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Most membrane proteins are recognized by a signal
recognition particle and are cotranslationally targeted
to the endoplasmic reticulum (ER) membrane, whereas
almost all peroxisomal membrane proteins are post-
translationally targeted to the destination. Here we
examined organelle-targeting properties of the
N-terminal portions of the peroxisomal isoform of the
ABC transporter PMP70 (ABCD3) using enhanced
green fluorescent protein (EGFP) fusion. When the
N-terminal 80 amino acid residue (N80)-segment pre-
ceding transmembrane segment (TM) 1 was deleted and
the TM1-TM2 region was fused to EGFP, the TM1
segment induced ER-targeting and integration in COS
cells. When the N80-segment was fused to EGFP, the
fusion protein was targeted to the outer mitochondrial
membrane. When both the N80-segment and the follow-
ing TM1—-TM2 region were present, the fusion located
exclusively to the peroxisome. The full-length PMP70
molecule was clearly located in the ER in the absence
of the N80-segment, even when multiple peroxisome-
targeting signals were retained. We concluded that
the TM1 segment possesses a sufficient ER-targeting
function and that the N80-segment is critical for sup-
pressing the ER-targeting function to allow the
TM1-TM2 region to localize to the peroxisome.
Cooperation of the organelle-targeting signals enables
PMP70 to correctly target to peroxisomal membranes.

Keywords: topogenesis/membrane protein/signal
sequence/peroxisome/ABC transporter.

Abbreviations: CNX, calnexin; EGFP, enhanced green
fluorescent protein; EndoH, endoglycosidase H; ER,
endoplasmic reticulum; HA, hemagglutinin;
H-segment, hydrophobic segment; N80, N-terminal
80 amino acid residues of PMP70; PBS, phosphate-
buffered saline; PMP70, 70-kDa peroxisomal

membrane protein; PMP, peroxisomal membrane
protein; ProK, proteinase K; RM, rough microsomal
membrane; TM, transmembrane.

Signal sequences destined for the endoplasmic reticu-
lum (ER) are primarily determined by hydrophobic
segments (H-segments) of nascent polypeptide chains.
An H-segment consisting of only seven hydrophobic
residues can exert the signal function (7). The
H-segment on the polypeptide chain emerging from
the ribosome is scanned and recognized by the signal
recognition particle at the exit of the ribosome and
then the ribosome-nascent chain complex is targeted
to the ER translocon. At this stage, the amino acid
sequence downstream of the signal sequence is not
released from the ribosome nor synthesized. ER-
targeting of H-segment can be modulated only by the
flanking and upstream regions. On the ER membrane,
the H-segment is released from the signal recognition
particle, recognized by the Sec61 complex, and inserted
into the translocon pore. At the following insertion
step on the ER, the orientation of the H-segment is
affected by the flanking charged residues [e.g. refer-
ences (2, 3)]. The ribosomes cooperate with the trans-
locon to integrate membrane proteins into the
membrane (4, 5). The translocon scans the nascent
chain emerging from the ribosome, recognizes the
hydrophobic transmembrane (TM) segment, and
releases it into the lipid phase (6, 7).

On the other hand, almost all membrane proteins in
the peroxisomes and mitochondria are targeted to their
destinations after protein synthesis. Because the
cotranslational mechanism for the ER is triggered by
recognition of the short H-segment, membrane pro-
teins with a hydrophobic TM segment in the peroxi-
somes and mitochondria must include somewhat
different information by which they escape ER-
targeting before being targeted to the ER translocon.
A simple hypothesis is that the cotranslational ER-
targeting of the hydrophobic TM segment is sup-
pressed by its upstream sequence.

The ATP binding cassette (ABC) transporter family
members are ideal for studying organelle-targeting of
multispanning hydrophobic membrane proteins.
Specific isoforms are localized to specific destinations,
even though all of them possess H-segments that
appear to be sufficient as ER-targeting signals.
Typical ABC transporter isoforms possess 12 TM seg-
ments, including two sets of six TM segments and two
sets of ATP-binding cassettes (8). Half-type isoforms
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possess six TM segments and a single ATP binding
cassette. Some subfamily isoforms possess an extra
TM segments upstream of the conserved TM seg-
ments. Isoforms localized in the exocytic and endocytic
pathways are synthesized by membrane-bound ribo-
somes, integrated into the ER membrane, and then
sorted to their final destinations via vesicle transport.
Mitochondrial inner membrane isoforms possess long
presequences that suppress ER-targeting: e.g. the
ABCBI10 isoform possesses a presequence of 105 resi-
dues (9, 10). When the presequence is deleted, the mem-
brane domain is integrated into the ER membrane and
TM1 shows the same topology as the TM1 of MDRI1
(11). The long presequence suppresses cotranslational
ER-targeting and the targeting mechanism is switched
to posttranslational mitochondrial import (/7).

Peroxisomal membrane proteins (PMPs), including
the ABC transporter isoforms, also possess hydro-
phobic TM segments and escape ER-targeting.
Multispanning PMPs possess multiple peroxisome-
targeting signals in a single polypeptide chain (12, 13).
Pex19p, a peroxisome-assembly factor, binds multiple
sites of PMPs and maintains them in a soluble form
before they are imported into the peroxisomal mem-
brane (/4—17). A half-type ABC-transporter, PMP70
(ABCD3 isoform), is one of the major membrane pro-
teins of the peroxisome (/8). It possesses multiple per-
oxisome-targeting sequences and multiple Pex19p
binding sites (/9, 20). In the absence of Pex19, the
PMP70 molecule is not imported into the peroxisome,
but is instead rapidly degraded in the cytosol (21).

Here, as a first step to address the ER-targeting sup-
pression of PMPs, we examined organelle-targeting
properties of the N-terminal region of PMP70. We
demonstrated that the TM1 sequence possesses an
intrinsic ER signal-anchor function, which is inte-
grated into the ER membrane with an Ncyi/Ciumen
topology. The ER-targeting is suppressed by the
N-terminal 80 amino acid residue (N80)-segment that
is upstream of the TM1 segment. Interestingly, the
N80-segment alone, however, is integrated into the
outer membrane of mitochondria. A combination of
the N80-segment and the TM1-TM2 region achieves
peroxisome targeting. We propose that the
N80-segment with a mitochondria-targeting function
modulates the ER-targeting function of TM1, allowing
for correct targeting of the TM1-TM2 region to the
peroxisomal membrane.

Materials and Methods

Materials

The rabbit anti-calnexin C-terminal segment antibodies (SPA-860;
Stressgen, San Diego, CA), mouse anti-HA monoclonal antibody
(MMS-101R; Covance, Gaithersburg, MD), rabbit anti-Pex14 anti-
bodies (22), rabbit anti- enhanced green fluorescent protein (EGFP)
antibodies (23) and rabbit anti-human Tom20 antibodies (sc-11415;
Santa Cruz Biotechnology, Santa Cruz, CA) were described. Rabbit
anti-AIF antibodies (24) were kindly provided by Mr Ohsakaya and
Dr Mihara (Kyushu University, Fukuoka). Human PMP70 cDNA
was previously described (25). Mouse PMP70 cDNA was amplified
from mouse cDNA library that was kindly provided by Dr
Yamazaki (Kyushu University, Fukuoka) and subcloned in the
Xbal site of HA-fusion vector, pRcCMV-HA (26), to obtain
pmPMP70-HA. Endoglycosidase H (EndoHf; New England
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BioLabs, Ipswich, MA), FuGene6 transfection reagent (Roche,
Madison, WI), digitonin (Wako Chemicals, Tokyo), proteinase K
(Merck, Whitehouse Station, NJ), MG132 (Sigma Chemical, St.
Louis, MO) and Mitotracker Orange (Invitrogen) were purchased
from the indicated companies.

Construction of model proteins

In the following procedures, the desired DNA fragments were
obtained by PCR with oligonucleotide primers containing the appro-
priate restriction enzyme sites, which are indicated by parentheses.
The DNA fragments were digested with restriction enzymes and
ligated with plasmid vectors that had been digested with the indi-
cated restriction enzymes. At each junction, six bases of the restric-
tion enzyme site encoded two codons. For EGFP fusion proteins
(Fig. 1), the DNA fragments encoding the N-terminal portions of
human PMP70 were amplified by PCR using either forward primer
CGAAAAGCTTCCACCATGGCGGCCTTCAGC for the 5-end
of cDNA (the HindIII site, Kozak sequence, and initiation codon
are underlined) or ATCGAAGCTTCCACCATGAAAGAGACAG
GTTAC for the N80-segment deleted construct, and the appropriate
reverse primers containing the Xbal site. The obtained each DNA
fragment (HindIll/Xbal) and EGFP ¢cDNA (Xbal /Apal) were
ligated with pRcCMV vector (HindIII/ Apal). For the N-terminal
deletion of full-length mouse PMP70, the N-terminal segment (2—80)
was deleted by the Quickchange method using pmPMP70-HA.
Tom20-EGFP fusion protein, in which full-length rat Tom20 was
fused to EGFP, was previously described (27). Fusion protein of the
ABCBI0 presequence and EGFP was described previously (/7).

Cell culture, transfection, extraction and immunoblotting
Transfections using FuGene 6 reagent were performed as described
previously (23). To minimize artificial effects as much as possible,
minimal amounts of plasmids were used for transfection and the
expression period was minimized to <24h. Where indicated, the
proteasome inhibitor MG132, which was dissolved in dimethyl
sulfoxide, was added to the culture medium (final concentration
20 uM) 12h after transfection and the cell were further incubated
for 12h. For immuno-blotting analysis, one-fifth of the cells on the
3.5-cm dish were solubilized with SDS—PAGE sample buffer. Where
indicated, samples were subjected to EndoH treatment. Reaction
buffer supplied by the company and 2000 U EndoHf were added
to the samples in SDS—PAGE sample buffer and incubated for 1h
at 37°C.

For ProK treatment of organelle membranes, cytosolic proteins
were removed by permeabilization. Cells on a 10-cm culture dish
were washed twice with Sml phosphate-buffered saline (PBS) and
treated with 5ml permeabilizing buffer [20 mM HEPES—KOH (pH
7.5), 0.25M sucrose, 2.5mM magnesium acetate, 25mM KCI,
2.5mM EGTA and 1 uM Taxol] containing 25 ug/ml digitonin at
room temperature for 5min, washed twice with 5ml permeabilizing
buffer, scraped in 2ml of permeabilizing buffer, and then suspended
by pipetting. Aliquot (0.67 ml) of the cell suspension was mixed with
equal volume of ProK solution (120 pg/ml in the permeabilizing
buffer) and incubated in the presence or absence of 1% Triton-
X100 at 4°C for 60min. The enzyme reactions were terminated
with 10% trichloroacetic acid. The proteins were precipitated,
washed with 80% acetone at —20°C, and then subjected to
immuno-blotting.

For extraction of the organelle membranes, the transfected cells
were homogenized and post-nuclear supernatant was obtained as
previously described (28). The post-nuclear supernatant was sub-
jected to extraction under various conditions and analyzed by
immuno-blotting as described (28).

Immunofluorescence microscopy

For mitochondrial staining, MitoTracker orange solution (I mM)
dissolved in dimethyl sulfoxide was added to the medium (final con-
centration 50 nM), incubated for 20 min, washed twice with DMEM,
and fixed with paraformaldehyde (4%) in DMEM. For immuno-
staining with anti-Pex14 antibodies, cells were fixed with 4% paraf-
ormaldehyde in PBS for 10min, washed twice with PBS, and
permeabilized with 0.2% Triton-X100 in PBS for 15min. For
immuno-staining with anti-calnexin antibodies, cells were fixed
with mixture of methanol and acetone (1:1) for 2min at room tem-
perature. The fixed cells were incubated with antibodies as
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Fig. 1 N-terminal sequence of PMP70 and fusion proteins used in this study. (A) Hydropathy profile of PMP70 was calculated according to the
method of Kite and Doolittle (window set at 15 residues). Hydrophobic peaks predicted to be transmembrane (TM) segments are numbered. (B)
Amino-acid sequence of the N-terminal region of human PMP70. Hydrophobic segment (H0) and TM segments are boxed. Positively- and
negatively-charged residues are indicated with red and blue letters, respectively. (C) Indicated N-terminal portions were fused to the N-terminus
of EGFP: the regions included are indicated within the parentheses of their names. Location in COS cells assessed in this study are summarized.
Two fusion proteins showed dual localization in mitochondria and peroxisome (Mito+Per).

previously described (23). After washing, the cells were mounted
with ProLong Antifade (Invitrogen).

Results

TM1 possesses a signal function for ER-targeting and
membrane integration

PMP70 possesses six hydrophobic TM segments that
correspond to the consensus TM segments of the ABC
transporter family (Fig. 1). The N80-segment contains
a positive-charge rich sequence and a hydrophobic seg-
ment (HO). To assess the functions of the intracellular
localization and membrane integration of the
N-terminal portions, we constructed EGFP-fusion
proteins (Fig. 1C). One series of fusion proteins
included N-terminal portions initiated at the authentic
Met'. The other series lacked the N80-segment. The
fusion proteins were named according to the included
sequences.

Initially, we assessed the TM1-TM2 region using
N-terminally deleted fusions. The (81-100)-EGFP
and (81—123)-EGFP fusions contained the TM1 seg-
ment and the (81—150)-EGFP fusion contained the
TM1-TM2 region. The constructs were transiently
expressed in COS cells and the extracts were probed

by immuno-blotting (Fig. 2A). To avoid overexpres-
sion as much as possible, minimum amount of expres-
sion plasmid was used and expression was carried out
for 24h. The N-terminally deleted constructs were
observed only in the presence of the proteasome inhib-
itor MG132, whereas the fusion including the
N80-segment, (1—-150)-EGFP, was observed irrespec-
tive of the presence of MG132 (compare lanes 7 and
10). When treated with EndoH, (81—123)-EGFP and
(81—150)-EGFP were quantitatively shifted down by
2kDa (Fig. 2A, lanes 6 and 9), indicating that they
possessed an Asn-linked sugar chain. In contrast, the
(81—100)-EGFP was not affected by the EndoH treat-
ment, indicating that the sugar chain was added
between 101 and 123. In the region, there is one poten-
tial glycosylation site, Asn'*~Gly—Thr.
Immunofluorescence observations revealed that
(1—-150)-EGFP was located exclusively in the punctu-
ated structure, which was co-stained with Pex14p, per-
oxisomal marker (22) (Fig. 2B). On the other hand, the
fusion lacking the N80-segment, (81—150)-EGFP, was
located in the reticular structure but not in the punc-
tate pattern of peroxisomes. The reticular structure
was co-stained with the ER marker calnexin.
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Fig. 2 TMI is targeted to and integrated into the ER membrane. (A) The fusion proteins were transiently expressed in COS cells in the presence or
absence of MG132. Total cell lysates were subjected to an immuno-blotting analysis using anti-EGFP antibodies. Aliquots were treated with
EndoH. (B) The fusions were expressed in the COS cells in the presence of MG132 and localizations were analyzed. The ER marker (calnexin,
CNX) and peroxisomal marker (Pex14p) were stained with antibodies.

The TM1 segment possesses features by itself sufficient
for targeting to and integration into the ER. The ER-
targeting function intrinsic to the TM1-TM2 region
was suppressed by the N80-segment.

N-terminal segment upstream of TM1 possesses
mitochondria-targeting activity

We next examined the targeting functions of the
N-terminal region (Fig. 3). The (1-12)-EGFP fusion
protein was dispersed in the whole cell, including both
the cytosol and the nucleus. Unexpectedly, the (1—40)-
EGFP, (1-60)-EGFP and (1-80)-EGFP fusion pro-
teins were localized exclusively in the mitochondria
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that were stained with Mitotracker. They were not
observed in the peroxisomes at all. The N-terminal
region upstream of TMI1 contains mitochondria-
targeting information rather than peroxisome-
targeting information. On the other hand, fusions
including the TMI1 segment, (1—100)-EGFP and
(1-123)-EGFP, localized both in the mitochondria
and in the peroxisome. The dual localization was
observed even when the expression level was decreased
to a minimum level for immuno-blotting detection
(data not shown). Fusion protein including
TM1-TM2 region, (1-150)-EGFP, was localized
exclusively to peroxisomes. Expression level analysis
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Fig. 3 Location of N-terminal fusion proteins in COS cells. (A) Each EGFP fusion construct was transfected to COS cells and observed
by fluorescent microscopy. Mitochondria were visualized with Mitotracker Orange. Peroxisomes were stained with anti-Pex14 antibodies.
(B) Whole extract of the transfected COS cells was analyzed by immuno-blotting using anti-EGFP antibodies.

by immuno-blotting indicated that the longest model
protein, (1—150)-EGFP, was expressed at a higher level
than the others (Fig. 3B). Despite having the highest
expression level, the longest one was exclusively loca-
lized in the peroxisome (Fig. 3A), indicating that the
peroxisomal-targeting mechanism was not saturated
under the expression level. Thus, the dual localization
of (1-100)-EGFP and (1—-123)-EGFP was not caused
by overexpression. Overall, we concluded that the

N80-segment of PMP70 possesses a mitochondria-
targeting function, rather than a peroxisomal targeting
function, and is essential for suppressing the ER-
targeting induced by the TM1 segment.

N80-segment is inserted in the mitochondrial outer
membrane like Tom20

To examine the membrane topology of the (1—80)-
EGFP fusion in mitochondria, organelle membranes
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Fig. 4 (1-80)-EGFP is anchored to mitochondrial outer membrane as Tom20 is. (A) (1-80)-EGFP and Tom20-EGFP were cotransfected into
COS cells. Post-nuclear supernatant of the transfected cells were extracted under high salt and various alkaline conditions and separated to
membrane precipitates (P) and soluble fraction (S) by ultracentrifugation. Fractions were subjected to immuno-blotting analysis using
anti-EGFP antibodies. Endogenous Tom20 and calnexin (CNX) were also visualized using their antibodies. (B) The transfected cells were
permeabilized and treated with ProK in the absence and presence of detergent (Triton-X100, Tx). The ABCB10-EGFP fusion (N135-H1-EGFP)
and intermembrane space protein (AIF) were also probed as controls.

were extracted under various conditions. The (1—80)- the intermembrane space of mitochondria, is resistant
EGFP fusion protein was co-expressed in COS cells to ProK (Fig. 4B), indicating that the pretreatment
with a Tom20-EGFP fusion protein, which is inte- kept the organelle membranes intact during the ProK
grated into the mitochondrial outer membrane (27). treatment. The (1—-80)-EGFP was degraded and only

Under low salt (50 mM NaCl) and high salt (500 mM the EGFP core domain was observed. The ProK treat-
NaCl) conditions, (1-80)-EGFP was recovered in ment in the presence of mild detergent (Triton-X100)

membrane precipitates as was Tom20-EGFP. Under gave essentially the same result. As a control for the
alkaline conditions that extract peripheral and lumenal mitochondrial matrix protein, the N-terminal
soluble proteins (29), more than half of (1-80)-EGFP 135-residue segment of the ABCBI10 isoform, which
and Tom20-EGFP were similarly recovered in the contains a matrix-targeting pre-sequence, was fused
membrane precipitates (Fig. 4A). The endogenous to EGFP and expressed in the cells. It produced
Tom?20 of the mitochondrial outer membrane and cal- three bands. Upon ProK treatment the precursor
nexin in the ER membrane were recovered almost form (P) was degraded but the other two processed
completely in membrane fractions, even under the mature forms (ml and m2) were resistant, as pre-
alkaline conditions. It is highly likely that some of viously reported (/7). In the presence of detergent
these externally expressed EGFP-fusion proteins were (Tx), the fusion proteins were degraded and only the
not stably inserted into the membrane and remained in EGFP core domain remained. The (1-80)-EGFP
alkaline-soluble states. All the proteins examined were fusion protein was integrated into the mitochondrial
completely solubilized in the supernatant by a mild outer membrane in an alkaline-resistant manner and
non-ionic detergent, Triton-X100, indicating that the EGFP domain remained on the cytoplasmic side.
they were not insoluble aggregates. Thus, more than
half of the transiently expressed EGFP fusion proteins N80-segment is essential for correct location
were integrated into the membrane in an alkaline- of PMIP70
resistant manner. Peroxisome-targeting signal has been reported to exist
Membrane topology was examined using proteinase in multiple portions of PMP70. To examine the impor-
K (ProK) treatment. When the post nuclear superna- tance of the N80-segment in the context of full-length
tant was treated directly with ProK, even the mito- PMP70, the N80-segment was deleted from the full-
chondria matrix proteins, such as hsp60, were length PMP70. The wild-type and mutant PMP70
degraded. We assumed that the ProK generated pep- were expressed in COS cells. The mutant was unstable
tide fragments of cytoplasmic proteins that might and was detected only in the presence of the protea-
permeabilize the organelle membrane during ProK- some inhibitor MG132 (Fig. 5A). The wild-type
treatment, as previously reported (30). Therefore, the PMP70 molecule was similarly observed, irrespective
cells were permeabilized with a low concentration of of the presence of MG132. Upon immunofluorescent
digitonin and the soluble cytoplasmic proteins were observation, the PMP70 was exclusively localized in
removed from the cytoplasm. Upon ProK treatment, the peroxisomal dots (Fig. 5B). In contrast, the

the apoptosis-inducing factor (AIF), which exists in N80-segment deleted PMP70 was hardly observed in
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Fig. 5 N80-segment is essential for correct localization of PMP70. (A) Hemagglutinin (HA)-tagged full-length mouse PMP70 and the
N80-segment deleted mutant were expressed in COS cells in the presence or absence of MG132. Total cell extracts were probed by
immuno-blotting using anti-HA monoclonal antibody. (B) Localization of the constructs was probed by fluorescent microscopy using anti-HA
monoclonal antibody. Peroxisomes were visualized by anti-Pex14 antibodies, and ER was by anti-calnexin (CNX) antibodies. (C) High mag-

nification revealed the reticular structure of the N80-deleted PMP70.

peroxisomes, and the majority was observed in the
reticular structure. Superimposition of the structure
over the ER pattern stained with calnexin indicated
that it was located in the ER. The expression level of
the N80-deleted mutant was similar to that of the wild-
type PMP70 molecule, indicating that the ER-location
was not caused by overexpression. Thus, the N8O-
segment was essential for correct localization of the
full-length PMP70, even though the multiple peroxi-
some-targeting sequence and Pex19p-binding sites
were retained in the N80-segment deleted mutant.

Discussion

In this work, we demonstrated that multiple organelle-
targeting and insertion signals exist in the N-terminal
portion of PMP70. TM1 has intrinsic signal activity to
be inserted into the ER membrane with an Neyo/Crumen

topology. The N80-segment suppresses the ER-
targeting activity of TM1 and allows the TM1-TM?2
region to target and insert into the peroxisomal mem-
branes. In addition, the whole PMP70 molecule lack-
ing the N80-segment was localized to the ER, even
though multiple peroxisome-targeting signals and
Pex19 binding site were still retained. In contrast to
this critical function, the N80-segment itself did not
show peroxisomal-targeting activity and was inserted
into the mitochondrial outer-membranes. Overall,
through the cooperation of these multiple organelle-
targeting activities, the N-terminal portion of 150 res-
idues achieves posttranslational peroxisome-targeting.

During the ER-targeting process from the signal rec-
ognition in the cytosol to the insertion into the trans-
locon, the short unit of the H-segment in the nascent
polypeptide chain exerts its signal functions. The
intrinsic ER-targeting activity of the TMI1-TM?2
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region should thus be suppressed directly and/or indir-
ectly by other segments within the nascent chain. Our
findings demonstrated that the N80-segment possesses
this function. The sequence might directly perturb the
ER-targeting function by forming a tertiary structure.
Alternatively, some factors might recognize the
N80-segment to inhibit the ER-targeting and induce
peroxisome-targeting. The hydrophobic residues in
the N80-segment of PMP70 are suggested to include
the peroxisome-targeting signal as well as the binding
site of Pex19p (20). Studies to determine the structure
and function relationship of the N80-segment and ana-
lysis of binding factors are now in progress.

The N80-segment is integrated into the mitochon-
drial outer membrane, highly likely via the
HO-segment (Fig. 1B). Its hydrophobicity and the fol-
lowing positive charges are quite similar to the mito-
chondrial outer-membrane targeting signal of Tom20;
weakly hydrophobic segment and the following posi-
tive charge cluster are characteristic of the signal (27).
When the N80-segment of full-length PMP70 was
replaced with the mitochondrial outer-membrane tar-
geting signal of Tom20, the chimeric protein localized
to the ER (data not shown). A specific combination of
the N80-segment and the TM1—-TM2 region in PMP70
should be critical for the correct localization.

Even though the TM1-TM2 region shows peroxi-
some-targeting activity with the N80-segment, TM1
itself is integrated into the ER membrane in the
absence of the N80-segment. Peroxisome-targeting sig-
nals exist at multiple sites in redundant fashion in the
PMP70 molecule; those are the hydrophobic regions
adjacent to TM1 and TMS (20). The signal adjacent
to TM1 cannot exert the full function even in the pres-
ence of the N80-segment, and requires the TM2 for
efficient peroxisomal targeting. In the PMP70 mole-
cule, Pex19p binding sites have been identified in the
N-terminal 60 residue portion and around the TM6
segment of PMP70 (79); the fusion protein of dihydro-
folate reductase and the N-terminal 61-residues seg-
ment of human PMP70 interacted with Pex19p and
the segment 263—347, including TM5-6, is critical for
Pex19p binding. These peroxisome-targeting signals
and Pex19p-binding motifs are functional only after
ER-targeting suppression by the N80-segment.

We demonstrated the importance of the N-terminal
region of PMP70 that suppresses ER-targeting of
TMI1. It is highly likely that the ABC transporters in
mitochondria and peroxisomes generally possess an
N-terminal sequence that suppresses the ER-targeting
of the downstream TM segments. The ER-targeting of
the ABCBI10 isoform is suppressed by its long
N-terminal import presequence. The B7 and B9 iso-
forms also possess an orthologous pre-sequence in
the N-terminus. When the N80-segment of PMP70
was replaced with the B10 presequence, the chimeric
PMP70 was imported into the mitochondria (data not
shown). The pre-sequence of the B10 isoform is so
strong that it dominates not only the ER-targeting
signal but also any peroxisome-targeting signals. We
assume that the N80-segment, which is destined to the
mitochondrial outer membrane, is a moderate mito-
chondrial signal that suppresses ER-targeting and
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can cooperate with peroxisome-targeting signals. We
also observed that ABCD1 and ABCD?2 isoforms are
located at the peroxisome depending on the upstream
region of the TM1 segment. In contrast to these cases,
the ABC isoforms that possess no ER-targeting sup-
pressor in the N-terminal region are cotranslationally
targeted to the ER as noted with the following exam-
ples. Different locations have been proposed for the
ABCB6 isoform: mitochondria (3/) and secretory
organelles (3/—33). The existence of five highly hydro-
phobic segments at the N-terminus strongly suggests
that it is sorted to the ER via a cotranslational mech-
anism. The ABCD4 isoform, which was proposed to
localize in peroxisome, has recently been demonstrated
to localize in the secretory pathway (34). Cells and/or
tissue-specific switching of organelle localization might
be an interesting hypothesis and should be addressed.
Similarly, another multispanning membrane protein,
NHE6, which was reported to be in mitochondria
has also been demonstrated to be targeted to the
ER and sorted to the exocytic endocytic pathway
(23, 35, 36). We propose that the sequence elements
of the ER-targeting suppressor play a key role in cor-
rect organelle-targeting of hydrophobic multispan
membrane proteins.

We propose the following model for initial stage of
PMP70 biogenesis: (i) The N-terminal region emerging
from the ribosome suppresses cotranslational ER-
targeting of the following TM segments. The nascent
chain remains in the cytosol. The upstream region
might be recognized by unknown trans-factor(s) or
directly suppresses the ER-targeting function of
TMI. (i1)) Pex19p and other chaperones bind nascent
chain and maintain its import-competent state. In this
state, the N80-segment and TM2 are critical for per-
oxisome-targeting. (iii) After polypeptide chain elonga-
tion is completed, the nascent chain is targeted to the
peroxisome, as previously proposed (20).

Funding

Grants-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan; the
Global COE program; and the Sumitomo Foundation.

Conflict of interest
None declared.

References

1. Sakaguchi, M., Tomiyoshi, R., Kuroiwa, T., Mihara, K.,
and Omura, T. (1992) Functions of signal and signal-
anchor sequences are determined by the balance between
the hydrophobic segment and the N-terminal charge.
Proc. Natl Acad. Sci. USA 89, 16—19

2. Kida, Y., Morimoto, F., Mihara, K., and Sakaguchi, M.
(2006) Function of positive charges following signal-
anchor sequences during translocation of the
N-terminal domain. J. Biol. Chem. 281, 1152—1158

3. Sakaguchi, M. (2002) Autonomous and heteronomous
positioning of transmembrane segments in multispan-
ning membrane protein. Biochem. Biophys. Res.
Commun. 296, 1—4

4. Kida, Y., Mihara, K., and Sakaguchi, M. (2005)
Translocation of a long amino-terminal domain through

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

10.

12.

13.

15.

16.

17.

18.

19.

ER membrane by following signal-anchor sequence.
EMBO J. 24, 3202—3213

. Kida, Y., Morimoto, F., and Sakaguchi, M. (2007) Two

translocating hydrophilic segments of a nascent chain
span the ER membrane during multispanning protein
topogenesis. J. Cell Biol. 179, 1441—1452

. Sadlish, H., Pitonzo, D., Johnson, A.E., and Skach,

W.R. (2005) Sequential triage of transmembrane seg-
ments by Sec6lalpha during biogenesis of a native multi-
spanning membrane protein. Nat. Struct. Mol. Biol. 12,
870—878

. Skach, W.R. (2009) Cellular mechanisms of membrane

protein folding. Nat. Struct. Mol. Biol. 16, 606—612

. Tusnady, G.E., Sarkadi, B., Simon, 1., and Varadi, A.

(2006) Membrane topology of human ABC proteins.
FEBS Lett. 580, 1017—1022

. Shirihai, O.S., Gregory, T., Yu, C., Orkin, S.H., and

Weiss, M.J. (2000) ABC-me: a novel mitochondrial
transporter induced by GATA-1 during erythroid differ-
entiation. EMBO J. 19, 2492—-2502

Graf, S.A., Haigh, S.E., Corson, E.D., and Shirihai, O.S.
(2004) Targeting, import, and dimerization of a mamma-
lian mitochondrial ATP binding cassette (ABC) trans-
porter, ABCB10 (ABC-me). J. Biol. Chem. 279,
42954—42963

. Miyazaki, E., Kida, Y., Mihara, K., and Sakaguchi, M.

(2005) Switching the sorting mode of membrane proteins
from cotranslational endoplasmic reticulum targeting to
posttranslational mitochondrial import. Mol. Biol. Cell
16, 1788—1799

Honsho, M. and Fujiki, Y. (2001) Topogenesis of perox-
isomal membrane protein requires a short, positively
charged intervening-loop sequence and flanking hydro-
phobic segments. Study using human membrane protein
PMP34. J. Biol. Chem. 276, 9375-9382

Jones, J.M., Morrell, J.C., and Gould, S.J. (2001)
Multiple distinct targeting signals in integral peroxisomal
membrane proteins. J. Cell Biol. 153, 1141—1150

. Rottensteiner, H., Kramer, A., Lorenzen, S., Stein, K.,

Landgraf, C., Volkmer-Engert, R., and Erdmann, R.
(2004)  Peroxisomal membrane proteins contain
common Pex19p-binding sites that are an integral part
of their targeting signals. Mol. Biol. Cell 15, 3406—3417
Fransen, M., Wylin, T., Brees, C., Mannaerts, G.P., and
Van Veldhoven, P.P. (2001) Human pex19p binds perox-
isomal integral membrane proteins at regions distinct
from their sorting sequences. Mol. Cell. Biol. 21,
44134424

Halbach, A., Lorenzen, S., Landgraf, C., Volkmer-
Engert, R., Erdmann, R., and Rottensteiner, H. (2005)
Function of the PEX19-binding site of human adreno-
leukodystrophy protein as targeting motif in man and
yeast. PMP targeting is evolutionarily conserved. J.
Biol. Chem. 280, 21176—21182

Sacksteder, K.A., Jones, J.M., South, S.T., Li, X., Liu,
Y., and Gould, S.J. (2000) PEX19 binds multiple perox-
isomal membrane proteins, is predominantly cytoplas-
mic, and 1is required for peroxisome membrane
synthesis. J. Cell Biol. 148, 931-944

Kikuchi, M., Hatano, N., Yokota, S., Shimozawa, N.,
Imanaka, T., and Taniguchi, H. (2004) Proteomic analy-
sis of rat liver peroxisome: presence of peroxisome-
specific isozyme of Lon protease. J. Biol. Chem. 279,
421428

Kashiwayama, Y., Asahina, K., Shibata, H., Morita, M.,
Muntau, A.C., Roscher, A.A., Wanders, R.J,
Shimozawa, N., Sakaguchi, M., Kato, H., and
Imanaka, T. (2005) Role of Pex19p in the Targeting of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ER-targeting suppression of PMP70

PMP70 to Peroxisome. Biochim. Biophys. Acta 1746,
116—128

Kashiwayama, Y., Asahina, K., Morita, M., and
Imanaka, T. (2007) Hydrophobic regions adjacent to
transmembrane domains 1 and 5 are important for the
targeting of the 70-kDa peroxisomal membrane protein.
J. Biol. Chem. 282, 33831—33844

Kinoshita, N., Ghaedi, K., Shimozawa, N., Wanders,
R.J., Matsuzono, Y., Imanaka, T., Okumoto, K.,
Suzuki, Y., Kondo, N., and Fujiki, Y. (1998) Newly
identified Chinese hamster ovary cell mutants are defec-
tive in biogenesis of peroxisomal membrane vesicles
(Peroxisomal ghosts), representing a novel complementa-
tion group in mammals. J. Biol. Chem. 273, 24122—-24130
Shimozawa, N., Tsukamoto, T., Nagase, T., Takemoto,
Y., Koyama, N., Suzuki, Y., Komori, M., Osumi, T.,
Jeannette, G., Wanders, R.J., and Kondo, N. (2004)
Identification of a new complementation group of the
peroxisome biogenesis disorders and PEXI14 as the
mutated gene. Hum. Mutat. 23, 552—558

Miyazaki, E., Sakaguchi, M., Wakabayashi, S.,
Shigekawa, M., and Mihara, K. (2001) NHE6 protein
possesses a signal peptide destined for endoplasmic reti-
culum membrane and localizes in secretory organelles of
the cell. J. Biol. Chem. 276, 49221—49227

Otera, H., Ohsakaya, S., Nagaura, Z., Ishihara, N., and
Mihara, K. (2005) Export of mitochondrial AIF in
response to proapoptotic stimuli depends on processing
at the intermembrane space. EMBO J. 24, 1375—1386
Kamijo, K., Kamijo, N., Ueno, I., Osumi, T., and
Hashimoto, T. (1992) Nucleotide sequence of the
human 70kDa peroxisomal membrane protein: a
member of ATP-binding cassette transporters. Biochim.
Biophys. Acta 1129, 323327

Kanki, T., Sakaguchi, M., Kitamura, A., Sato, T.,
Mihara, K., and Hamasaki, N. (2002) The tenth mem-
brane region of band 3 is initially exposed to the luminal
side of the endoplasmic reticulum and then integrated
into a partially folded band 3 intermediate.
Biochemistry 41, 13973—13981

Kanaji, S., Iwahashi, J., Kida, Y., Sakaguchi, M., and
Mihara, K. (2000) Characterization of the signal that
directs Tom20 to the mitochondrial outer membrane. J.
Cell Biol. 151, 277288

Ikeda, M., Kida, Y., Ikushiro, S., and Sakaguchi, M.
(2005) Manipulation of membrane protein topology on
the endoplasmic reticulum by a specific ligand in living
cells. J. Biochem. 138, 631—637

Fujiki, Y., Hubbard, A.L., Fowler, S., and Lazarow,
P.B. (1982) Isolation intracellular membranes by means
of sodium carbonate treatment: application to endoplas-
mic reticulum. J. Cell Biol. 93, 97—102

Sakaki, K., Sakaguchi, M., Ota, K., and Mihara, K.
(1999) Membrane perturbing factor in reticulocyte
lysate, which is transiently activated by proteases.
FEBS Lett. 454, 345-348

Krishnamurthy, P.C., Du, G., Fukuda, Y., Sun, D.,
Sampath, J., Mercer, K.E., Wang, J., Sosa-Pineda, B.,
Murti, K.G., and Schuetz, J.D. (2006) Identification of
a mammalian mitochondrial porphyrin transporter.
Nature 443, 586—589

Tsuchida, M., Emi, Y., Kida, Y., and Sakaguchi, M.
(2008) Human ABC transporter isoform B6 (ABCB6)
localizes primarily in the Golgi apparatus. Biochem.
Biophys. Res. Commun. 369, 369—375

Jalil, Y.A., Ritz, V., Jakimenko, A., Schmitz-Salue, C.,
Siebert, H., Awuah, D., Kotthaus, A., Kietzmann, T.,
Ziemann, C., and Hirsch-Ernst, K.I. (2008) Vesicular
localization of the rat ATP-binding cassette

589

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

S. lwashita et al.

34.

590

half-transporter rAbcb6. Am. J. Physiol. Cell Physiol.
294, 579—-590

Kashiwayama, Y., Seki, M., Yasui, A., Murasaki, Y.,
Morita, M., Yamashita, Y., Sakaguchi, M., Tanaka,
Y., and Imanaka, T. (2009) 70-kDa peroxisomal mem-
brane protein related protein (P70R/ABCDA4) localizes to
endoplasmic  reticulum  not  peroxisomes, and
NH2-terminal hydrophobic property determines the sub-
cellular localization of ABC subfamily D proteins. Exp.
Cell Res. 315, 190—205

35.

36.

Brett, C.L., Wei, Y., Donowitz, M., and Rao, R. (2002)
Human Na(+)/H(+) exchanger isoform 6 is found in
recycling endosomes of cells, not in mitochondria. Am.
J. Physiol. Cell Physiol. 282, 1031—-1041

Nakamura, N., Tanaka, S., Teko, Y., Mitsui, K., and
Kanazawa, H. (2005) Four Na+/H+ exchanger isoforms
are distributed to Golgi and post-Golgi compartments
and are involved in organelle pH regulation. J. Biol.
Chem. 280, 1561—1572

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

