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ABSTRACT Protein-based fluorescent and functional probes are widely used
for real-time visualization, purification, and regulation of a variety of biological
molecules. The protein-based probes can generally be targeted into subcellular
compartments of eukaryotic cells by a particular short peptide sequence. Little is
known, however, about the sequence that targets probes into the mitochondrial
intermembrane space (IMS). To identify the IMS-targeting sequence, we devel-
oped a simple genetic screening method to discriminate the proteins localized in
the IMS from those in the mitochondrial matrix, thereby revealing the minimum
requisite sequence for the IMS targeting. An IMS-localized protein, Smac/DIABLO,
was randomly mutated, and the mitochondrial localization of each mutant was
analyzed. We found that the four residues of Ala-Val-Pro-lle are required for IMS lo-
calization, and a sequence of these four residues fused with matrix-targeting sig-
nals is sufficient for targeting the Smac/DIABLO into the IMS. The sequence was
shown to readily direct three dissimilar proteins of interest to the IMS, which will
open avenues to elucidating the functions of the IMS in live cells.
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ammalian mitochondria have pivotal roles in
M the production of most of the cellular ATP,

generation of reactive oxygen species, cal-
cium metabolism, and cell death. Such mitochondrial
functions are closely related to the proteins in the struc-
turally complex organelle. Most mitochondrial proteins
are encoded by the nuclear genome and synthesized on
cytosolic ribosomes. The proteins are then targeted
into the mitochondria, where the proteins are sorted to
one of the submitochondrial compartments, the outer
and inner membranes and two aqueous compartments,
the intermembrane space (IMS), and the matrix (1-3).
The targeting and sorting into the mitochondrial matrix
are achieved by N-terminal presequences of precursor
proteins. The presequences are composed of 20-80
residues capable of folding into a positively charged am-
phipathic helix. The helix is recognized by specific re-
ceptors in the mitochondrial outer membrane and is
then inserted into the inner membrane via the mem-
brane potential. The energy generated from ATP hydroly-
sis by motor proteins in the matrix mediates comple-
tion of the translocation (7). In contrast, no uniform
pathway exists into the mitochondrial IMS (4-9): al-
though several different pathways have been proposed
regarding the protein transport into the IMS, no signal
sequence has been identified that allows exogenous
proteins to locate in the IMS.

In the past decade, genetically encoded probes have
often been used as powerful tools to image morpholo-
gies or ionic properties of intracellular organelles in liv-
ing cells (10). In particular, custom-made fluorescent
probes targeted into the organelles enabled real-time
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and quantitative analyses of the pH (11-13), calcium
ion (14), and redox potential (15). The targeting of the
probes into particular organelles is generally achieved
by the addition of a short signal peptide sequence to the
probes of interest. Because of the ability of the signal se-
quences to deliver the probes exclusively into specific
subcellular locations, they have also been used for intra-
cellular antibodies (so-called intrabodies) as probes to
regulate the function of target proteins in a specific or-
ganelle (16-19). The targeting of the probes was ac-
complished in such organelles as the nucleus, endo-
plasmic reticulum (ER), peroxisome, and mitochondrial
matrix, but little was known about the IMS-targeting se-
quences. To elucidate crucial roles for cellular functions
of the IMS, such as energy production, protein transport,
and apoptosis, it is very important to identify the signal
sequences that deliver a particular protein into the mito-
chondrial IMS.

A mammalian protein called Smac/DIABLO is an IMS-
localized protein that is conserved in mammals (20,
21). The Smac/DIABLO protein derived from Mus mus-
culus is synthesized as a precursor molecule of 237
amino acids; the N-terminal 53 residues serve as the mi-
tochondrial targeting sequence, which is removed by
the inner membrane peptidase (IMP) complex after
import (22). Thus, the mature Smac/DIABLO protein
has 184 amino acids, and the four residues of the
N-terminus are Ala-Val-Pro-lle. These four N-terminal
residues play an indispensable role in Smac/DIABLO
function; they promote apoptosis by eliminating the in-
hibitory effect of the inhibitor of apoptosis protein (IAP)
through physical interaction (23-25). A point mutation
in the four residues leads to a loss of interaction with IAP
and a concomitant loss of the Smac/DIABLO function.
The structural and functional aspects of Smac/DIABLO
have been extensively investigated, but how the protein
targets into the mitochondrial IMS remains unknown.

To identify the amino acids or domains of Smac/DIA-
BLO important for targeting into the IMS, we have devel-
oped a high-throughput screening system that enables
discrimination between the proteins in the IMS and
those in the mitochondrial matrix or cytosol. Using this
system, we identified from Smac/DIABLO mutant librar-
ies the amino acids necessary for the localization of
the IMS. We further showed that amino acid residues
54-57 (Ala-Val-Pro-lle), which are crucial for the apop-
totic function, are also important for the IMS localization.
We found that N-terminal amino acid residues 10-57
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(RSVCSLFRYRQRFPVLANSKKRCFSELIKPWHKTVLTGFGMTLC-

AVP) are the minimal sequence that functions as the IMS-
targeting signal. We demonstrated that this IMS-targeting
signal is able to deliver different probe proteins and intra-
bodies into the IMS.

RESULTS AND DISCUSSION

Rapid Discrimination between Mitochondrial IMS-
and Matrix-Localized Proteins. Because the diameter
of the mitochondria is <1 wm, it is impossible to dis-
criminate the proteins localized in the mitochondrial ma-
trix from those in the IMS by immunostaining under the
optical microscope. To date, discrimination of the pro-
tein sublocalization has therefore been determined by
immunogold electron microscopy or mitochondrial sub-
fractionation followed by immunoblot analysis (26, 27).
Although these techniques are reliable and accurate,
the sample preparation for electron microscopy requires
many laborious steps, such as fixing the cells with resin,
slicing them into thin sections, and blotting them with
antibodies. Subfractionation techniques take a consid-
erable amount of time because of the laborious electro-
phoresis, which limits screening and identification of
the IMS-localized proteins. To bypass these steps, we
developed a simple method to discriminate between
the proteins localized in the mitochondrial IMS and
those in the matrix or cytosol. The concept is based on
reconstitution of split-enhanced GFP (split-EGFP) by pro-
tein splicing with a DnaE intein (Figure 1) (28). Protein
splicing is a reaction in which an intein is excised from
a polypeptide precursor and then the flanking polypep-
tides are linked by a native peptide bond (29). We pre-
viously developed a new split-EGFP reporter for identify-
ing the mitochondrial-matrix-localized proteins (Figure 1,
left) (28). The fluorescence of the split-EGFP reporter can
be recovered by protein splicing when a protein trans-
ports into the mitochondrial matrix.

In the present study, we constructed a cell line in
which C-terminal fragments of DnakE and EGFP are local-
ized in the mitochondrial IMS (Figure 1, right). If a test
protein fused to N-terminal fragments of EGFP and DnaE
localizes in the mitochondrial IMS, then the N- and
C-terminal fragments of DnaE are brought close enough
to fold and initiate protein splicing. The N- and C-term-
inal fragments of EGFP are connected by a peptide bond,
and fluorescence is recovered in the IMS. If a test pro-
tein localizes in the mitochondrial matrix, then the mito-
chondrial inner membrane separates the N-terminal
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Figure 1. EGFP reconstitution by protein splicing in submitochondrial compartments.
When a test protein is localized in the mitochondrial matrix (left) or in the IMS
(right), N- and C-terminal DnaE are brought close together, and EGFP is formed by
protein splicing in the respective compartments. BNL1MEmito cells permanently ex-
press a fusion composed of C-terminal fragments of DnaE and EGFP in the mito-
chondrial matrix (left), and BNL1MEims cells express the same fusion in the IMS
(right). The blue and magenta 3D structures represent DnaEn and DnaEc, and the
light blue and dark gray structures represent N- and C-terminal fragments of EGFP,
respectively. The orange strand represents a test protein.

DnaE from the C-terminal DnakE, and no splicing reac-
tion occurs.

To locate the fusion protein of C-terminal fragments
of DnaE and EGFP (hereafter termed as DnaEc—EGFPc)
in the mitochondrial IMS, a complementary DNA (cDNA)
sequence of Smac/DIABLO was fused to the sequence
encoding DnaEc—EGFPc with a flexible peptide linker
(Supplementary Figure 1). The fusion proteins of Smac/
DIABLO and DnaEc—EGFPc were expressed in a cultured
cell BNL1ME) derived from normal liver cells, and a sta-
bly expressed cell line designated BNL1IMEims was
prepared.

To examine the mitochondrial localization of Smac/
DIABLO fused with DnaEc—EGFPc, we fractionated and
treated mitochondria with a protease, trypsin. When in-
tact mitochondria were isolated from BNL1MEims cells
and treated with the protease, the Smac/DIABLO fused
with DnaEc—EGFPc was not digested in the presence of
trypsin, whereas translocase of the outer mitochondrial
membrane 20 (Tom20), a mitochondrial outer-
membrane marker (30), disappeared completely
(Figure 2). When mitochondrial outer membrane was
disrupted selectively by digitonin, the Smac/DIABLO
and DnaEc—EGFPc fusion was completely digested by
trypsin, together with an IMS marker, cytochrome ¢
(Cyto) (31). In contrast, mitochondrial heat shock pro-
tein (Hsp60), which is known as a matrix marker (32),
was not digested under the same experimental condi-
tions. When mitochondrial membrane was solubilized
with a detergent, Triton X-100, all mitochondrial pro-
teins, including Hsp60, were digested by trypsin. These
results indicate that the fusion protein of Smac/DIABLO
and DnaEc—EGFPc was targeted into the IMS.

To investigate whether protein splicing occurs in the
mitochondrial IMS, we constructed a retroviral vector,
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pMX-Smac/ED-FLAG, which encodes the sequences of
Smac/DIABLO, EGFPn—DnaEn, and FLAG epitope tag
(Supplementary Figure 1). The vector was packaged into
retroviruses, which were then used to infect BNLIMEims
cells. Western blot analysis of the infected cells with
GFP antibodies showed that protein splicing occurred
in the BNL1IMEims cells to produce a Smac—EGFP fusion
protein (Figure 3, panel a, lane 3). Localization of the re-
constituted EGFP was the same as that of mitochondria
stained with tetramethylrhodamine ethyl ester (TMRE)
(Figure 3, panel b), a confirmation that the splicing reac-
tion and split-EGFP reconstitution occurred in mitochon-
dria. To demonstrate that the splicing reaction is spe-
cific for IMS-localized proteins, we constructed two
vectors, pMX-CaM (calmodulin)/ED-FLAG and pMX-
MTS (mitochondrial targeting signal)/ED—FLAG (Supple-
mentary Figure 1). In the case of pMX-CaM/ED-FLAG, a
cytosolic protein, CaM, was fused with EGFPn—DnakEn,
while the plasmid pMX-MTS/ED—-FLAG contains a
mitochondrial-matrix-targeting signal derived from sub-
unit VIl of cytochrome ¢ oxidase (13). No splicing prod-
uct was observed when the EGFPn—DnaEn was targeted
into the mitochondrial matrix or cytosol (Figure 3,

panel a, lanes 2 and 4). These results indicated that
the splicing product was generated only when EGFPn—
DnaEn was

targeted
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Figure 3. Selective reconstitution of EGFP in the mitochondrial IMS or matrix. a) Western blot analysis of the splicing reaction. Whole-cell ly-
sates from BNL1MEims cells expressing EGFPn-DnaEn-tagged MTS, Smac/DIABLO, and CaM were analyzed by Western blot with monoclonal
antibodies specific to the C-terminal half of EGFP (upper panel) and FLAG (lower panel). b) Expression of the Smac—EGFPn-DnakEn fusion in
BNL1MEims cells and localization of reconstituted EGFP to mitochondria. BNL1MEims cells infected with retroviruses of pMX-Smac/ED-FLAG
were cultured for 2 d, and the cells were spread on a glass-bottom dish. The fluorescence of reconstituted EGFP was recorded by a confocal
microscope (spliced EGFP). After the image was taken, mitochondria were stained with TMRE. The superimposed image (Merge) shows the
reconstituted EGFP localization specific to mitochondria. Trans = transmission image, bar = 10 pm. c) FACS analysis of BNL1MEmito and
BNL1MEims cells harboring EGFPn-DnaEn fusion proteins. The cells were infected with retroviruses generated from pMX-MTS/ED-FLAG (MTS),
pMX-Smac/ED-FLAG (Smac), or pMX-CaM/ED-FLAG (CaM). For comparison, uninfected cells are also shown (-). Asterisks (*) indicate a popu-

lation of fluorescent cells.

DIABLO and N-terminal fragments of EGFP and DnaE
showed a strong fluorescence (Figure 3, panel c). In con-
trast, no fluorescence was observed in the BNLIMEims
cells when the EGFPn—DnaEn was targeted into the mi-
tochondrial matrix or cytosol. In the case of a cell line
of BNLIMEmito whose mitochondrial matrix harbors
DnaEc—-EGFPc, fluorescence was observed only when
the EGFPn—DnaEn was targeted into the mitochondrial
matrix. From these results combined with those of
Western blot analysis, we concluded that the present
N-terminal probe enables a rapid discrimination be-
tween the proteins targeted into the mitochondrial IMS
and those targeted into the matrix by using the
BNL1MEims and BNL1IMEmito cells.

Identification of Amino Acid Sequences Required for
IMS Localization. Random alteration of amino acids
through random mutagenesis or the introduction of ex-
pression libraries reveals the roles of specific amino ac-
ids in the activity of proteins (33, 34). To investigate
which amino acid residues are important for the IMS lo-
calization, we introduced random mutations into the
cDNA sequences of Smac/DIABLO by the error-prone
polymerase chain reaction (PCR) method (35). In this
study, we created two mutation libraries at a rate of
0.42% and 1.1% point mutations, designated Smac(L)/
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ED—FLAG and Smac(H)/ED-FLAG, respectively. The li-
braries were packaged into retroviruses and infected
into BNLIMEmito cells. When BNL1MEmito cells were
infected with wild-type Smac/ED-FLAG, the cells
showed no fluorescence (Figure 4). On the other hand,
when the mutation libraries Smac(L)/ED-FLAG and
Smac(H)/ED-FLAG were infected into the BNL1IMEmito
cells, 0.5% and 1.5% of total cells showed fluores-
cence. The results indicate that some mutations al-
lowed localization of Smac/DIABLO mutants in the mi-
tochondrial matrix.

To determine the mutated amino acid sequences
that allow translocation into the mitochondrial matrix,
we collected the fluorescent cells from the library-
infected BNL1MEmito cells by FACS. The DNA of Smac/
DIABLO mutants was extracted from each cloned cell,
and the sequence was analyzed. Interestingly, we
found that all the mutants have either a point muta-
tion at Met50 replaced by lysine or Cys53 replaced by
arginine (Table 1). To prove that only one point mutation
in the amino acid sequences causes the mislocaliza-
tion of Smac/DIABLO, we expressed a Smac/DIABLO
mutant of M50K or C53R in either BNLIMEmito or
BNL1MEims cells, and we used FACS to analyze fluores-
cence intensity of the individual cell. As expected, all
the cells expressing the mutant Smac/DIABLO showed
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Figure 4. Analysis of the mitochondrial sublocalization with Smac/
DIABLO mutation libraries. a) Enlarged FACS profiles. BNLIMEmito
cells were infected with the cDNA retroviral libraries of Smac(L)/
ED-FLAG or Smac(H)/ED-FLAG with an infection efficiency of

10%. After incubation, the cells were stripped off and analyzed

by FACS. Histograms for the cells harboring wild-type Smac/
DIABLO connecting EGFPn—DnaEn are given (Smac/ED-FLAG) to
show the background fluorescence. b) The number of fluorescent
cells infected with Smac/DIABLO mutation libraries. The number
of fluorescent cells per 100,000 analyzed cells are shown.

a strong fluorescence in the mitochondrial matrix

(Supplementary Figure 2); this confirmed that a single
amino acid modification at Met50 or Cys53 resulted in
changing the local-
ization of Smac/DI-

portant for the correct sorting of Smac/DIABLO to the mi-
tochondrial IMS. To investigate the role of the hydropho-
bic sequences, we generated a series of Smac/DIABLO
deletion mutants and fused them to the N-terminal frag-
ments of EGFP and Dnak (Figure 5). These fusion pro-
teins were expressed in both BNLIMEims and
BNL1MEmito cells, and their fluorescence intensities
were analyzed. No fluorescence was observed in the
case of BNL1MEims cells expressing Smac(1—44)/ED-
FLAG (Smac(1-44) denotes amino acids 1-44 from the
N-terminus), whereas the BNL1IMEmito cells expressing
Smac(1-44)/ED-FLAG exhibited a strong fluorescence.
These results indicated that Smac(1-44)/ED—FLAG was
predominantly localized in the mitochondrial matrix.
Next, the presequence of the MTS in Smac/DIABLO
(Smac(1-53)/ED-FLAG), which contains the hydropho-
bic stretch, was expressed in the BNL1MEims and
BNL1MEmito cells. We found that the presequence of
Smac/DIABLO works as a mitochondrial-matrix-
targeting sequence. When the presequence was ex-
tended with alanine (Smac(1-54)/ED-FLAG) or Ala-Val
(Smac(1-55)/ED-FLAG), the sequence was also found
to lead the N-terminal fragments of EGFP and DnakE into
the mitochondrial matrix. In contrast, addition of Ala-Val-
Pro to the presequence resulted in a marked decrease
in the fluorescence intensity of BNLIMEmito cells,
whereas the population of fluorescent cells in the
BNL1MEims increased. The fluorescence of the

TABLE 1. Summary of the mutated amino acids in Smac/DIABLO

ABLO from the mi-

tochondrial IMS to Mutant no. Mutated amino acids® Clone no.”
the matrix. Smac(L)/ED-FLAG

Mets0and Cys53 g M50K L
in Smac/DIABLO Smac-m2 C53R 2
reside in the Smac-m3 M50K, L52P, H171R 1
C-te@nnal end ?f Smac-mé R17K, C53R 6
the m'|tochondr|a- Smacms C53R, Q59R, Q219P, $222G, R235C 10
targeting prese- Smac-mé C53R, K121R, Q145R, V195M, E208G, Q216L 1
quence (amino acid Smac(H)/ED—FLAG
residues 1-53), Smac-m7 A2V, C13Y, C53R, K150R 4
which |nclu.des a Smac-m8 M50K, V76A, 195T, S110P, Q171H
hydrophobic Smac-m9 R38K, H41R, C53R, A97V, L108S, Q132R, Y2335 1

stretch between

residues 43 and 53
(Supplementary
Figure 3). This
stretch may be im-
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“Met encoded in the start codon ATG is defined as the amino acid position 1. Then the prese-
quence of the mitochondrial targeting presequence is numbered from 1 to 53, and the mature
Smac/DIABLO after cleavage of the presequence is from 54 to 237. Mutations of M50K and C53R
are highlighted in italic type. ®Clone no. indicates multiplicity of the analyzed clones.
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BNL1MEmito cells completely disappeared when four
residues (Ala-Val-Pro-lle) were added to the prese-
quence. When the four residues were deleted

from the full-length Smac/DIABLO, the BNL1MEims
cells showed no fluorescence. From these analyses, we
concluded that the four N-terminal residues Ala-Val-Pro-
lle are necessary for IMS localization.

To identify a minimal sequence that targets Smac/
DIABLO into the mitochondrial IMS, we generated a se-
ries of N-terminal deletion mutants and analyzed their
localizations in mitochondria (Supplementary Figure 4).
BNL1MEims cells expressing Smac(5—57)/ED—FLAG and
Smac(10-57)/ED-FLAG showed strong fluorescence,
an indication that deletion of four or nine amino acid
residues from the amino terminus has no effect on the
ability of the signal sequence to target the EGFPn—
DnakEn to the IMS. The fluorescence intensity of
BNL1MEims cells expressing Smac(11-57)/ED-FLAG
was quite weak, and the fluorescence of BNLIMEims
cells expressing Smac(12-57)/ED—FLAG completely dis-
appeared. When amino acid residues 10, 11, 12, 13,
14, 15, 16 and 28 were deleted from the amino termi-
nus of the signal sequence, BNL1MEims cells including
these signal sequences also showed no fluorescence.
We concluded that amino acids 10-57 (RSVCSLFR-
YRQRFPVLANSKKRCFSELIKPWHKTVLTGFGMTLC-AVPI),
which include the Ala-Val-Pro-lle motif, sufficiently
target Smac/DIABLO to the mitochondrial IMS and
the sequence cannot be further shortened without
losing its targeting ability.

General Applicability of the Signal Sequence
Targeting to the Mitochondrial IMS. We investigated
whether the N-terminal 57 residues, including Ala-Val-
Pro-lle, in Smac/DIABLO are generally able to lead a par-
ticular protein into the IMS. To demonstrate this, we en-
gineered the cDNA that encoded a pH indicator, a
yellow-emission variant of GFP (YFP(H148G)) (36), to
contain the signal sequence of the IMS and expressed
it in cultured mammalian cells. We generated NIH3T3
cells expressing the signal-sequence-connected
YFP(H148G) by infecting the cells with retroviruses at
an infection efficiency of 30%. A microscopic analysis
revealed that YFP(H148G) was exclusively localized in
mitochondria (Supplementary Figure 5, panel a). Next,
we investigated localization of YFP(H148G) in the submi-
tochondrial compartments (Supplementary Figure 5,
panel b). Isolation of mitochondria from NIH3T3 cells
showed that YFP(H148G) connected with the 57 amino
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Figure 5. Analysis of truncation and internal deletion mutants of Smac/DIABLO. The
numbers of amino acid sequences of Smac/DIABLO are indicated in parenthesis.
Smac(AAVPI) represents the construct of Smac/DIABLO with four amino acids, Ala-
Val-Pro-lle, deleted. Constructs shown as dark boxes are the mitochondrial prese-
quence of Smac/DIABLO. Constructs shown in white boxes are the sequence of
Smac/DIABLO, and its amino-terminal four residues are red. The sequences of trun-
cation and internal deletion mutants are connected with those of EGFPn-DnaEn
(green boxes), and retroviruses containing the sequence were used to infect
BNL1MEims and BNL1MEmito cells. Asterisks (*) indicate a population of fluores-
cent cells.

acid residues remained resistant to protease digestion
with trypsin. However, the YFP(H148G) was mostly de-
graded when the outer membrane was permeabilized
with digitonin, a strong indication that YFP(H148G) is
predominantly localized in the IMS. In contrast, the
YFP(H148G) targeted into the mitochondrial matrix is
not degraded, a sign that the inner membrane remained
intact. To examine whether the YFP(H148G) is anchored
in the mitochondrial inner membrane or moves freely
in the IMS, we ruptured the mitochondrial outer mem-
brane by inducing apoptosis. When YFP(H148G) was
connected with the IMS signal sequence or full-length
Smac/DIABLO, stimulation of the HeLa cells (derived
from human carcinoma of cervix) or MCF-7 cells (de-
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Figure 6. Targeting YFP(H148G) into the IMS. a) Measurement of pH in
the IMS. Fluorescence intensity of the cells containing YFP(H148G)
was analyzed for different pH values by FACS. Signal-sequence-tagged
YFP(H148G) was expressed in the NIH3T3 cells, and the cells were
incubated with ionophores at the indicated pH values. Infection effi-
ciency of retroviruses was controlled at 30%. b) Determination of pH in
the IMS. The figure is a standard curve derived from the histogram
(panel a), showing a mean fluorescence intensity in the population of
the fluorescent cells. The measurements were repeated three times for
each pH value, and the results were indicated as mean = SD. A closed
circle in red shows a mean fluorescence intensity of the NIH3T3 cells
expressing signal-sequence-tagged YFP(H148G). The pH value esti-
mated by YFP(H148G) is 7.5.

rived from human breast cancer) with staurosporine
(STS) resulted in the release of the YFP(H148G) from the
IMS into the cytosol (Supplementary Figure 6). In the case
of YFP(H148G) targeted into the matrix, no change in
the localization of YFP(H148G) was observed. These re-
sults demonstrate that the signal sequence of the mito-
chondrial IMS has the ability to accurately lead the exog-
enous indicator into the mitochondrial IMS and to allow
the indicator to diffuse freely inside the organelle.

To determine the pH
in the IMS, we mea-
sured the fluorescence
intensity of YFP(H148G)
with differing pH. The
cells expressing
YFP(H148G) were incu-
bated with ionophores
of nigericin and monen-
sin and then equili-
brated in buffers of dif-
fering pH. FACS analysis
showed an almost lin-
ear increase in fluores-
cence over the pH range scFv
from 7.0to 8.5 (Figure 6,

Cameleon (Ca?* indicator)
Trypsin - + +
Digitonin — +

Smac(53) | e

Smac(57) | wmmmmr w———

roGFP (redox indicator)
Trypsin = + +
Digitonin - - +

Trypsin = + +
Digitonin - - +

panels a and b). Using SMAC(53) | s ——

this calibration, we ex- SMAC(57) | e —

trapolated the pH value
of the IMS targeted
with the YFP(H148G)
from the fluorescence
intensity of the cells
without the ionophore.
The pH was estimated
at 7.5 when the cells
were in a resting state,
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1B:
1B:

1B:

I1B:
1B:

consistent with previous reports of a pH value in the
IMS (37).

To further explore general applicability of the IMS-
targeting sequence, we examined whether this can de-
liver several proteins with different features into the IMS.
To this end, we tested a FRET-type Ca®* indicator (cam-
eleon) (38) and a redox indicator (roGFP) (15), because
these proteins are useful for examining the temporal
changes of Ca?* concentrations and redox potential in
the IMS. We also tested an antibody of scFv (single-
chain variable fragments) that is useful for isolating pro-
tein complexes from crude cell lysates. These proteins
were connected with the IMS-targeting sequence, the
N-terminal 57 amino acids of Smac/DIABLO, and were
expressed in BNLIME cells. Analysis with fluorescence
microscopy revealed that all the proteins were targeted
into the mitochondria (Figure 7). Next, we examined the
localization of submitochondrial compartments with
subfractionation techniques. In the control experiments,
the proteins connected with the N-terminal 53 amino ac-
ids, which work as a matrix-targeting sequence, were

anti-GFP

anti-GFP

anti-CytC

Smac(57)-cameleon TMRE Merge

anti-GFP

anti-GFP

anti-CytC
Smac(57)-roGFP Merge

anti-V5

anti-V5

anti-CytC

Smac(57)-scFv TMRE Merge

Figure 7. Analysis of exogenous protein localization in submitochondrial compartments.
BNL1ME cells transfected with plasmids of the signal-sequence-tagged cameleon, roGFP,
and scFv were cultured for 2 d. Mitochondria in the cells were extracted and treated with
trypsin and digitonin. The mitochondria were then analyzed by Western blot. Smac(53) and
Smac(57) are the proteins connected with the N-terminal 53 and 57 amino acid residues of
Smac/DIABLO, respectively. Fluorescence images on the right show the localization of
Smac(57)-tagged cameleon, roGFP, and scFv in mitochondria. Bar = 10 pum.
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analyzed under otherwise identical conditions. West-
ern blot analysis of the mitochondrial components af-
ter subfractionation revealed that cameleon, roGFP,
and scFv connected with the IMS-targeting sequence
were completely digested in the presence of trypsin
and digitonin, whereas those proteins with the matrix-
targeting sequence were partially reduced. From these
results and the fluorescence images, we conclude
that the sequence of the N-terminal 57 amino acids of
Smac/DIABLO is generally able to deliver these proteins
into the IMS.

Significance of the IMS Targeting Signal and the
Identifying Method. Our discovery of the signal se-
quence will be of great help in resolving the unknown
functions of the mitochondrial IMS. We showed that
the sequence readily directs any proteins into the IMS
without disrupting physiological environments in the
IMS. The physiological processes in the IMS are poorly
understood, because no method has been known for
targeting probes into the IMS. In addition, intracellular
expression of engineered antibody fragments, as de-
signed for high-affinity binding reagents, has the po-
tential to inactivate target proteins by modifying or
blocking the proteins involved in essential cellular
signaling pathways (18, 19). Therefore, the signal
sequence of the IMS that we identified will become
a powerful tool for targeting various probe molecules
and intrabodies into the IMS.

It has been reported that the mitochondrial target-
ing sequence of Smac/DIABLO is similar to that of cy-
tochrome b, (Cytb,) and cytochrome ¢, (Cytc,) (22).
The sequences of Smac/DIABLO, Cytb,, and Cytc, con-
sist of bipartite-targeting signal sequences; the mito-
chondrial-matrix-targeting sequence is followed by the
IMS sorting sequence. The matrix-targeting sequence
locates a short region of the amino terminus, which
forms a basic amphipathic helix. The basic helix is rec-
ognized by receptors of the Tom followed by one in-
ner mitochondrial translocase (TIM23 complex). After
the helix translocates into the mitochondrial matrix,
the IMS sorting sequence is arrested by the TIM23
complex and is then guided into the inner membrane.
We have demonstrated that the basic amino acid of
Arg10 in Smac/DIABLO is necessary for targeting the
mitochondria and that deletion of residues Met1 to
Arg10 from the signal sequence causes the protein to
lose the ability to target the mitochondria. Four basic
amino acids reside in the region from Arg10 to Arg21,
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so this area is crucial for the formation of the basic am-
phipathic helix recognized by the Tom and TIM23 com-
plexes. The IMS sorting sequence of Smac/DIABLO is
predicted to consist of hydrophobic residues (from 32
to 53), preceded by the three positively charged resi-
dues, Lys29-Lys30-Arg31 (22). A clear difference exists
between the predicted sorting sequence and the re-
sults in this paper: while the predicted sorting sequence
spans amino acid residues from 32 to 53, the present
studies showed that the sequence is insufficient for tar-
geting Smac/DIABLO into the IMS and it functions as a
mitochondrial-matrix-targeting sequence. We found that
four amino acid residues of Ala-Val-Pro-lle following the
hydrophobic residues are necessary for targeting Smac/
DIABLO into the IMS. In addition, we demonstrated
that the mutation of either M50K or C53R in all mu-
tants mislocates them to the mitochondrial matrix, pos-
sibly because the hydrophobicity of the mutated amino
acid residues 32-53 becomes lower than that of the
wild-type residues. These results strongly suggest that
the hydrophobicity of amino acid residues 32-53 con-
necting with Ala-Val-Pro-lle is required to arrest the
translocation in the TIM23 complex.

The minimal sequence we found is one of the spe-
cific IMS-targeting sequences embedded in the Smac/
DIABLO. Most of the region in the sequence was found
to be the mitochondrial targeting sequence. For a true
minimal sequence of the IMS to be identified, further op-
timization may be necessary through the elimination of
several amino acids in the sequence to shorten the IMS-
targeting sequence 10-57 in Smac/DIABLO.

It is well known that a region from Met1 to Cys53 in
Smac/DIABLO is processed by the mitochondrial IMP
complex (22). The signal sequence from Met1 to lle57
that we identified, therefore, partly overlaps with the
N-terminal amino acid sequences of the mature Smac/
DIABLO. In contrast, Cytb, that has been well identified
is separated from the mature IMS proteins by the pro-
cessing site: mitochondrial-matrix-targeting sequences
followed by IMS sorting sequences are completely
cleaved. Smac/DIABLO is therefore different from Cytb,
in that the IMS targeting signal overlaps with the region
of the mature protein (vide supra).

From a methodological viewpoint, genetic screen-
ing from mutation libraries with the present split-
EGFP reporter reconstitution should be applicable to
any protein of interest as well as Smac/DIABLO as
demonstrated in this study. This methodology will
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also allow the discovery of specific amino acids and
domains that are important for locating an interesting
protein in a particular subcellular compartment. We
have previously reported that the split-EGFP reporter
can be used to identify ER targeting proteins by locat-
ing the split half of EGFP in the ER (39). The procedure
that we have demonstrated will enable the determina-
tion of which amino acids of a target protein are essen-
tial to target to the ER and to be destined for the Golgi
body, lysosome, and extracellular membranes. The
split-EGFP reporter is also useful for detecting protein—

protein interactions in living cells (40, 41). The re-
porter is readily reconstituted to fluoresce through pro-
tein splicing without the need for further transcription,
and thus the interactions can be monitored anywhere in
the cells. Hence, the reporter for protein—protein interac-
tions in combination with functional screening of muta-
tion libraries will elucidate the critical roles of specific
amino acids and domains. Split-EGFP-based functional
screening of mutation libraries will therefore provide
new insights into defining detailed mechanisms through
structure—function analyses.

METHODS

Construction of Plasmids. The cDNAs encoding the fusion pro-
teins of the N-terminal half of EGFP (1-157 amino acids) and
the N-terminal DnaE were described previously (28). At the
C-terminus, the FLAG epitope (DYKDDDDK) was attached when
the cDNA was amplified by PCR. The PCR product was subcloned
into the pMX vector, which was designated pMX-ED-FLAG.
cDNAs of Smac, CaM, and MTS derived from subunit VIl of cyto-
chrome c oxidase were subcloned into the pMX-ED—FLAG to pro-
duce a fusion gene of pMX-Smac/ED-FLAG, pMX-CaM/ED-
FLAG, and pMX-MTS/ED-FLAG, respectively. Each plasmid was
transfected into a retrovirus packaging cell line named
Platimum-E (PlatE) with Lipofectamine Plus (Invitrogen). After
2 d of culture, high-titer retroviruses were collected and stored
at —80 °C before use.

Preparation of BNL1MEims Cells. A cDNA fragment encoding
the C-terminus of DnaE and EGFP (amino acids 158-238) was
amplified by PCR as a template pMX-MTS/DEc(neo) (28). A GN
flexible linker (A(GN);GGA(GN);GGAG(GN),GG) was created by
PCR. These two PCR products were ligated and subcloned into
pBluescript (Stratagene). The fusion gene and a Smac/DIABLO
cDNA amplified by PCR were subcloned into the pMX vector. Fi-
nally, a neomycin resistance gene connected with an internal ri-
bosome entry site sequence was inserted into the pMX vector.
The plasmid thus constructed was transfected into the packag-
ing cell line PlatE. After 2 d of culture, high-titer retroviruses were
collected and infected into BNL1IME cells. The cells stably ex-
pressing the fusion protein consisting of Smac/DIABLO, DnaEc,
and EGFPc were obtained after 14 d of selection in G418 (Invitro-
gen) containing a growth medium. The cells were subcloned,
and a cell line that expressed the fusion protein in mitochon-
dria was obtained.

Fractionation of Mitochondria. Mitochondria were suspended
in a sucrose buffer (0.25 M sucrose, 5 mM EDTA, 20 mM Tris/
HCl, pH 7.4) in the presence or absence of 0.05% digitonin, or
0.1% Triton X-100 and incubated on ice for 30 min. After the in-
cubation, mitochondria were treated with trypsin (50 pg mL™?)
on ice for 10 min and reisolated by centrifugation (10,000 X g,
5 min, 4 °C). Mitochondria thus isolated were washed with the
sucrose buffer containing 0.2 mM of phenylmethylsulfonyl fluo-
ride. Samples were then lysed in a buffer containing 1% SDS,
10% glycerol, 10% 2-mercaptoethanol, and 50 mM Tris/HCl (pH
6.8) and analyzed by SDS-PAGE.

Western Blot Analysis. Cell lysates or subfractionated mito-
chondria were electrophoresed with 15% polyacrylamide gels,
transferred to nitrocellulose membranes, and blotted with the
following antibodies: mouse anti-GFP (Roche Applied Science),
goat anti-Tom20 (Santa Cruz Biotechnology), mouse anti-
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cytochrome ¢ (PharMingen), mouse anti-Hsp60 (PharMingen),
FLAG (Sigma), and V5 (Invitrogen). The blotted membranes were
incubated with alkaline phosphatase-conjugated secondary an-
tibodies and visualized by chemiluminescence (New England
Biolabs).

Construction of Mutation Libraries. Random mutation was in-
troduced according to the previously described method (42).
Briefly, the Smac/DIABLO cDNA was amplified by PCR in the
presence of 0.5 mM or 0.2 mM MnCl,. The rate of mutation was
determined by the percentage of the number of mutated bases
over the total number of the Smac/DIABLO DNA (n = 10). The re-
sulting PCR products were trimmed with BamHI and Notl and
subcloned into pMX-ED-FLAG with those enzyme sites. The li-
braries were transformed into competent DH10B cells (Invitro-
gen). The sizes of the libraries were 3.3 X 10“ colony forming
units (cfu) for Smac(H)/ED-FLAG and 3.7 X 10“ cfu for Smac(L)/
ED-FLAG.

Sorting and Identifying Smac/DIABLO Mutants. Plasmids en-
coding the mutant libraries were transfected into the PlatE cells,
and retroviruses were collected after 2 d of culture. The retrovi-
ral libraries were infected into BNLIMEmito cells with an infec-
tion efficiency of 10% as determined by a control experiment us-
ing pMX-EGFP. The cells were incubated for 5 d at 37 °C. The
cells were stripped off with trypsin—EDTA and resuspended in
phosphate-buffered saline (PBS). Fluorescent cells were sorted
by FACS and collected on 48-well microplates. To recover Smac/
DIABLO cDNAs from the collected cells, we extracted the ge-
nome from each BNLIMEmito clone and subjected it to PCR with
a pair of PCR primers: 5'-AGGACCTTACACAGTCCTGCTGACC-3'
(forward) and 5’-GCCCTCGCCGGACACGCTGAACTTG-3’ (reverse).
The resulting fragments were directly sequenced by an auto-
matic sequencer.

pH Measurements in the IMS. A cDNA of YFP(H148G) con-
nected with the N-terminal 57 residues of Smac/DIABLO was in-
serted into the pMX vector, and it was transfected into PlatE
cells. Retroviruses were collected 2 d after the transfection and
infected into NIH3T3 cells with an infection efficiency of 30%.
The cells were incubated for 2 d at 37 °C. The cells were stripped
off with trypsin—EDTA and resuspended in modified Krebs—
Ringer buffer (KRB; 5 mM NaCl, 125 mM KCl, 1 mM Na;PO,,

1 mM MgSO,, and 10 mM HEPES) adjusted to the pH values
from 7.02 to 7.92. When the pH values were 8.22 and 8.53, Tris
was used instead of HEPES. Two ionophores, monensin (5 M)
and nigericin (5 uM), were added to the KRB before the cells
were suspended. To generate a standard curve, we used FACS
in the differing pH values to analyze the cells infected with the
retroviruses and determined mean fluorescence intensities as
described (12). Independently, the cells infected with the retro-
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viruses were stripped off and resuspended in PBS. Fluores-
cence intensities of the cells were measured by FACS, and the
mean fluorescence intensity was estimated.

Digital Imaging of Apoptotic Cells. HelLa cells and MCF7 cells
cultured on glass-bottom dishes were transfected with cDNA of
YFP(H148G) that was fused with full-length Smac/DIABLO or the
N-terminal 53 residues or N-terminal 57 residues of Smac/
DIABLO. The cells were incubated for 2 d at 37 °C, and the cells
were treated for 6 h with 1 wM STS according to the method pre-
viously described (43). Images were acquired with a fluores-
cence microscope IX71 (Olympus) and a 40X 1.30 numerical
aperture (NA) oil objective with a 100-W mercury arc lamp for il-
lumination. Digital images were acquired with a cooled elec-
tron multiplying CCD camera (iXon, ANDOR Technology) with
Meta Morph software (Universal Imaging Corp.).

Identification of YFP(H148G), Cameleon, roGFP, and scFv in
Mitochondrial Subcompartments. Each cDNA sequence of amino
acid numbers 1-53 and 1-57 in Smac/DIABLO was connected
with the cDNAs of YFP(H148G), cameleon, roGFP, and scFv and
inserted into the pcDNA3.1 vector (Invitrogen). The vectors were
transfected in BNL1ME cells, and the cells were collected 2 d af-
ter transfection. Mitochondria were collected according to the
methods described above. To blot the YFP(H148G), cameleon,
and roGFP, we used anti-GFP antibody, whereas for scFv, we
used anti-V5 antibody.
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