labelling for APP (G), and vimentin (H), a marker of immature glial cells, in two adjacent coronal
sections of the SVZa. The distribution of the APP-like-ir elements (green and yellow in G) and vimentin-ir elements (green and
yellow in H) is very similar, Red indicates Pl-stained nuciei. Scale bars = 10 um,
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