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Abstract. Tom20 is a major receptor of the mitochon-
drial preprotein translocation system and is bound to
the outer membrane through the NH,-terminal trans-
membrane domain (TMD) in an Nin-Ccyt orientation.
We analyzed the mitochondria-targeting signal of rat
Tom20 (rTom20) in COS-7 cells, using green fluores-
cent protein (GFP) as the reporter by systematically in-
troducing deletions or mutations into the TMD or the
flanking regions. Moderate TMD hydrophobicity and a
net positive charge within five residues of the COOH-
terminal flanking region were both critical for mito-
chondria targeting. Constructs without net positive
charges within the flanking region, as well as those
with high TMD hydrophobicity, were targeted to the
ER-Golgi compartments. Intracellular localization of
rTom20-GFP fusions, determined by fluorescence mi-

croscopy, was further verified by cell fractionation. The
signal recognition particle (SRP)-induced translation
arrest and photo—cross-linking demonstrated that SRP
recognized the TMD of rTom20-GFP, but with reduced
affinity, while the positive charge at the COOH-termi-
nal flanking segment inhibited the translation arrest.
The mitochondria-targeting signal identified in vivo
also functioned in the in vitro system. We conclude that
NH,-terminal TMD with a moderate hydrophobicity
and a net positive charge in the COOH-terminal flank-
ing region function as the mitochondria-targeting signal
of the outer membrane proteins, evading SRP-depen-
dent ER targeting.
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Introduction

Most mitochondrial proteins are synthesized in the cytosol
as preproteins bearing NH,-terminal extensions (prese-
quences) that direct them to the mitochondria (Schatz and
Dobberstein, 1996; Neupert, 1997, Omura, 1998). The pro-
teins are delivered to the import receptors of the mito-
chondrial outer surface by cytosolic import factors such as
mitochondrial import stimulation factor and hsp70 (Mi-
hara and Omura, 1996), and are then transported to the in-
tramitochondrial compartments by the preprotein translo-
cation machinery of the outer and inner membranes (the
TOM and TIM complexes, respectively; Lill and Neupert,
1996; Meijer et al., 1996; Schatz and Dobberstein, 1996;
Neupert, 1997; Voos et al., 1999).

In contrast to the import of preproteins into the interior
compartments of the mitochondria, the mechanisms of tar-
geting and membrane insertion of the outer membrane pro-
teins are poorly understood. All the mitochondrial outer
membrane proteins are synthesized without a cleavable pre-
sequence (Shore et al., 1995; Mihara, 2000). Most known
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outer membrane proteins span the membrane either once
or several times by o-helical hydrophobic transmembrane
domains (TMD)! within the molecule (Shore et al., 1995).
On the other hand, Tom40, the core component of the Tom
machinery, and mitochondrial porin are predicted to span
the outer membrane by 12-14 antiparallel 3 strands in a B-bar-
rel structure (Stanley et al., 1995; Mannella et al., 1996).
Mitochondrial outer membrane proteins such as TomS5
(Dietmeier et al., 1997), Tom6 (Cao and Douglas, 1995),
monoamine oxidases (Mitoma and Ito, 1992), outer mem-
brane cytochrome b5 (OMb) (Kuroda et al., 1998),
metaxin (Armstrong et al., 1997), and VAMP-1B (Isen-
mann et al., 1998) are tail-anchored proteins, whereas pro-
teins such as Tom70 (Hurt et al., 1985; McBride et al.,
1992), and Tom20 (Schneider et al., 1991) bind to the
outer membrane through the NH,-terminal TMD. The mi-
tochondria-targeting signal of the outer membrane pro-
teins seems to be contained in both the TMD and in the
flanking regions. For example, the COOH-terminal 10
amino acid residues of OMb have sufficient information to
direct OMD to the mitochondria. When either of the two

! Abbreviations used in this paper: GFP, green fluorescent protein; RNC,
ribosome-nascent chain-complex; SRP, signal recognition particle; TMD,
transmembrane domain.
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basic amino acid residues in the COOH-terminal tail is re-
placed by alanine, the mutant OMb becomes targeted to
the ER (Kuroda et al., 1998), probably by the signal recog-
nition particle (SRP)- and Sec6l-independent pathway
(Kutay et al., 1995). Tom22 is anchored to the membrane
by the TMD located at the middle portion of the molecule
in an Ncyt-Cin orientation. The TMD and NH,-terminal
flanking region of 13 amino acid residues of Saccharomy-
ces cerevisiae Tom22 carry sufficient mitochondria-target-
ing information (Egan et al., 1999). Membrane insertion of
Tom?2?2 strictly depends upon Tom20 and Tom70 (Keil and
Pfanner, 1993). The signal for mitochondria targeting and
insertion has been most extensively studied in S. cerevisiae
Tom70. It contains NH,-terminal targeting information
consisting of a short presequence-like segment (residues
1-10), followed by a stretch of uncharged, mostly apolar,
amino acids that functions as the stop-transfer sequence
(Hurt et al., 1985). Subsequent studies indicate that the
TMD is required for both targeting and membrane inte-
gration, whereas the NH,-terminal “presequence-like” re-
gion cooperates with the TMD to enhance the overall rate
of insertion (McBride et al., 1992). Insertion of Tom20 and
Tom?70 into the outer membrane does not require import
receptors, but is directly targeted to Tom40 and is assem-
bled into the TOM complex (Schneider et al., 1991; Schloss-
mann and Neupert, 1995; Neupert, 1997).

Despite these advances, the precise molecular mecha-
nism of mitochondria targeting of the outer membrane
proteins remains largely unknown. In the present study,
we used rat Tom20 (rTom20) to characterize the mito-
chondria-targeting signal of the outer membrane proteins
with the NH,-terminal TMD. Mitochondria targeting of
this type of protein is intriguing because TMDs are com-
posed of hydrophobic stretches that resemble the signal-
anchor sequence of the ER-targeted membrane proteins
(Shore et al., 1995; Sakaguchi et al., 1992). The classical
signal peptides are generally composed of a hydrophobic
core (h-) region of 6-15 hydrophobic amino acids (Mar-
toglio and Dobberstein, 1998). When the signal sequences
contain a sufficient hydrophobic h-region and are not
cleaved by signal peptidase, they function as the signal-
anchor sequence. Features of signal-anchor sequences that
determine type I (Nin-Ccyt) or type II (Ncyt-Cin) orienta-
tion have been identified (Sakaguchi et al., 1992; Martoglio
and Dobberstein, 1998; Kida et al., 2000). It is not known
how the outer membrane proteins with such a structural
feature are targeted from the ribosome to the mitochon-
dria, without involving SRP-dependent ER targeting.

rTom20 consists of the NH,-terminal TMD (residues
7-24), the tetratricopeptide repeat motif (TPR; residues
70-103), a charged amino acid-rich flanking region be-
tween the TMD and TPR (residues 25-69), and a short
cluster of acidic amino acids at the COOH terminus
(142-145; Goping et al., 1995; Seki et al., 1995; Hanson et
al., 1996; Iwahashi et al., 1997). The segment 1-69 of
rTom20 is sufficient to complement the function of
Atom20 yeast cells (Iwahashi et al., 1997).

To define the mitochondria-targeting signal of rTom20,
we constructed a series of rTom20-green fluorescence
protein (GFP) fusion proteins carrying deletions, inser-
tions, or point mutations within the TMD or flanking re-
gion and examined their intracellular localization in COS-7
cells. The post- and cotranslational integration into rat
liver mitochondria and dog pancreas microsomes, respec-
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tively, were also examined in vitro. Moderate TMD hydro-
phobicity and at least one net positive charge in the subse-
quent segment of five amino acid residues functioned
together as the necessary and sufficient mitochondria-tar-
geting signal; when hydrophobicity of the TMD was in-
creased, or a net positive charge in the COOH-terminal
flanking region was dissipated, the Tom20-GFP fusions
were then targeted to the ER-Golgi compartments, or
sometimes from there to the plasma membrane.
Measurement of SRP-induced translation arrest of
rTom20-GFP constructs and photo—cross-linking of the
nascent rTom20-GFP peptides to SRP indicated that: (a)
SRP recognized, although with low affinity, the TMD of
the rTom20-GFP construct in which the positive charges in
the COOH-terminal flanking region had been deleted,
thus inhibiting the translation; and (b) introduction of pos-
itive charges to the COOH-terminal flanking region re-
leased the SRP-induced translation arrest, presumably
without dissociating SRP from the nascent chain. Further-
more, truncated rTom20-GFP in the ribosome nascent
chain complexes (RNCs) was not able to be inserted into
the mitochondrial outer membrane unless it was released
from the ribosomes. Because SRP first scans nascent
chains for the presence of a signal sequence as they emerge
from the ribosome and targets them to the ER cotransla-
tionally in mammalian cells (Walter and Johnson, 1994; Ng
et al., 1996), these results suggest that SRP potentially rec-
ognizes the TMD of nascent rTom20. Basic amino acid res-
idues in the subsequent segment inhibit the function of
SRP and, together with the TMD, enable correct post-
translational targeting of rTom20 to mitochondria.

Materials and Methods

Construction of Expression Plasmids

pRc/CMV (Invitrogen), a mammalian expression vector, was digested with
HindIII and Xbal, treated with a Klenow fragment, and self-ligated using T4
DNA ligase. cDNA of Aequoria victoria GFP was subjected to PCR us-
ing the primers GSX (5-TATTCTAGAATGAGTAAAGGAGAA-
GAACTTTTCAC-3") and GAA (5'-TATGGGCCCTTATTTGTAT-
AGTTCATCCATGC-3'). The PCR products were digested with Xbal and
Apal at the sites underlined, and introduced to the expression vector, which
had been opened with Xbal and Apal. The resulting plasmid was called
PRcG. To construct pRc20G, the cDNA of rat Tom20 (Iwahashi et al., 1997)
was amplified by PCR with the primers RSX (5-TATTCTAGAATG-
GTGGGCCGGAACAGCGCC-3') and RAX (5-TATTCTAGATTC-
CACATCATCCTCACCCAAG-3"). The PCR products were digested with
Xbal and inserted into an Xbal site of pRcG. The rTom20-GFP mutants
carrying deletions were constructed by PCR with pRc20G as the template
and complementary pairs of oligonucleotides as primers. The rTom20-GFP
constructs carrying point mutations or insertions were generated using Pfu
DNA polymerase as described previously (Edward et al., 1998). In brief,
complementary pairs of oligonucleotides carrying the desired mutation were
used as primers for the complete synthesis by Pfu Turbo DNA polymerase
(Stratagene) of both strands of the template plasmid. The product was
treated with Dpnl to digest the methylated parental DNA template and
then used for transformation of XLI-blue cells. The Tom20-GFP constructs
thus generated were all confirmed to carry the desired mutations or dele-
tions by DNA sequencing. Information on the nucleotide sequences of the
primers used in this study is available on request.

Transfection of COS-7 Cells and
Fluorescence Microscopy

COS-7 cells were cultured on coverslips in 35-mm dishes in 2 ml of DME
supplemented with 10% FCS at 37°C overnight under an atmosphere of
10% CO, in air. Transfection was performed using FuGene 6 reagent
(Roche Molecular Biochemicals). The cells were incubated for 24 h. When
mitochondria were to be stained, 100 nM MitoTracker (Molecular Probes)
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was added to the medium and incubated for 20 min before fixation. The
cells cultured on coverslips were fixed with 2 ml of 50% acetone/50%
methanol for 5 min at room temperature. The coverslips were washed with
2 ml of PBS three times. To stain the Golgi apparatus or the ER, the fixed
cells on coverslips were incubated with rabbit anti-rat GM130 antibodies
(Nakamura et al., 1995) or rabbit anti-rat Calnexin antibodies (Stress
Gen) for 1 h, and then with Texas red—conjugated goat antibodies against
rabbit IgG for 1 h. Fluorescent images were taken and analyzed by a con-
focal laser microscope Radiance 2000 (Bio-Rad Laboratories).

Preparation of Mitochondria and Golgi Membranes
Jrom Cultured Cells

COS-7 cells cultured in a 10-cm dish were washed with PBS, and then
scraped off with 5 ml of PBS. Collected cells were precipitated by centrifu-
gation at 600 g for 5 min, and washed with HE buffer (10 mM Hepes-
KOH, pH 7.5, and 1 mM EDTA) containing 10% (wt/vol) sucrose. The
cells were resuspended in 1 ml of the same buffer containing 20 pg/ml o2-
macroglobulin, homogenized by five-times aspiration through a 27-gauge
needle, and then centrifuged at 600 g for 5 min to obtain a post-nuclear su-
pernatant. The supernatant was layered over a discontinuous gradient of
40 and 60% sucrose in HE buffer (3 and 1 ml, respectively). After centrif-
ugation at 100,000 g for 3 h, 0.5-ml aliquots were collected from the top of
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Figure 1. Schematic presentation of rTom20 and the flanking re-
gion-deleted mutants of rTom22-GFP fusions. (A) Schematic
structure of rTom20. Amino acid sequences of the TMD and the
flanking region are shown. (B) Schematic structure of the flanking
region—-deleted rTom20-GFP fusions. (C) Structure of the con-
structs carrying mutations in the COOH-terminal flanking region.
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the tube. 100 pl of each fraction was precipitated with 10% TCA and sub-
jected to SDS-PAGE and immunoblotting using antibodies against
rTom?20, rat GM130, or rat Golgin97.

In Vitro Insertion of rTom20-GFP Fusion Proteins into
the ER and Mitochondria

mRNAs for rTom20-GFP fusion proteins transcribed in vitro were trans-
lated in rabbit reticulocyte lysate in the presence of dog pancreas rough
microsomes, as described previously (Ota et al., 1998). Membrane integra-
tion was assessed by alkali treatment of the reaction mixture followed by
alkali-sucrose gradient centrifugal flotation (alkali flotation; Ota et al.,
1998). Insertion of the fusion proteins into mitochondria was performed
as follows. Protein import mixture (20 .l final vol) containing 5 pl of unla-
beled translation product in reticulocyte lysate, 20 wg of isolated mito-
chondria, 10 mM Hepes-KOH, pH 7.5, 250 mM sucrose, and 100 pg/ml
o2-macroglobulin was incubated at 30°C for 60 min. After the reaction,
400 wl of 0.1 M sodium carbonate, pH 11.5, was added to each reaction
mixture and cooled on ice for 30 min. After centrifugation at 100,000 g for
10 min, the supernatant was TCA precipitated. The membrane fraction
was dissolved in 100 wl 0.1 M sodium carbonate and TCA precipitated.

SRP-induced Translation Arrest of mRNAs for
rTom20-GFP Constructs

mRNA for wild-type rTom20-GFP, H22GFP, 4SGFP, or mouse synap-
totagmin II (Syt II; Fukuda et al., 1994; Kida et al., 2000) transcribed in
vitro was cotranslated with GFP mRNA in the wheat germ lysate system
(25 pl) in the presence or absence of SRP (Sakaguchi et al., 1984). SRP
was purified according to the method of Walter and Blobel (1980).

Photo—cross-linking of SRP to the Truncated
rTom20-GFP Constructs in RNCs

The truncated mRNA for rTom20-GFP-74 (residues 1-74), 4SGFP-74 (1-74),
H22GFP-78 (1-78), or preprolactin-86 (1-86) was translated in the wheat
germ lysate system for 20 min at 25°C in the presence of 3S-methionine, 4-(3-
trifluoromethyl-diazirino) benzoic acid (TDBA)-Lys-tRNA, and SRP where
indicated (Gorlich et al., 1991). After termination of the translation with 2
mM cycloheximide, the translation mixtures were transferred to a 96-well
plate and UV-irradiated at 0°C for 10 min. The irradiated samples were re-
solved by SDS-PAGE (16% gel) and analyzed by digital autoradiography.

Results

A Net Positive Charge in the COOH-terminal
Flanking Region of the TMD Determines
Mitochondrial Localization of rTom20-GFP

To characterize the mitochondria-targeting signal of
rTom20, we constructed rTom20-GFP in which rTom20
(Fig. 1 A) was fused to the NH, terminus of GFP, and sev-
eral mutants in which the flanking region of rTom20-GFP
was deleted to various extents; the flanking region was di-
vided into five segments, which were deleted in combina-
tion, as shown in Fig. 1 B. These constructs were expressed
in COS-7 cells and their intracellular localization was ex-
amined by a confocal microscope with MitoTracker stain-
ing as the reference. rTom20-GFP was colocalized with
MitoTracker in the dispersed filamentous structure (Fig.
2), sometimes in the aggregated mitochondria at the peri-
nuclear region, which were dispersed in the presence of
nocodazole, which breaks microtubules (data not shown).
The merged confocal images of fluorescence of GFP and
MitoTracker for the various deletion mutants are summa-
rized in Fig. 3 A. A25-33GFP, A25-42GFP, A43-51GFP,
and A34-51GFP colocalized with MitoTracker, whereas
A25-51GFP, A25-60GFP, and A25-69GFP localized to the
ER-Golgi compartments (see below). These results sug-
gest that the number of positive charges proximal to the
COOH terminus of the TMD is important for mitochon-
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Tom20GFP

MitoTracker

Figure 2. Expression of wild-type rTom20-GFP in COS-7 cells.
COS-7 cells were transfected with the expression vector contain-
ing the rTom20-GFP cDNA as described in Materials and Meth-
ods. The cells were incubated with MitoTracker, and fluorescent
images of GFP (green) and MitoTracker (red) were taken by a
confocal microscope.

dria targeting (see Table I). The residues 1-33 of rTom20
(N33-GFP) function as an efficient mitochondria-localiza-
tion signal, as shown in Fig. 3 A.

To further assess the importance of basic amino acid
residues in the COOH-terminal flanking region, arginine
or lysine residues in this segment were changed to serine
and the obtained constructs (Fig. 1 C) were examined for
their intracellular localization. A34-51S1IGFP and A34-
51S2GFP localized to the mitochondria, whereas A34-
51S3GFP and A34-51S4GFP were transported to the ER-
Golgi compartments (Fig. 3 A, and see below). Similarly,
the constructs 1ISGFP and 2SGFP localized exclusively to
the mitochondria, whereas 3SGFP exhibited mixed local-
ization to the mitochondria, the ER, and the Golgi appara-
tus (Fig. 3 B; see also subfractionation in Fig. 5 B). On the
other hand, 4SGFP exclusively localized to the Golgi com-
partment (Fig. 3 B). Taken together, these results suggest
that at least one net positive charge within the region con-
taining five amino acid residues following the TMD deter-
mines the mitochondrial localization of the constructs
(summarized in Table I). Localization of some fraction of
3SGFP to the mitochondria might reflect insufficient neu-
tralization of the positive charge by a positional effect be-
tween Asp-25 and Arg-29.

Table l. Amino Acid Sequence of the COOH-terminal Flanking
Region of the TMD of Tom20-GFP Proteins

Residue number

Constructs Localization
25 26 27 8 29 3n 3

T™D flanking region of 5 amino acids
Tom2(-GFP D R K R R s D Mit
A34-51 §1 D R K R s S D Mit
A34-5182 D R K s s s D Mit
A34-51 83 D R 8 8 5 8 D Golgi
A34-51 54 D 8 s L] s 8 D ER/Golgi
18 GFP ] ] K R R ] D Mit
15 GFP n s 5 R R 5 D Mit
38 GFP 11 ] 5 5 K 5 D MIVER/Golgi
45 GFP D 5 s s s 8 1] Golgi
A25.33 F K D R L R E Mit
A25.42 K K Q K 1 A K Mit
A25-51 A G I ] K L P D Golgi
A25-60 K D A E A v Q Golgi
A25-69 F L I i 1 Q L ER/Golgi
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Figure 3. Basic amino acids at the COOH-terminal flanking re-
gion of the TMD are critical for targeting rTom20-GFP fusions
to mitochondria. COS-7 cells were transfected with the indi-
cated constructs in the expression vectors. The cells were co-
stained with MitoTracker. Other conditions were the same as in
Fig. 2. (A) Localization of rTom20-GFP constructs carrying
mutations in the COOH-terminal flanking region. Merged fluo-
rescent images of GFP and MitoTracker are shown. (B) Fluo-
rescent images of MitoTracker and rTom20-GFP mutants in
which the basic amino acids in the flanking region were re-
placed by serine residues.
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125-69GFP Mitotracker

125-68GFP

Mitotracker

125-69GFP Calnexin

Figure 4. The rTom20-GFP constructs that are incompetent for
mitochondria-targeting localized to the ER-Golgi compartments.
(A) Localization of A25-60GFP to the ER-Golgi compartments.
COS-7 cells expressing A25-60GFP were immunostained with IgGs
against GM130 (Golgi marker) or Calnexin (ER marker). Fluores-
cent images of GFP (green), GM130 (red), and Calnexin (red)
were taken by a confocal microscope. (B) Effect of nocodazole or
brefeldin A (BFA) on intracellular localization of A25-60GFP.
A25-69GFP-expressing COS-7 cells were treated with 20 wg/ml no-
codazole for 2 h or with 5 wg/ml BFA for 1 h. The cells were then
stained with MitoTracker. In a different experiment, A25-69GFP-
expressing COS-7 cells were treated with BFA as described above,
and then immunostained with IgGs against Calnexin (red).

Mutant rTom20-GFP Fusions that Failed to be Targeted
to Mitochondria Are Directed to the
ER-Golgi Compartments

The constructs that failed to be targeted to the mitochon-
dria (A25-51GFP, A25-60GFP, A25-69GFP, A34-51S3GFP,
A34-51S4GFP, and 4SGFP) were transported to the ER-
Golgi compartments in COS-7 cells, because they partly
colocalized with the immunofluorescence of GM130, a pe-
ripheral membrane protein of cis-Golgi stacks (Nakamura
et al., 1995) and partly with an ER membrane protein, Cal-
nexin (Wada et al., 1991). A typical example for A25-69GFP
is shown in Fig. 4 A. In the presence of nocodazole, which
breaks microtubules, the perinuclear localized signal of
GFP was dispersed and dot-like structures became visible:
known behavior of proteins of the Golgi apparatus (Fig. 4

Kangji et al. Mitochondria-targeting Sgnal of rTom20

B). In the presence of brefeldin A, which blocks antero-
grade vesicular transport from the ER to the Golgi com-
partment (Lippincott-Schwartz et al., 1990), A25-69GFP be-
came colocalized with Calnexin, but not with MitoTracker,
indicating that the fusion protein was transported back from
the Golgi compartment to the ER (Fig. 4 B).

We then performed cell fractionation for several con-
structs that exhibited distinct subcellular localization im-
ages of fluorescence. As shown in Fig. 5, A and B, wild-type
rTom20-GFP colocalized with authentic mitochondrial
Tom20. A25-69GFP colocalized with endogenous GM130,
however, and no signal was detected in the fractions where
mitochondria were located. A25-33GFP, which exhibited a
mitochondrial fluorescence pattern, localized mainly to mi-
tochondrial fractions and only a small fraction was detected
in the ER-Golgi fraction. On the other hand, 3SGFP, which
exhibited mixed fluorescence images of mitochondria and
the ER-Golgi compartments, had clear binary localization
to the mitochondria and the ER-Golgi fractions (Fig. 5 B).
H22GFP, the construct with a longer TMD, was detected
almost exclusively in the ER-Golgi—enriched fractions, con-
firming the results obtained using fluorescence microscopy.
Thus, the results obtained by subcellular fractionation for
several rTom20-GFP constructs coincided well with those
obtained by fluorescence microscopy.

We next examined the topology of the rTom20-GFP fu-
sion proteins in the mitochondria and the ER-Golgi frac-
tions using proteinase K as the probe. As shown in Fig. 5
C, rTom20-GFP localizing to the mitochondria was com-
pletely digested by a low concentration of proteinase K,
indicating that rTom20-GFP was inserted into the mito-
chondrial outer membranes in the type I orientation, ex-
truding the bulk of the COOH-terminal domain to the cy-
tosol. On the other hand, A25-69GFP localizing in the
ER-Golgi compartments was resistant to the externally
added proteinase. It was completely digested, however, by
proteinase K in the presence of 1% Triton X-100. It was
also resistant to sodium carbonate, pH 11.5, extraction
(data not shown). Thus, A25-69GFP was inserted into the
membrane in the type-II orientation with the bulk portion
translocated across the membrane to the lumen. Not all
the ER-targeted constructs assumed type-II orientation in
the ER or Golgi apparatus; so far examined, A34-51S4
and the rTom20-GFP constructs with a longer TMD, H20,
and H22 (see Fig. 6 A) were inserted into the ER in the
type-I orientation (data not shown). The COOH-terminal
flanking region of the TMD might influence the topology
of rTom20-GFP constructs (Kida et al., 2000).

TMD Hydrophobicity Is also Critical for the Function
of the Mitochondria-targeting Signal

We addressed whether the signal-anchor sequence of the
ER-targeted membrane protein could function as the mi-
tochondria-targeting signal. For this purpose, the segment
composed of a hydrophilic leader (residues 1-6) and the
following TMD (7-24) of rTom20-GFP was replaced by
the NH,-terminal segment of synaptotagmin II (Syt II)
containing the hydrophilic lumenal segment (residues
1-60) and the following TMD segment (residues 61-87) to
create ST27 (Fig. 6 A). Syt 11 is a protein of the synaptic
vesicles and during synthesis it is inserted first into the ER
via the NH,-terminal signal-anchor sequence in type-I ori-

281



Figure 5. Subcellular localiza-
tion of rTom20-GFP constructs
as examined by discontinuous
sucrose gradient centrifugation.
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entation (Kida et al., 2000). Upon expression in COS-7
cells, ST27 was localized throughout the secretory or-
ganelles, the ER, the Golgi, and the plasma membranes
(Fig. 6 B). When the COOH-terminal segment of seven
hydrophobic amino acid residues of the TMD in ST27 was
deleted, however, the resultant protein (ST20) was local-
ized mainly to the mitochondria with some fraction local-
ized to the ER (Fig. 6 B), suggesting that either lower
hydrophobicity or a shorter TMD decreased the ER-
targeting efficiency, which in turn activated the mitochon-
dria targeting. To further confirm this, we constructed
H20GFP, H22GFP, and H24GFP (Fig. 6 A), in which re-
spective leucine repeats, two-, four-, and six-times Leu,
were inserted into the TMD of rTom20-GFP, and exam-
ined their localization in COS-7 cells. As shown in Fig. 6
C, H20GFP localized exclusively to dispersed mitochon-
dria. In marked contrast, H22GFP and H24GFP assumed
the ER- and Golgi-localization pattern; this was verified
by cell fractionation (see Fig. 5 B for H22GFP).

We further examined whether the TMD hydrophobicity
is a determinant of the mitochondria-targeting signal. We
constructed rTom20-GFP mutants in which glycine or ty-
rosine residues in the TMD were changed to two and five
leucine residues, without changing the length of the TMD,
to create Hydrophobic-1 and -2, respectively (Fig. 6 A).
Upon expression in COS-7 cells, Hydrophobic-1 exhibited
a mixed localization profile to the mitochondria and ER,
whereas Hydrophobic-2 exhibited an ER- and Golgi-local-
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transfected COS-7 cells were
subfractionated by sucrose den-
sity gradient as described in Ma-
terials and Methods. GM130
(Golgi  marker), 1Tom?20,
rTom20-GFP, and A25-69GFP
in each fraction were detected
by Western blotting. (B) Subcel-
lular localization of A25-33GFP,
H22GFP, and 3SGFP. A25-
33GFP-, H22GFP-, or 3SGFP-
transfected COS-7 cells were
subfractionated by sucrose den-
sity gradient centrifugation. The
Golgi-enriched fractions were
detected using anti-Golgin97
antibodies. Other conditions
were the same as those de-
scribed in A. (C) Membrane to-
pology of rTom20-GFP and
A25-69GFP expressed in COS-7
cells. Fractions 3 and 8 in A
were treated with 100 pg/ml
proteinase K for 30 min at 0°C in
the presence or absence of 1%
Triton X-100. The reaction mix-
tures were analyzed by SDS-
PAGE and immunoblotting
with anti-rTom?20 IgG.

Tom20GFP

A25-69GFP

ization pattern (Fig. 6 C), indicating that TMD hydropho-
bicity rather than TMD length is the critical factor, al-
though contribution of the latter cannot be ruled out.

To summarize, the degree of TMD hydrophobicity or
TMD length and net positive charges in the COOH-termi-
nal proximal region were critical for the function of the
mitochondria-targeting signal of rTom20-GFP. When
TMD hydrophobicity or TMD length were increased, the
TMD then functioned as a dominant ER-targeting signal-
anchor sequence.

Effect of Proteasome Inhibitor on the Expression and
Localization of rTom20-GFP Constructs in COS-7 Cells

In the present study, intracellular localization of the in
vivo—expressed rTom20-GFP fusions at the steady state
level was analyzed by fluorescence microscopy, which
might ignore the fractions of the constructs that are rap-
idly turning over. The ubiquitin-proteasome system is
mainly responsible for the rapid protein degradation
(Bonifacino and Weissman, 1998). We examined this and
found that a proteasome inhibitor lactacystin did not
induce noticeable changes in the expression level of
rTom20-GFP and H24GFP in COS-7 cells (Fig. 7 A) or in
their intracellular localization (B, and data not shown),
under the condition in which rapid degradation of factor
XII mutants in the secretory pathway was strongly
blocked (data not shown). Thus, the rTom20-GFP con-
structs that are degraded by the proteasome system in
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Figure 6. TMD length or hydrophobicity is a critical determinant for mitochondria localization. (A) Schematic presentation of rTom20-
GFP constructs in which the NH,-terminal hydrophilic segment and the TMD were replaced by those of Syt II (ST27 and ST20), leucine
repeats were inserted into the TMD (H20, H22 and H24), or glycine or tyrosine residues in the TMD were replaced by leucine residues
(Hydrophobic-1 and -2). Hydrophobicity, hydropathic index/residue; Mit, mitochondria; PM, plasma membrane. (B) Localization of
ST27 and ST20 in COS-7 cells. Confocal images of GFP (green) and MitoTracker (red) are shown. (C) Mitochondria localization of
1Tom20-GFP fusions depends on the TMD length or hydrophobicity. The indicated rTom20-GFP constructs were expressed in COS-7
cells. The cells were costained with MitoTracker and fluorescence images were taken by a confocal microscope.

COS-7 cells are few, if any, and the obtained fluorescence
images reflected behavior of majority of the expressed
constructs in COS-7 cells.

Mitochondria-targeting Signal as Assessed by the In
Vitro Import System

We then assessed the mitochondria-targeting signal of
rTom20-GFP constructs in the in vitro insertion system.
Various rTom20-GFP constructs were expressed in the in
vitro transcription and translation system using reticulo-
cyte lysate. Their post-translational insertion into mito-
chondria or cotranslational insertion into dog pancreas mi-
crosomes was assessed using sodium carbonate, pH 11.5,
extractability as the criterion (Fig. 8).

Wild-type rTom20-GFP was inserted post-translation-
ally into rat liver mitochondria with significant efficiency,
whereas A25-69GFP and A34-51S4, which were trans-
ported to the ER-Golgi compartments in vivo, failed to be

Kangji et al. Mitochondria-targeting Sgnal of rTom20

inserted into the mitochondria, confirming the in vivo re-
sults that a positive net charge of the COOH-terminal
flanking region is critical for mitochondria-targeting (Fig.
8 A). H20GFP with a TMD of 20 amino acids exhibited
maximum insertion efficiency, but the efficiency clearly
decreased as the TMD hydrophobicity increased (Fig. 8, B
and C). In contrast, the efficiency of cotranslational ER in-
sertion increased depending on the TMD hydrophobicity.
The TMD with 24 amino acid residues functioned as the
most efficient ER signal thus far examined (Fig. 8 D).

It should be noted that H20GFP and wild-type rTom?20-
GFP, which were targeted exclusively to the mitochondria
in COS-7 cells, were also inserted cotranslationally into
the ER with significant efficiency (Fig. 8, B and D). Simi-
larly, H22GFP and H24GFP, which were targeted exclu-
sively to the ER-Golgi compartments in vivo were in-
serted post-translationally into the mitochondria to a
significant extent (Fig. 8, B and C). These results suggest
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Figure 7. Proteasome inhibitor lactacystin does not affect the ex-
pression level and subcellular localization of rTom20-GFP con-
structs in COS-7 cells. (A) Effect of lactacystin on the expression
of rTom20-GFP and H24GFP in COS-7 cells. COS-7 cells trans-
fected with wild-type rTom20-GFP (WT) or H24GFP were
grown at 37°C for 24 h, which were then incubated with or with-
out 20 uM lactacystin (LC) for 10 h at 37°C. The cell lysates were
subjected to SDS-PAGE followed by Western blotting with anti—
rTom20 IgG. WT and H24 proteins are shown by an arrow. (B)
Effect of lactacystin on the localization of H24GFP in COS-7
cells. H24GFP-expressed COS-7 cells prepared as in A were
stained with MitoTracker. Merged confocal images of GFP
(green) and MitoTracker (red) are shown.

that some factors that interfere with nonspecific ER tar-
geting and assist with correct mitochondria targeting are
limiting in the in vitro import system, or vice versa.

The truncated H24GFP (202 residues) in RNCs was in-
serted into the ER without being released from the ribo-
somes (Fig. 8 E, control). This reaction was inhibited ei-
ther in the presence of GMP-PNP, or using NEM-treated
RNCs, the conditions that inhibit the function of SRP
(Walter and Johnson, 1994; Fig. 8 E, GMP-PNP and
NEM), indicating that the ER insertion of these constructs
occurs cotranslationally and is SRP dependent. In marked
contrast, mitochondrial insertion of the truncated rTom
20-GFP in RNCs (202 residues; truncated at the 58th resi-
due of GFP) did not occur unless it was released from the
ribosomes by puromycin and EDTA, although the entire
portion of rTom20 had already emerged from the ribo-
somes (Fig. 8 F). In contrast, the Golgi-targeted construct
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7SGFP, in which seven basic amino acids in the flanking
region (residues 26-39) were changed to Ser (data not
shown), was not inserted into mitochondria. There might
be the mechanism that assures post-translational targeting
of newly synthesized mitochondrial outer membrane pro-
teins (see Discussion).

SRP Recognizes the TMD of rTom20-GFP during
Synthesis, but Positive Charges at the COOH-terminal
Flanking Segment Inhibit Its Function

These results indicate that the TMD of rTom20-GFP by it-
self functions as an ER-targeting signal-anchor sequence,
and suggest that basic amino acid residues within the
COOH-terminal flanking region interfere with the func-
tion of SRP. We therefore examined several rTom20-GFP
constructs using the SRP-induced translation arrest as a
measure. mRNA for wild-type rTom20-GFP, H22GFP,
4SGFP, or Syt II was cotranslated with the control GFP
mRNA in the presence or absence of SRP and the transla-
tion products were analyzed by Western blotting. Trans-
lation of H22GFP that was targeted to the ER-Golgi
compartments in vivo was inhibited by SRP in a dose-
dependent manner, whereas translation of GFP as an in-
ternal control was not affected (Fig. 9 A). SRP did not in-
hibit the translation of wild-type rTom20-GFP. In marked
contrast, SRP did arrest, to a weak but significant extent,
the translation of 4SGFP, the rTom20-GFP construct that
does not carry positive charges in the COOH-terminal
flanking region and that is transported exclusively to the
Golgi compartment (Fig. 9, A and B). Furthermore, syn-
thesis of Syt II, a typical ER-targeted membrane protein
(Kida et al., 2000), was inhibited by SRP to a similar extent
as H22GFP (Fig. 9, A and B), confirming that SRP was
functional in the assay system.

We further examined the interaction of SRP with the
truncated rTom20-GFP constructs in RNCs using photo—
cross-linking. The truncated mRNA for rTom20-GFP,
4SGFP, H22GFP, or preprolactin was translated in the
wheat-germ lysate system in the presence or absence of
SRP. The nascent preprolactin, as a positive control, was
cross-linked to SRP with significant efficiency, confirming
validity of the assay system (Fig. 9 C). H22GFP, which is
targeted to the ER-Golgi compartments in vivo and is
translation-arrested in vitro to a similar extent as Syt II, in-
deed cross-linked to SRP. The truncated 4SGFP, which is
targeted to the ER-Golgi compartments, was cross-linked
to SRP to a weak but significant extent, coinciding with
the extent of SRP-induced translation arrest. Thus, the re-
sults obtained by SRP-induced translation arrest were
confirmed by the photo—cross-linking approach. The trun-
cated wild-type rTom20-GFP was also cross-linked to SRP
to a similar extent as 4SGFP. We presume that SRP re-
main associated with the nascent chain of wild-type
rTom20-GFP, although this should be confirmed by differ-
ent approaches.

Discussion

The mechanisms by which the mitochondrial outer mem-
brane proteins are recognized and directed to the mitochon-
dria remain mostly unknown. The present study analyzed
the mitochondria-targeting signal of an NH,-terminal mem-
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H24GFP (202 residues) was synthesized in the reticulocyte lysate system at 28°C for 25 min. After addition of 2 mM cycloheximide, the reac-
tion mixture was divided into three aliquots. Two aliquots were incubated with microsomes in the absence (Control) or presence of 25 mM
GMP-PNP (GMP-PNP) at 28°C for 20 min. The other aliquot was incubated with 10 mM NEM at 0°C for 10 min, followed by incubation with
microsomes at 28°C for 20 min. All the reaction mixtures were subjected to the alkali floatation to separate the membrane (M) and unfloated
(S) fractions. Both fractions were subjected to SDS-PAGE followed by Western blotting using anti-rTom20 IgG. (F) Insertion of truncated
rTom20-GFP or 7SGFP into mitochondria. Truncated wild-type rTom20-GFP (WT) or 7SGFP (202 residues each) was synthesized in the
reticulocyte lysate at 28°C for 25 min and divided into three aliquots. Two aliquots were incubated with mitochondria in the presence of 2 mM
cycloheximide (CHI) or 2 mM puromycin plus 25 mM EDTA at 28°C for 60 min. The other aliquot was incubated with mitochondria at 28°C
for 40 min, and then incubated in the presence of puromycin plus EDTA for 20 min (chase). Other conditions are as described in E.

brane-anchor protein, rTom?20, using GFP as the reporter.
We demonstrated that the TMD with a moderate hydro-
phobicity and at least one net positive charge within the
COOH-terminal flanking region of five amino acid residues
are both important determinants of the mitochondria-tar-
geting signal. The TMD of rTom?20 functioned by itself as a
signal-anchor sequence to target GFP fusions to the ER.
The TMD with increased hydrophobicity apparently coun-
teracts the positive charges of the flanking region and func-
tions as the ER-targeting signal-anchor sequence.

To our knowledge, this is the first demonstration of the
importance of TMD hydrophobicity in addition to the net
positive charge in the COOH-terminal flanking region in
mitochondria targeting of the NH,-terminal membrane-
anchor protein. This structural feature is conserved among
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Tom?20 from various species; i.e., S. cerevisiae (Ramage et
al., 1993), Neurospora crassa (Sollner et al., 1989), Cae-
norhabditis elegans (GenBank No. C46715), Drosophila
melanogaster (AA990653), Xenopus laevis (AW638081),
rats (Iwahashi et al., 1997), and humans (Goping et al.,
1995; Seki et al., 1995; Hanson et al., 1996). A 23-kD pro-
tein of potato mitochondrial outer membrane, which is
speculated to be a homologue of Tom?20, is exceptional;
however, it shares only 19% sequence identity with fungal
Tom?20 and, most notably, it carries a predicted TMD at
the COOH terminus (Heins and Schmitz, 1996). Further-
more, there are similar structural features for several other
mitochondrial outer membrane proteins: Tom70 from N.
crassa (Sollner et al., 1990) and rats (Suzuki and Mihara,
unpublished results), and OM37 from rat liver mitochon-
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dria (Maeda and Mihara, unpublished results). We expect
that these proteins are targeted to the mitochondria by the
same mechanism as Tom20.

Although we demonstrated that the TMD with higher
hydrophobicity acted dominantly over the positive charges
of the flanking region and functioned as the ER-targeting
signal-anchor sequence, we do not know whether the in-
creased positive charges within the flanking region over-
come the ER-targeting signal to direct the constructs to
the mitochondria. Presumably this is not the case, since
many ER membrane proteins carry enriched basic amino
acid residues within the COOH-terminal flanking region
of the signal-anchor sequence (Nelson and Strobel, 1988;
Li et al., 1995). Therefore, it is not a simple balance be-
tween the TMD hydrophobicity and the subsequent posi-
tive charges that determines the function of the mitochon-
dria-targeting signal. Instead, the present data indicate
that moderate TMD hydrophobicity and the subsequent
positive charges are clearly required for proper function of
the mitochondria-targeting signal. Of the TMDs examined
to date, those with 18-20 residues and an average hydro-
phobicity (hydropathic index per residue) of 1.97-2.16
functioned as the mitochondria-targeting signal (Fig. 10).
In contrast, TMDs with a higher hydrophobicity (average
hydrophobicity, 2.21-3.23) functioned efficiently as the
ER-targeting signal-anchor sequences, with the exception
of Hydrophobic-1, which partly localized to the mitochon-
dria in spite of its TMD having an average hydrophobicity
of 2.53. In addition, the TMD length might be a critical de-
terminant to match with the thickness of the mitochon-
drial outer membrane. More precise structural informa-
tion in the TMD that serves as the mitochondria-targeting
signal awaits analysis.

The TMD of rTom20 functioned, by itself, as an ER-tar-
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taking those in the absence of SRP as 100%. (C)
Interaction of SRP with the nascent chains of
rTom20-GFP constructs and preprolactin (pPL)
as examined by photo—cross-linking. The trun-
cated mRNAs indicated were translated in the
wheat germ lysate system in the presence of 3S-
methionine, TDBA-lys-tRNA, and, where indi-
cated, SRP at 25°C for 20 min. After addition of
2 mM cycloheximide, the reaction mixtures were
UV irradiated, and then subjected to SDS-
PAGE and autoradiography. Arrowheads, cross-
linked products; asterisks, truncated peptides
synthesized. CL (%), efficiency of cross-linking =
[signal in arrowhead/signal in asterisk] X 100.

geting signal-anchor sequence. Because the ER-targeting
signals are recognized by the SRP as they emerge from the
ribosomes and are targeted to the ER by the SRP-SRP re-
ceptor system, the TMD of rTom20 should be recognized
by the SRP in RNCs as it emerges from the ribosomes.
How is r'Tom20 directed from the ribosomes to the mito-
chondrial outer membrane in an SRP-dependent ER-tar-
geting system? Our results clearly demonstrated that posi-
tive charges at the proximal COOH-terminal flanking
region of the TMD have a crucial role in this targeting;
when hydrophobicity of the signal-anchor sequence is
lower, net positive charges created within the flanking re-
gion interfere with the function of SRP, thus directing oth-
erwise ER-targeted protein to the mitochondrial outer
membrane. In this regard, a similar but clearly distinct ex-
ample of switching the sorting signal has been reported.
Cytochrome P4502B1 localizing predominantly in the ER
contains a chimeric mitochondria- and ER-targeting signal
at its NH, terminus; the NH,-terminal 20 amino acid re-
gion with a hydrophobic helical structure is followed by a
positively charged region that resembles the mitochon-
drial presequence. Phosphorylation of P4502B1 at Ser128
reduces the affinity of P4502B1 for SRP and directs other-
wise ER-predominant protein to the mitochondrial matrix
(Anandatheerthavarada et al., 1999).

The results obtained in the in vivo system were mostly
confirmed by the in vitro membrane insertion systems.
Some constructs (wild-type rTom20-GFP and H20GFP),
however, which were targeted exclusively to the mitochon-
dria in vivo, were also inserted cotranslationally into dog
pancreas microsomes with significant efficiency. This is
probably because the factors that prevent ER targeting
and increase the fidelity of mitochondria targeting of the
nascent precursors, such as the nascent polypeptide-asso-
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ciated complex (NAC), might be limiting in our in vitro as-
say system. NAC has been characterized as the het-
erodimeric, ribosome-associated chaperone that prevents
promiscuous interactions between SRP and the nascent
polypeptides destined for cellular compartments other
than the secretory pathway (Wiedmann et al., 1994), al-
though this function has been challenged (Raden and
Gilmore, 1998; Neuhof et al., 1998). The function of NAC
in the targeting of preprotein to the mitochondria has
been demonstrated in yeast using genetic and biochemical
approaches. Depletion of the a-subunit of NAC leads to
decreased mitochondria targeting and eventual loss of mi-
tochondrial DNA (George et al., 1998). Purified NAC
stimulates the import of ribosome-bound nascent pre-
proteins by enhancing the productive binding of RNCs to
mitochondria (Fiinfschilling and Rospert, 1999). Partic-
ipation of NAC in mitochondria targeting of the NH,-ter-
minal membrane-anchor proteins needs to be addressed in
the future.

SRP-induced translation arrest and photo—cross-linking
revealed that the TMD of rTom20-GFP constructs indeed
interacted with SRP, although with low efficiency. The ba-
sic amino acid residues introduced into the COOH-termi-
nal flanking region of the TMD inhibited the function of
SRP. In addition, the truncated rTom20-GFP in RNCs was
unable to be inserted into the mitochondria unless it is re-
leased from the ribosomes. The targeting factors that are
present in the cytosol might release SRP from the TMD of
rTom20 by binding to the positively charged COOH-ter-
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Hydrophobic-2 (3.23) ER/Golgi

ST-20 (2.16) Mit>ER/Golgi/PM

ST-27 (2.21) ER/Golgi/PM

Figure 10. Hydrophobicity plots of
TMDs of the rTom20-GFP constructs.
The algorithm of Kyte and Doolittle
was used with a window size of one
amino acid residue. The average hydro-
phobicity is shown in parentheses.

minal flanking region, thereby stabilizing the hydrophobic
TMD and targeting rTom20 to the Tom machinery, proba-
bly to Tom40 directly (Schneider et al., 1991). Another
possibility is that the factors do not induce dissociation of
SRP from the TMD, but rather inhibit the function of SRP,
such as translation arrest, and in conjunction with SRP,
stabilize the polypeptide until its synthesis is completed,
assuring post-translational integration of the nascent pro-
tein into the mitochondria. Thus, the mitochondrial outer
membrane proteins with the NH,-terminal membrane-
anchor might share part of the targeting system with the
ER-targeted preproteins at the initial steps of translation
in RNCs. It is thus intriguing that depletion of the SRP
subunits, 7S RNA or SRP receptor, causes accumulation of
a mitochondrial precursor and also causes respiration defi-
ciency in yeast (Felici et al., 1989; Hann and Walter, 1991;
Ogg et al., 1992; Stirling and Hewitt, 1992).
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