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Mitochondrial Targeting of Cytochrome P450 Proteins
Containing NH,-terminal Chimeric Signals Involves an
Unusual TOM20/TOM22 Bypass Mechanism™
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Previously we showed that xenobiotic inducible cytochrome
P450 (CYP) proteins are bimodally targeted to the endoplasmic
reticulum and mitochondria. In this study, we investigated the
mechanism of delivery of chimeric signal containing CYP pro-
teins to the peripheral and channel-forming mitochondrial
outer membrane translocases (TOMs). CYP+33/1A1 and
CYP2B1 did not require peripheral TOM70, TOM20, or
TOM22 for translocation through the channel-forming TOM40
protein. In contrast, CYP+5/1A1 and CYP2E1 were able to
bypass TOM20 and TOM22 but required TOM70. CYP27,
which contains a canonical cleavable mitochondrial signal,
required all of the peripheral TOMs for its mitochondrial trans-
location. We investigated the underlying mechanisms of bypass
of peripheral TOMs by CYPs with chimeric signals. The results
suggested that interaction of CYPs with Hsp70, a cytosolic chap-
erone involved in the mitochondrial import, alone was sufficient
for the recognition of chimeric signals by peripheral TOMs.
However, sequential interaction of chimeric signal containing
CYPs with Hsp70 and Hsp90 resulted in the bypass of peripheral
TOMs, whereas CYP27A1 interacted only with Hsp70 and was
not able to bypass peripheral TOMs. Our results also show that
delivery of a chimeric signal containing client protein by Hsp90
required the cytosol-exposed NH,-terminal 143 amino acids of
TOM40. TOM40 devoid of this domain was unable to import
CYP proteins. These results suggest that compared with the uni-
modal mitochondrial targeting signals, the chimeric mitochon-
drial targeting signals are highly evolved and dynamic in nature.

Protein targeting to different subcellular compartments is
directed by specific NH,-terminal or internal signals, which
serve as destination-specific mail delivery codes (1, 2). The sig-
nal sequences of proteins targeted to different membrane com-
partments, such as the endoplasmic reticulum (ER),? peroxi-
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somes, and mitochondria, vary markedly in terms of amino acid
sequence, hydrophobicity, and secondary structure and inter-
act with distinctly different sets of carrier proteins, receptors,
and protein translocator complexes (3—8). These observations
have led to a widely accepted view that most protein targeting
signals are unimodal in nature, which in turn restricts the des-
tination of a given protein to a single subcellular compartment.

ER-targeted proteins contain a distinct NH,-terminal hydro-
phobic signal for binding to a signal recognition particle, which
in turn targets the emerging nascent chains to the ER (9). With
certain exceptions (1, 10), ER targeting is thought to be co-
translational. Current models of protein targeting imply that
the ER or mitochondrial destination of a protein is determined
at the pre-translational level by virtue of the signal sequence
that the protein carries. Many mitochondria- and ER-targeted
proteins are encoded by a distinct set of genes. In a limited
number of cases, characteristic mitochondrial targeting
sequences are generated by differential expression of the gene
using either alternate transcription/translation start sites or
differential splicing of the primary transcripts (11-13). Thus,
proteins targeted to different cytoplasmic organelles carry a
specific signal that directs the protein to a specific organelle.

In contrast to the prevailing dogma, studies from our labora-
tory and other laboratories have shown that a number of pro-
teins are bimodally targeted to different subcellular compart-
ments (14-20). Our results showed that different CYPs,
glutathione S-transferase (GST) isoforms, and the amyloid pre-
cursor protein (APP) are targeted to the mitochondria in addi-
tion to their well established subcellular locations in the ER,
cytosol, and plasma membranes, respectively (21, 22). Bimodal
targeting of CYPs and APP was facilitated by the NH,-terminal
chimeric signal, which consists of a cryptic mitochondrial tar-
geting signal, immediately flanking the NH,-terminal ER-tar-
geting signal. By contrast,a COOH-terminal cryptic mitochon-
drial targeting signal was critical for the mitochondrial
translocation of cytosolic glutathione S-transferases (21). We
also showed that mitochondrial targeting of these proteins
required the activation of a cryptic mitochondrial signal either
by sequence-specific processing by a cytosolic endoprotease as
in the case of CYP1A1 (23) or PKA-mediated phosphorylation
of Ser residues at positions 128 or 129 as in the case of CYP2B1
and CYP2E1 (16, 18, 24). In contrast, phosphorylation of a tan-
dem PKA/PKC target site close to the COOH terminus was
involved in the activation of the mitochondrial targeting signal
of GSTA4-4 (21).
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Proteins with canonical mitochondrial targeting signals spe-
cifically bind to the outer membrane protein import complex,
TOM, as the critical initial step in mitochondrial protein tar-
geting (13, 25-28). The TOM complex consists of nine sub-
units, of which TOM70, TOM40, TOM22, and TOM20 are the
major components. The COOH termini of TOM20 and
TOM?70 and the NH, terminus of TOM?22 are exposed to the
cytosol and provide receptor sites for binding to client proteins.
The small TOMs (TOM7, TOM6, and TOMS5), on the other
hand, are associated with the channel-forming TOM40 protein,
which is embedded in the outer membrane (13, 25, 27). Current
models suggest that the NH,-terminal signal regions of pre-
proteins bind to the cytosol-exposed domains of TOM20 and
TOM22 through both hydrophobic and ionic interactions.
TOM20 and TOM?70 exhibit overlapping substrate specificity.
TOM22 is believed to regulate the gating activity of the TOM40
channel (29-32). A recent study suggests the involvement of
Hsp70 in the targeting of phosphorylated CYP2E1 to TOM40
(18). However, the precise mode of transport of chimeric sig-
nal-containing proteins to mitochondria and the interaction of
chimeric signals with members of the TOM complex remain
unclear. A number of studies have observed low levels of mito-
chondrial protein import by mitochondria pretreated with pro-
teases or those depleted of peripheral TOMs (29, 33-36) sug-
gesting a distinct role for these peripheral TOMs in the
mitochondrial import of proteins. However, the role of these
peripheral TOMs in the mitochondrial import of proteins con-
taining chimeric signals remains unclear.

In this study, we investigated the requirement for peripheral
TOM proteins for the translocation of CYPMT2a (+5/1A1),
CYPMT2b (+33/1A1) (the NH,-terminal truncated forms
of CYP1A1), CYPMT4, and CYPMTS5 (phosphorylated forms
of CYP2B1 and CYP2EL], respectively) that contain NH,-termi-
nal chimeric signals. We found that the activated chimeric sig-
nals of these proteins can bypass the peripheral TOM20 and
TOM22 receptors. Our results also suggest that differential
interaction of chimeric signals with Hsp70 and Hsp90 might be
the key discriminating factor in the TOM20/TOM22 bypass
mechanism of mitochondrial protein targeting.

EXPERIMENTAL PROCEDURES

Yeast Strains Used—Strains BY4741 (MATa and MATa
his3A1  leu2A0  metl5A0  ura3A0), tom70A (MATa
Tom70:KAN his3A1 leu2A0 metl15SAO ura3A0), and tom20A
(MATa Tom20:KAN his3A1 leu2A0 metl15A0 ura3A0) were
obtained from Research Genetics, Inc. Strain tom22A (/his3-
A200 leu2-A1 ura3-52 trpl-A63 tom22::HIS3 rho®) and the
control haploid strain OL223 (his3-A200 leu2-A1 ura3-52trp1-
A63 rho®) were a kind gift from N. Pfanner (Germany). Stand-
ard yeast genetic techniques and media were used (37).

Construction of Expression Plasmids—Rat CYP2E1, CYP2B1,
CYP+5/1A1, CYP+33/1A1, and CYP27A1 cDNAs were gen-
erated by reverse transcriptase-PCR and cloned in pGEM7zf
(Promega Biotech, Madison, WI) plasmid vectors. Full-length
rat liver cDNA to TOM40 was purchased from ATCC (IMAGE
clone). NH,-terminal truncated TOM40 cDNA (A143TOM40)
was generated by PCR amplification using full-length TOM40
DNA as a template. Both full-length and truncated TOM40
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constructs were cloned in pGEM7zf vector and pET vectors to
carry out expression in vitro and bacterial cells, respectively.

Wild-type and tom70A, tom20A, and tom22A yeast strains
were used for expressing rat CYP cDNAs driven by the elonga-
tion factor promoter on either 2-um or centromeric URA3
plasmids. The cDNAs for full-length CYP2E1, CYP+5/1A1,
CYP+33/1A1, and su9-DHEFR were cloned into the 2-um vec-
tor, pTEF-URAS3, or the centromeric pTEF-URA3 plasmid (38).
CYP27A1 ¢cDNA was cloned in pYES2 (Invitrogen) vector.

Disruption of Outer Membrane Receptors by Protease
Treatment—Rat liver mitochondria were isolated by differen-
tial centrifugation in H medium (5 mm HEPES (pH 7.4), 210 mm
mannitol, 70 mm sucrose, 1 mm EDTA), as described previously
(39), and washed three times with the H medium. Mitochondria
were subjected to limited Pronase treatment (30 ug/mg pro-
tein) at 4 °C for 30 min. Following the addition of a 10-fold
excess protease inhibitor, the mitochondrial pellet was re-iso-
lated by passing through 1.2 M sucrose and used for protein
import as described below.

In Vitro Import of Labeled Proteins into Mitochondria—In
vitro translation products were generated in the transcription-
linked translation RRL system (Promega, Madison, WI) in the
presence of added [*°S]Met (40 uCi/50 ul reaction, 1175
Ci/mmol; PerkinElmer Life Sciences), according to the manu-
facturer’s recommended protocol. In the indicated experi-
ments, CYP2B1 and CYP2E1 translation products were phos-
phorylated for 45 min at 30 °C by supplementing the translation
mix with 10 units/100 pl PKA (Sigma) and 100 um ATP before
using for import assays. Import reactions were performed in
200-ul final volumes containing 200 wg of mitochondria at
28 °C for 60 min. In some experiments the reaction volume for
import assays was increased to 500 ul using 500 ng of mito-
chondria. After import, the samples were treated with 200
pg/ml trypsin for 20 min at 4 °C. Trypsin-treated and untreated
samples were mixed with trypsin inhibitor (10X molar excess),
and mitochondria were recovered by sedimentation through
1 M sucrose as described previously (18). Mitochondrial pro-
teins were solubilized in 2X Laemmli sample buffer (43) for 10
min at 75 °C and analyzed by SDS-PAGE and fluorography.

Effects of Immuno-inhibition of Membrane Translocases on
Mitochondrial Import—Rat liver mitochondria in H medium
containing 1 mm phenylmethylsulfonyl fluoride were incubated
with antibodies to TOM20, TOM22, TOM70, and TOM40
(Santa Cruz Biotechnology), porin (Calbiochem), or preim-
mune serum at 30 °C for 30 min. The reaction mixtures were
centrifuged at 5,000 X g for 5 min to remove excess antibody,
and the resultant mitochondria were washed twice with H
medium and used in import assays.

Immunodepletion of Hsp70 and Hsp90 from the Rabbit
Reticulocyte Lysate—For immunodepletion, RRL (200-ul each)
was incubated with 20 pg of Hsp70 and/or Hsp90 antibodies
(Sigma) overnight (12-16 h) at 4 °C. Immune complexes were
pulled down by incubation with protein A-agarose (1 hat 4 °C)
followed by centrifugation at 5000 X g for 5 min. In parallel
experiments, RRL was incubated with preimmune IgG (20
1g/200 pl RRL) as antibody controls. The depleted RRL were
used for in vitro translation as described above.
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Interaction of CYPs with Cytosolic Hsp70 and Hsp90—Inter-
action of CYP proteins with cytosolic Hsp70 under in vitro and
in vivo conditions was tested by co-immunoprecipitation. For
studying in vitro interactions, nascent proteins were synthe-
sized in the presence (for CYP2E1 and CYP2B1) and absence
(for CYP+/51A1, CYP+33/1A1, and CYP27A1) of PKA in the
RRL system. Interaction of CYP proteins with cytosolic Hsp70
or Hsp90 present in the lysate under these conditions was esti-
mated by co-immunoprecipitation. Reaction mixtures were
immunoprecipitated with polyclonal antibodies against the
respective CYP proteins. One portion of the immunoprecipi-
tate was resolved by SDS-PAGE on a 10% gel and subjected to
immunoblot analysis with anti-Hsp70 and -Hsp90 antibodies.
The other portion was subjected to SDS-PAGE, and gels were
subjected to autoradiography.

Bacterial Expression of TOM40 and Binding of CYPs to
Reconstituted TOM40—Full-length and A143 TOM40 lacking
the NH,-terminal cytosol-exposed Pro-rich domain (25)
expressed in Escherichia coli BL21 cells were purified from
inclusion bodies to near homogeneity and used for reconstitu-
tion in liposomes. Liposomes were prepared from azolectin
(Sigma, type IVS) in MOPS/Tris (pH 6.9) buffer using a Bran-
son sonifier as described previously (40). Liposomes were
freeze-thawed three times and solubilized by the addition of
n-octyl glucopyranoside (6% v/v) on ice for 30 min. Solubilized
liposomes (10 mg) were mixed with 9-300 ug of TOM40 and
diluted 2-fold with 10 mm MOPS/Tris (pH 6.9) containing 0.5
mM phenylmethylsulfonyl fluoride and 0.5 mm dithiothreitol.
Reconstitution was performed by dialysis of the mixture at 4 °C
for 24 h against the same buffer. >*S-Labeled and phosphoryla-
ted RRL translation products (80,000 —100,000 cpm) were incu-
bated for 1 h at 30 °C with vesicles containing full-length and
truncated TOM4O0 in a buffer containing 20 mm KCI and 2%
bovine serum albumin. Liposomes were re-isolated by sedi-
menting through a 0.4 M sucrose layer by centrifugation at
125,000 X g for 1 h. Client 35S-labeled proteins bound to
TOMA4O0 vesicles were eluted with 10 mm Tris (pH 7.4) contain-
ing 10— 80 mMm NaCl. Liposomes and eluted proteins were sub-
jected to SDS-PAGE on a 12% gel, and the amount of radioac-
tivity in the liposomal and post-liposomal fractions was
determined by radiometric imaging through the STORM sys-
tem (GE Healthcare).

Measurement of Pore Function of Liposome Reconstituted
TOM40 Protein—The orientation and function of reconsti-
tuted TOM40 pore were investigated by measuring the release
of [**C]sucrose and retention of [*H]dextran (70 kDa) from the
proteoliposomes containing WT or NH,-terminal truncated
A143 TOMA40 proteins as described (25, 41). As a negative con-
trol purified P4501A1, which does not form a channel, was used
following reconstitution in lipid vesicles. Reconstituted vesicles
were suspended in 2 mm HEPES buffer (pH 7.4) containing 20
mM NaCl, 2 mm MgCl,, 0.3 mMm NaNj, and 2 mMm sucrose. Reac-
tion mixtures were incubated with equal amounts (~100,000
cpm) of [**C]sucrose (7.5 mCi/mmol; American Radiolabeled
Chemicals Corp.) or [*H]dextran (55 mCi/mmol; American
Radiolabeled Chemicals Corp.) at room temperature for 30
min. Following vortexing, tubes were placed in a bath-type
sonic oscillator for 10 s. The tubes were incubated at 45 °C for
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30 min and were allowed to cool down to room temperature.
The reaction mixture was passed through a Sepharose 4B col-
umn, and the vesicles were eluted with 10 mm HEPES-KOH
buffer (pH 7.4) containing 100 mm NaCl, 0.1 mm MgCl,, and 0.3
mMm NaNj; and assayed for the amount of radioactivity retained
by using a Beckman 5000 liquid scintillation counter.

Preparation of Mitochondria from TOM-deleted Yeast
Strains—Mitochondria were isolated from both the control
and tom-deleted yeast strains essentially as described previ-
ously (42). Steady-state levels of mitochondrial proteins were
analyzed by separation via SDS-PAGE and immunoblotting.

SDS-PAGE and Immunoblot Analysis—Proteins were
resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes for immunoblot analysis as described previously (43).
Polyclonal antibodies against CYP2E1, CYP2B1, CYP1Al,
monoclonal antibody to CYP27A1, and monoclonal antibodies
against cytosolic Hsp70 and Hsp90 (Sigma) were used. Immu-
noblots were developed using a chemiluminescence SuperSig-
nal West Femto kit (Pierce), and the blots were imaged and
quantitated using a Versadoc system (Bio-Rad).

RESULTS

Distinctive TOM Protein Requirements for the Import of Chi-
meric Signal-containing CYPs—Fig. 1A shows the NH,-termi-
nal chimeric signals of CYP1A1, CYP2B1, and CYP2E1 that
encompass the NH,-terminal transmembrane domain and the
cryptic mitochondrial targeting signal sequences. We have
shown previously that mitochondrial import of these CYPs is
dependent on transmembrane potential and energy (14,
16-18). In this study, we initially tested whether the major
peripheral TOM receptors were needed for the mitochondrial
import of these CYPs. For this purpose rat liver mitochondria
were subjected to limited Pronase treatment, which is known to
remove cytosol-exposed regions of the proteins (33). Fig. 1B
shows that Pronase treatment degraded most of the cytosol-
exposed regions of TOM70, TOM20, and TOM22. This treat-
ment protected the 7-, 3-, and 7-kDa putative transmembrane
segments that were detected by antibodies raised against full-
length TOM70, TOM20, and TOM22, respectively. Under
these treatment conditions nearly full-length 40-kDa TOM40
protein and the 30-kDa porin protein were protected. Although
not shown, mitochondrial inner membrane protein cyto-
chrome ¢ oxidase subunit I (CcOI) and matrix protein Hsp70
were also fully protected. Using these protease-treated mito-
chondria, we tested the import efficiency of CYP proteins.
CYP27A1 (44), which contains a canonical (NH,-terminal
cleavable) mitochondrial targeting signal, was used as a positive
control. The results of in vitro import showed that nearly intact
CYP2B1 protein was imported and rendered resistant to tryp-
sin treatment, although CYP2E1 and CYP+5/1A1 were not
imported into Pronase-treated mitochondria (Fig. 1C). Fig. 1D
shows that CYP+33/1A1 was imported efficiently into Pro-
nase-treated mitochondria, whereas CYP27A1 was not. These
results suggest that different chimeric signal-containing pro-
teins have different requirements for peripheral TOM proteins.

In agreement with previously published results from our lab-
oratory (14—18), all four chimeric signal-containing CYPs and
also canonical signal-containing CYP27A1 protein imported in
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FIGURE 1. Import of CYP proteins into protease-treated mitochondria. A, schematic representation of
chimeric signals of CYP1A1, CYP2B1, and CYP2E1 with NH,-terminal ER-targeting domain followed by the
positively charged mitochondrial (Mito.) targeting domains. Arrows over the CYP1A1 schematic indicate proc-
essing sites at the 4th and 32nd residues. B, isolated rat liver mitochondria were treated with or without
Pronase as indicated under “Experimental Procedures.” The TOM components (full-length and fragments)
were detected by immunoblot analysis (30 ug of protein each) using subunit-specific antibodies. C and D,
3>S-labeled CYPs translated in a RRL system were used for import into Pronase-treated (P-mito) and untreated
control (C-mito) mitochondria. The extent of import was determined by resistance to treatment with trypsin
(200 wg/ml); mitochondria were pelleted through 1 m sucrose, and 250 ug of protein in each case was analyzed
by SDS-PAGE on a 14% gel and subjected to fluorography. p and m indicate the precursor and mature forms of

TOM40 protein (45). Fig. 2F shows
that, as expected, TOM40 antibody
and also porin antibody had no sig-
nificant effect on the membrane
association of Bcl-XL. The trans-
membrane orientation of the pro-
tein is apparent from its relative
insolubility in Na,COj. Further-
more, trypsin treatment caused sub-
stantial reduction in protein level as
expected of a protein with most part
exposed outside the outer mem-
brane (Fig. 2F).

In the second approach, we used
mitochondria from yeast strains
that contained selectively deleted
tom genes. As seen from Fig. 34,
CYP+33/1A1 was imported into
yeast mitochondria that were
devoid of TOM70, TOM20, and
TOM22 proteins at the same level as
in WT mitochondria. However, the
protease-protected fragment in
TOM22-deficient mitochondria
was shorter by almost 3—4 kDa.
Similarly, CYP2B1 was imported
into mitochondria devoid of all

CYP27A1, respectively.

WT yeast mitochondria were resistant to digitonin plus trypsin
treatment suggesting their localizations inside the inner mem-
brane matrix compartment (see supplemental Fig. 1, A—E). Fur-
thermore, in all cases mitochondria-imported CYPs were
extractable with alkaline Na,COj; indicating that they are
mostly membrane extrinsic proteins (supplemental Fig. 1,
A-E).

The results of import with protease-treated mitochondria
were further ascertained using two parallel approaches. In the
first approach, we used immuno-inhibition of individual TOM
proteins using saturating levels of specific antibodies. As is seen
in Fig. 2, A—E, the TOM40 antibody blocked the import of all
five proteins in rat liver mitochondria. It is likely that binding of
client proteins to peripheral TOMs is a cooperative process and
requires functional TOM40. Import of CYP2B1 and CYP+33/
1A1 was not blocked by antibodies to the peripheral TOM pro-
teins, TOM70, TOM22, and TOM20 (Fig. 2, A and B). Import of
CYP2E1 and CYP+5/1A1 was blocked by TOM70 antibody
(Fig. 2, D and E) but not by antibodies to either TOM20 or
TOM22. Also, the import of CYP+33/1A1 and CYP2E1 in the
presence of TOM22 antibodies was incomplete as seen by rel-
atively shorter protease-protected products (Fig. 2, B and D).
Import of CYP27A1 was affected by all antibodies tested (Fig.
2C). Antibody to porin was used as a negative control and had
no effect on the import of any of the proteins tested (Fig. 2,
A-E).

The specificity of TOM40 antibody effect observed above
was ascertained using Bcl-XL protein, which is targeted to the
mitochondrial outer membrane in the absence of functional
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three TOM proteins at the level

similar to that in WT mitochondria
(Fig. 3B). On the other hand, CYP+5/1A1 and CYP2E1 were
not imported efficiently by mitochondria deficient in TOM?70,
suggesting a critical requirement for TOM70 in the import of
these two proteins (Fig. 3, C and D). Additionally, the protease-
protected fragment of CYP2E1 was shorter (~3-4 kDa) in
mitochondria deficient in TOM22 (Fig. 3D). Finally, CYP27A1
was not imported significantly in mitochondria deficient in any
of the three TOMs (Fig. 3E).

The topology of incompletely translocated CYP2E1 and
CYP+33/1A1 in tom22A mitochondria was tested by treat-
ment with digitonin prior to treatment with trypsin. The results
shown in Fig. 3F reveal that digitonin treatment rendered both
proteins completely sensitive to trypsin digestion, suggesting
that imported CYP2E1 and CYP+33/1A1 in tom22A mito-
chondria are located in the intermembrane space. The inter-
membrane space location of CYP2E1 and CYP+33/1A1 in Fig.
3Fwas further confirmed in Fig. 3G showing that cytochrome c,
an intermembrane space protein, is sensitive to both digitonin
and digitonin plus trypsin treatment (Fig. 3G) in these mito-
chondria. However, mitochondrial inner membrane protein
cytochrome c oxidase subunit IVil (CcOIVil) and matrix pro-
tein Hsp70 were resistant to these treatments.

We tested whether the import of incompletely translocated
CYP2E1 and CYP+33/1A1 in tom22A mitochondria is depend-
ent on membrane potential (supplemental Fig. 1, F and G).
Results show that the import of CYP+33/1A1 and CYP2E1 by
WT mitochondria was inhibited by more than 75%, whereas the
import of these proteins into tom22A mitochondria was mod-
erately inhibited by CCCP. Furthermore, <60% of tom22A
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FIGURE 2. Effects of antibody blocking of peripheral TOMs on the mito-
chondrial import of proteins with different chimeric signals. Isolated rat
liver mitochondria were preincubated with anti-rat TOM40, anti-rat TOM20,
anti-rat TOM22, anti-rat porin, or anti-rat TOM70 antibodies at 30 °C for 30
min. Mitochondria were re-isolated and used for the import of **S-labeled
CYP2B1 (A), CYP+33/1A1 (B), CYP27A1 (C), CYP2E1 (D), and CYP+5/1A1 (E).
F, mitochondria preincubated with antibodies (Ab) to porin and TOM40 were
used of the import of **S-labeled Bcl-XL protein. Mitochondria were extracted
with alkaline Na,CO; as described previously (14, 15). Details of import and
protease treatment were as described under “Experimental Procedures.”
Mitochondrial proteins (250 ug each) were resolved by SDS-PAGE, and the
gels were subjected to fluorography. B and D, <— indicates the shorter pro-
tected fragment. SUP, supernatant.

mitochondria-associated CYP+33/1A1 and CYP2E1 was
extracted with alkaline Na,COj suggesting their membrane
extrinsic topology. These results together with the results of
digitonin plus trypsin treatment (Fig. 3F) suggest that the
incompletely imported CYP+33/1A1 and CYP2EL1 proteins in
tom22A mitochondria are localized in the intermembrane
space as opposed to the matrix compartment in the WT mito-
chondria (supplemental Fig. 1, A-E).

As shown in Fig. 4, A-C, the rate of in vitro import of
CYP+33/1A1 in tom70A, tom20A, and tom22A mitochondria
up to 50 min of incubation were nearly similar and compared
well with the rate of import into WT yeast mitochondria. The
rate of import of CYP2E1 was nearly comparable in the WT,
tom22A, and tom20A mitochondria, although there was no sig-
nificant import into fom70A mitochondria. In support of
results in Figs. 2 and 3, the protected CYP+33/1A1 and
CYP2E1 proteins in fom22A mitochondria were notably
shorter. The results from Figs. 2—4 suggest that different chi-
meric signal-containing proteins have notably different
requirements for peripheral TOMs. These results also show
that TOM22 may play a significant role in the complete trans-
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location of CYP+33/1A1 and CYP2E1l proteins through
TOM40.

Binding of Chimeric Signal-containing Proteins to Hsp70 Is a
Prerequisite for Binding to Hsp90— A marked difference in the
requirement for different TOM proteins suggested a possible
bypass mechanism for the import of certain chimeric signal-
containing proteins. These results prompted an investigation
into the role of other cytosolic factors on the ability of chimeric
signals to bypass peripheral TOMs on their way to mitochon-
drial entry. Recent studies from our laboratory and others indi-
cated a possible role for cytosolic Hsp70 in the import of mito-
chondria-targeted proteins (18). In this study, we investigated
the ability of different proteins to bind Hsp70 and Hsp90 by a
co-immunoprecipitation method. In vitro-translated CYP+5/
1A1, CYP+33/1A1, CYP2B1, CYP2E], and CYP27A1 in RRL
were immunoprecipitated with CYP-specific antibodies, and
the immunoprecipitates were then probed with Hsp70 and
Hsp90 antibodies using an immunoblot method. The immuno-
blot shown in Fig. 54 reveals that CYP+5/1A1, CYP+33/1A1,
CYP2E1, and CYP2B1 interacted with both Hsp70 and Hsp90,
whereas CYP27A1 interacted only with Hsp70. Additionally,
the S128A and S129A phosphorylation site mutants of CYP2B1
and CYP2E1 (S/A mutants), respectively, interacted weakly
with Hsp70 but did not interact with Hsp90. These latter results
are consistent with our observation that PKA-mediated phos-
phorylation is important for efficient mitochondrial import of
CYP2B1 and CYP2EL1 (16, 18, 24). The fluorogram presented in
Fig. 5B shows the levels of *°S labeled client proteins in the
immunoprecipitates shown in Fig. 5A4.

The possibility of a ternary complex formation between the
client protein and Hsp70 and Hsp90 was tested by co-immuno-
precipitation. Fig. 5C shows that immunoprecipitation of RRL
containing *°S-labeled CYP+33/1A1 with Hsp70 antibody
resulted in the pulldown of the client protein and Hsp90.
Immunoprecipitation of RRL devoid of client protein with
Hsp70 antibody, on the other hand, immunoprecipitated only
Hsp70. These results confirm the formation of ternary complex
consisting of the client protein and the two Hsp chaperones.

We next investigated whether the binding of various CYPs to
Hsp70 and Hsp90 are interdependent or independent of each
other. Various CYPs were translated in RRLs depleted of either
Hsp90 or Hsp70 and subjected to immunoprecipitation with
CYP-specific antibodies (Fig. 5, E and F). The immunoprecipi-
tates were then probed with Hsp-specific antibodies by immu-
noblot analysis. Fig. 5D shows the levels of Hsp70 and Hsp90 in
control and immunodepleted RRL used in this experiment. Fig.
5E shows that in the absence of Hsp90, all the CYPs tested were
able to interact with Hsp70. Surprisingly, these CYPs failed to
co-immunoprecipitate Hsp90 in Hsp70-depleted lysates (Fig.
5F). However, supplementation with purified Hsp70 restored
CYP binding to Hsp90. The only exception was CYP27A1,
which did not show any significant interactions with Hsp90
either in complete or Hsp70-depleted extracts. As seen in Fig.
5G, the level of translation of all CYP proteins was comparable
in Hsp70-depleted RRL. Although not shown, Hsp90 depletion
also did not adversely affect the translation of CYP proteins.
These results suggest that the interaction between chimeric
signal-containing proteins and Hsp90 is dependent on the pres-
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FIGURE 3.Import of CYP proteins into yeast mitochondria with deleted TOM subunits. A-£, mitochon-
dria were isolated from wild-type, tom704A, tom20A, or tom22A yeast strains. >°S-Labeled proteins
(CYP+33/CYP1AT (A), CYP2B1 (B), CYP+5/1A1 (C), CYP2E1 (D), and CYP27A1 (E)) were incubated with mito-
chondria from either wild-type or TOM deletion strains as indicated. Following import, mitochondria were
treated with trypsin, re-isolated, and analyzed by SDS-PAGE and fluorography. The radioactive proteins
bound to mitochondria and the protease-protected fractions were quantified for calculations of the %
import (values presented at the bottom of lanes). F, 3*S-labeled CYP+331A1 and CYP2E1 were imported
into tom22A mitochondria as described for A-E and resolved on a higher resolution gradient gel. G,
trypsin- and digitonin (75 wg/mg protein)-treated fractions were also analyzed for marked proteins by
immunoblot analysis using indicated antibodies. A and D, <— indicates the shorter protected fragment.
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FIGURE 4. Rates of in vitro import of CYP+33/1A1 and CYP2E1 proteins into mitochondria from
Tom-deleted yeast strains. Import of >°S-labeled proteins was carried out as described for Fig. 3, for 0-50
min. Trypsin-treated mitochondria were subjected to SDS-PAGE analysis (A, B, D, and E), and the gels were
imaged through a STORM radiometric imager. The rate of import as a function of time was plotted in Cand
F.Band E, < indicates the shorter protected fragment.

ence of Hsp70, suggesting a degree
of cooperativity between the two
factors.

Roles of Hsp70 and Hsp90 in
Modulating the TOM Bypass Mech-
anism and Translocation—In a pre-
vious study, we showed that the
binding of CYP2E1 to Hsp70 was
important for the mitochondrial
targeting of the protein (18). In an
extension of this study, we have now
investigated the roles of Hsp70 and
Hsp90 chaperones in the mitochon-
drial targeting of different chimeric
signal-containing proteins and their
propensity to bypass peripheral
TOM proteins. For this purpose, we
translated CYP2B1, CYP+5/1Al,
and CYP27A1 proteins in the RRL
depleted of Hsp70, Hsp90, or both.
The translated products were used
for import into mitochondria iso-
lated from various TOM protein-
deleted yeast cells. In each case, the
effects of added Hsp70 and/or
Hsp90 were tested. The results of in
vitro import assay (Fig. 6A) revealed
that depletion of Hsp70 and Hsp90
completely abolished CYP2B1
import into WT as well as TOM?70-,
TOM20-, and TOM22-deleted
mitochondria. The addition of
Hsp90 alone did not rescue the
import defect. However, the addi-
tion of Hsp70 alone was able to
restore import of CYP2B1 into both
WT and tom70A mitochondria.
Supplementation with both Hsp70
and Hsp90 was required for restora-
tion of the import of CYP2B1 into
both fom20A and tom22A mito-
chondria. Although not shown,
CYP+33/1A1 showed a similar pat-
tern of import into TOM-deficient
mitochondria.

The import of CYP+5/1A1 into
tom-deficient mitochondria was
somewhat different in that the addi-
tion of Hsp70 and Hsp90 did not
restore the import of this protein.
Furthermore, both Hsp70 and
Hsp90 were required for import of
this protein into fom20A and
tom22A mitochondria (Fig. 6B),
whereas  mitochondria  from
tom?70A cells were unable to import
CYP+5/1A1 under all conditions
tested. Although not presented,
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FIGURE 5. Interaction of chimeric and canonical import signal containing CYPs with Hsp70 and Hsp90
chaperones. A and B, **S-labeled wild-type, CYP+5/1A1, CYP+33/1A1, CYP2E1, CYP2B1, and CYP27A1 pro-
teins, and phosphorylation site mutant 2E1S/A (S129A CYP2E1), and 2B1S/A (S128A CYP2B1) proteins in RRL
were subjected to immunoprecipitation (IP) with CYP-specific antibodies (Ab) as indicated. Half of the immu-
noprecipitate was analyzed by SDS-PAGE and probed with anti-Hsp70 and -Hsp90 antibodies (A). The other
half of immunoprecipitate was analyzed by SDS-PAGE and fluorography (8). C, RRL with *S-labeled CYP+33/
1A1 and that incubated with empty vector were immunoprecipitated with Hsp70 antibody. Half of immuno-
precipitate was subjected to immunoblot analysis using Hsp70 plus Hsp90 antibodies (upper panel), and the
other half was resolved on the gel and subjected to fluorography (lower panel). D, levels of Hsp70 and Hsp90 in
immunodepleted RRL. E, various CYP proteins were translated in Hsp90-depleted RRL and immunoprecipi-
tated with CYP-specific antibodies. The immunoprecipitates were subjected to immunoblot analysis with
anti-Hsp70 plus -Hsp90 antibodies. F, various CYP proteins were translated in Hsp70-depleted or Hsp70-re-
plenished RRL and immunoprecipitated with CYP-specific antibodies. The immunoprecipitates were probed
with a combination of anti-Hsp70 plus -Hsp90 antibodies. Immunodepletion of lysates was carried out as

The tom22 null mutation is
known to induce p° status. To assess
the effects of the p° mutation on
mitochondrial protein targeting, we
expressed different CYP ¢cDNAs in
the respective parent strain made p°
by ethidium bromide treatment (p°
control). As shown in Fig. 7B,
CYP+33/1A1 was efficiently tar-
geted to mitochondria in both con-
trol and fom null mutant cells. The
protein was inefficiently targeted to
the ER as expected of a protein that
lacks the signal recognition particle-
binding signal domain. CYP+5/
1A1, on the other hand, showed a
distinct requirement for TOM?70,
as no detectable protein was found
in the mitochondrial compart-
ment of tom70A cells. These
results essentially confirm the in
vitro data (Fig. 6), which suggests
the distinctive nature of chimeric
signals of CYP2E1l and CYP+5/
1A1 requiring TOM70 for mito-
chondrial translocation. Although
not shown, CYP2B1 behaved sim-
ilarly to CYP+33/1A1 and was tar-
geted efficiently to mitochondria
in tom70A cells. Furthermore, the
mitochondrial targeting of all

described under “Experimental Procedures.” G, autoradiogram representing the **S-labeled products of CYPs

translated in reticulocyte lysates depleted of Hsp70.

CYP2E1 showed an identical requirement for TOM70 for
import. CYP27A1 showed a distinctly different requirement
(Fig. 6C). First, Hsp90 depletion did not have a significant effect
on the import of CYP27A1 into WT mitochondria. Second,
deletion of tom?70, tom20, or tom22 almost completely inhib-
ited the import of CYP27A1 (Fig. 6C). These results together
suggest that Hsp70 and Hsp90 are important factors that facil-
itate the presentation of different chimeric signals to the TOM
complex. They also play a major role in the ability of chimeric
signals to bypass peripheral TOMs. The results also suggest
different requirements for peripheral TOMs in terms of the
import of the four chimeric signal-containing proteins tested.

Targeting of CYP Proteins to Mitochondria in Intact Cells
Involves TOM Bypass Mechanism—The occurrence of a TOM
bypass mechanism for the mitochondrial targeting of chimeric
signal-containing CYPs was confirmed by the expression of
various CYPs in control (parent strains of tor70 and tom20 null
mutant) and tom null mutant yeast cells. Inmunoblot analysis
of mitochondrial proteins in Fig. 7A shows that mutant strains
deficient in a given peripheral TOM, for example tom70A cells,
expressed intact peripheral TOM20 and TOM22 proteins at
levels comparable with the wild-type yeast. Thus the deficiency
in these strains was restricted to the specified gene product.
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three proteins occurred efficiently
in tom20A and tom22A cells,
although the overall level of
expression in both mitochondrial
and microsomal compartments was relatively low in om20A
cells. Surprisingly, the level of expression of CYP+5/1A1
and CYP2E1 was generally higher in both p° control and
tom22A cells possibly reflecting strain-specific differences.

The topology of mitochondria- and microsome-associated
CYPs in tom null mutants was tested by limited digestion with
trypsin followed by immunoblot analysis. As shown in Fig. 7C,
mitochondria-associated CYPs were resistant to trypsin diges-
tion, although microsome-associated CYPs were sensitive to
trypsin treatment (Fig. 7D). In this respect, mitochondria-asso-
ciated CYPs exhibited resistance to trypsin similar to the
matrix-associated protein pSU9-DHFR used as a control (Fig.
7C, bottom panel). Confirming the results in Figs. 3, 4, and 6,
CYP2E1 and CYP+5/1A1 were not targeted to mitochondria
significantly in tom70A cells. Also, the trypsin-protected frag-
ments of CYP2E1 and CYP+33/1A1 were shorter in tom22A
cells compared with p° control cells. These results confirm that
mitochondria-associated proteins are probably localized inside
the inner membrane compartment, although the microsome-
associated proteins are exposed externally to the ER in a pro-
tease-accessible orientation. These results together confirm the
occurrence of the TOM20/TOM22 bypass protein-targeting
mechanism in vivo.
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We used pSU9/DHER as a control for matrix-targeted pro-
tein because Stan et al. (46) showed that the protein is effi-
ciently transported in tom?70A cells. In contrast, results from
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FIGURE 6. Role of Hsp70 and Hsp90 in the import of CYP proteins into
mitochondria with deleted TOM subunits. CYP proteins were translated in
RRL depleted of Hsp70, Hsp90, or both and used for in vitro import into wild-
type or TOM subunit-deficient mitochondria. RRL were immunodepleted
with anti-Hsp70 and -Hsp90 antibodies as described under “Experimental
Procedures.” 3*S-Labeled CYP2B1 (4), CYP+5/1A1 (B), and CYP27A1 (C) were
used for import into mitochondria from wild-type, tom70A, tom20A, or
tom22A yeast cells. The import assays were carried out with or without the
addition of purified Hsp70 and Hsp90. The details of the import reaction and
treatment with trypsin and protease inhibitor were described in the legend
for Fig. 2. Proteins (250 ug each) were subjected to SDS-PAGE and fluorogra-
phy. p, precursor and m, mature protein.

other groups (47, 48) showed that deletion or depletion of
TOM70, TOM20, and TOM22 affects mitochondrial import of
pSU9/DHER. However, we did not observe significant inhibi-
tion of mitochondrial import of this protein in tom70A and
tom22A cells either under in vivo (Fig. 7C) or in vitro (not
shown) conditions. Furthermore, CYP27A1, which required all
three peripheral TOMs for mitochondrial transport (Figs. 1-3
and 6) was also not targeted to mitochondria in fom70A,
tom22A, and tom20A yeast cells (Fig. 7F), although the protein
is expressed at nearly comparable levels in all cells (Fig. 7E) and
targeted efficiently to mitochondria in WT yeast cells. These
results confirm the specificity of the mitochondrial transport in
these mutant strains.

Association of Hsp90 with Reconstituted TOM40 during the
Delivery of CYP+33/1A1 Protein—1It is known that a number of
mitochondria-destined proteins with canonical targeting signal
require functional TOM70 receptor protein for import. In
these cases Hsp90 has been shown to physically associate with
TOM70 for delivering the client protein to the translocase
complex (49, 50). The in vitro and in vivo experiments in this
study (Figs. 2—7) suggested that in the presence of Hsp70 and
Hsp90 and CYP+33/1A1 and CYP2B1 proteins are translo-
cated to mitochondria in the absence of TOM20, TOM?22, and
TOM70. To understand the molecular basis of this bypass
mechanism, we tested the ability of Hsp90 to bind to purified
and reconstituted TOM40 under in vitro conditions. Our pre-
liminary results with antibody pulldown assays showed that
35S-labeled CYP+33/1A1 efficiently bound to WT TOM40 but
not with A143 TOM40 lacking the NH,-terminal cytosol-ex-
posed Pro-rich domain (25). We
have therefore used purified and
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FIGURE 7. Mitochondrial targeting of chimeric signal-containing CYPs in tom70A, tom20A, and tom22A
yeast cells. Wild-type and tom null mutant strains were transformed with CYP+5/1A1, CYP+33/1A1, CYP2ET,
or su9-DHFR. A, TOM40, TOM70, TOM20, and TOM22 levels of various deletion strains. Immunoblots were
carried out using 40 pg of protein each. B, mitochondrial and microsomal fractions of cells expressing different
CYPs or Su9-DHFR were subjected to immunoblot analysis (30 ng each) using CYP-specific antibodies as
indicated. C, mitochondria from tom70, tom22, tom?70, or tom22 null mutant cells expressing different CYPs or
Su9-DHFR were subjected to trypsin treatment, and proteins were subjected to immunoblot analysis as
described in A. D, microsomal fractions from tom70A, tom70A parent, tom22A, and tom22A parent strains
expressing CYP+5/1A1 and CYP2E1 were treated with or without trypsin and subjected to immunoblot anal-
ysis using CYP-specific antibodies. E and F, proteins from total cell extract (E) and mitochondria (F) from WT and
mutant yeast strains expressing CYP27A1 were subjected to immunoblot analysis (50 ug each) using CYP27A1
specific antibody. C, <—indicates the shorter protected fragment. Mito, mitochondrial; Micro, microsomal.
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tion. Another control experiment in
Fig. 8B shows that only vesicles con-
taining TOM40 protein binds effi-
ciently to CYP+33/1A1in complete
RRL, whereas vesicles devoid of
TOM40 fail to bind to the protein
indicating the specificity.

The proper orientation of recon-
stituted TOM40 and A143 TOM40
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proteins and the presence of TOM40 pore were tested using
[**C]sucrose and [*H]dextran (~70 kDa) as permeable and
impermeable substrates. As shown in Table 1, reconstituted
vesicles with CYP1A1 showed nearly complete retention of
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FIGURE 8. Delivery of CYP+33/1A1 client protein by Hsp70 and Hsp90 to intact TOM40 but not the A143
TOMA40. A, Coomassie Blue-stained patterns of WT and A143 TOM40 proteins (left panel), liposome-integrated
proteins (125,000 X g pellet, middle panel), and the free proteins (125,000 X g supernatant, right panel).
B, 3°S-labeled CYP+33/1A1 protein (40,000 cpm) was incubated with lipid vesicles (5 mg each) containing
TOMA40 or that lacking TOMA40 for 20 min at 30 °C. The vesicles were recovered by pelleting through 0.4 m
sucrose as described in Cand subjected to SDS-PAGE and fluorography. G, **S-labeled client proteins, dihydro-
folate reductase (DHFR), CcOVb (Vb), CYP+5/1A1 (left panel), and CYP+33/1A1 (right panel) (50,000 cpm each)
in intact RRL were used for binding to lipid vesicles (Ves) containing 2 ug of WT TOM40 protein for 20 min at
30 °C. Liposomes were recovered by layering on 0.4 M sucrose followed by centrifugation at 125,000 X g for 1 h
and washed twice with 20 mm Tris-HCl (pH 7.4) and 10 mm NaCl; equal portions were analyzed on two com-
panion polyacrylamide gels. One gel was subjected to fluorography (upper panels), and the second gel was
subjected to immunoblot analysis using TOM40 antibody (lower panels). D, effect of Hsp90 and Hsp70 on
binding of CYP+33/1A1 to TOMA40 vesicles. CYP+33/1A1 protein was translated in Hsp90- and Hsp70-de-
pleted RRL, and 50,000 cpm each were incubated with liposomes containing WT TOM40 in the presence or
absence of various amounts of purified Hsp90 and Hsp70 as indicated. £, Hsp90 and CYP+33/1A1 proteins
were co-translated in Hsp90-depleted RRL, and 50,000 cpm each were incubated with liposomes containing
WT and A143 TOMA40 proteins (2 g of protein each) as described in C. Liposomes were recovered and sequen-
tially washed with Tris-HCl buffer containing 10, 40, and 80 mm NaCl. The washes and also residual proteins
(RES) in the vesicle were analyzed by SDS-PAGE and fluorography. F and G, quantification of Hsp90 (F) and
+33/1A1 (G) protein bands from autoradiogram in E. The input lanes in represent 20% of total counts used for
binding. NS, nonspecific.

TABLE 1
Pore function of reconstituted TOM40 and A143 TOM40 proteins

both **C and *H radioactivity suggesting no pore activity. Ves-
icles containing increasing amounts of intact TOM40 as well as
A143 TOM40 proteins showed increasing release of [**C]su-
crose but complete retention of [*H]dextran, suggesting effi-

cient pore activity.

In Fig. 8C, we tested the efficien-
cies of two types of chimeric signal-
containing proteins, CYP+5/1A1
and CYP+33/1A1, for binding to
reconstituted vesicles containing
WT TOM40 protein. *°S-Labeled
client proteins translated in intact
RRL were incubated with lipid vesi-
cles at 30 °C for 20 min, and the ves-
icles were recovered by centrifuga-
tion at 125,000 X g for 1 h, washed
twice with buffer containing 10 mm
NaCl, and used for analysis. The
autoradiogram in Fig. 8C (left panel)
shows that DHEFR, a cytosolic pro-
tein, and CYP+5/1A1 did not bind
significantly to TOM40 vesicles.
The inability of CYP+5/1A1 pro-
tein to bind to TOM40 may be due
to lack of TOM70 in the vesicle.
CcOVb subunit (Fig. 8C, left panel)
and also CYP+33/1A1 (right panel)
bound efficiently to TOM40 in the
absence of other TOMs. These
results are consistent with our in
vitro and in vivo results that only
CYP+33/1A1 but not CYP+5/1A1
can bypass all the peripheral TOMs.
In Fig. 8D we ascertained the roles
of Hsp70 and Hsp90 for the
CYP+33/1A1 protein binding to
reconstituted TOM40  vesicles
using the Hsp70- and Hsp90-de-
pleted RRL system. >°S-Labeled
CYP+33/1A1 protein was bound
to TOM40 vesicles, and the vesi-
cles were reisolated, washed twice,
and analyzed by SDS-gel electro-
phoresis. Autoradiogram in Fig.
8D shows that CYP+33/1A1 did

Reconstitution of lipid vesicles with different proteins, introduction of radioactive sucrose and dextran into vesicles, and purification of vesicles were carried out as described

under “Experimental Procedures.” S/D indicates ratio between [*CJsucrose and [*H]dextran retained in the vesicles.

Input radioactivity (cpm X 10%)

cpm X 10° retained in vesicles

Vesicle type Ratio S/D
op [®*H]Dextran [**C]Sucrose [*H]Dextran [**C]Sucrose
CYP1A1 (30 ug)” 102 109 33 31 0.92¢
TOM40 (4 ug) 100 98 26 19 0.74
TOMA40 (30 pig) 105 106 25 15 0.57
ATOMA40 (4 ug) 109 102 28 25 0.86
ATOMA40 (30 ug) 97 98 29 15 0.51

“ Amounts of proteins were reconstituted in 1 mg of lipid vesicles.
b Values represent averages of assays run in duplicate.
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not bind to TOM40 in the absence of Hsp70 or Hsp90. Also,
bothHsp90andHsp70inducedthebindinginaconcentration-
dependent manner. These results further confirm the need
for both the Hsp70 and Hsp90 for supporting the bypass
pathway.

In Fig. 8E we tested whether Hsp90 could physically associate
with the reconstituted TOM40 vesicles for delivering the
CYP+33/1A1 protein and whether the binding requires the
cytosol-exposed region of TOM40. In this experiment, Hsp90-
depleted RRL was used for translating CYP+33/1A1 and Hsp90
proteins together in the presence of [*>S]Met and used for bind-
ing to vesicles containing TOM40 and A143 TOM40 proteins.
The vesicles were recovered and washed sequentially with buff-
ers containing 10, 40, and 80 mm NaCl, and both the eluted
proteins and that remaining with the vesicles (residual) were
analyzed for assessing the type of association of Hsp90 and
CYP+33/1A1 with TOM40. Fig. 8E shows that both the
CYP+33/1A1 and Hsp90 bind to WT TOM40, and most of
the bound Hsp90 protein was eluted with 40 mm NaCl (Fig. 8,
E and F), whereas elution of CYP+33/1A1 required 80 mm
NaCl suggesting a more stable interaction of the latter with
TOMA4O0 (Fig. 8, E and G). Additionally, Hsp90 and CYP+33/
1A1 proteins bind at markedly reduced levels with A143
TOMA40 (Fig. 8, E-G) suggesting that the binding requires
intact cytosol-exposed Pro-rich domain of TOM40. These
results provide insight into the mechanism of the bypass
pathway that involves direct binding of Hsp90 for delivering
the client protein to TOM40.

DISCUSSION

Mitochondrial targeting signals are heterogeneous, ranging
from a-helical, B-sheet, and unstructured (13). The most com-
mon type of mitochondrial signals are pre-sequences, which
consist of 15-40 NH,-terminal amino acids that form
amphiphilic helices with positively charged residues lining one
side of the helix. These signals are commonly observed in mito-
chondrial matrix- and inner membrane-targeted proteins and
cleaved by matrix metalloprotease(s) after the protein is trans-
located into the mitochondrial compartment (13). The pre-se-
quences are critically important for the binding of precursor
proteins to mitochondrial import receptors, TOMs, and trans-
locases of inner mitochondrial membrane (51). The second cat-
egory of mitochondrial targeting signals is internal; these reside
deep inside the protein (52). A third type of signal is a variation
of the internal signal, where a cryptic mitochondrial signal fol-
lows immediately downstream of an NH,-terminal transmem-
brane domain. This type of targeting signal is known to occur in
a number of membrane-anchored proteins, such as Bcsl,
Tim14, Mdj2, D-AKAP1, and others (13, 52-57). We have
described a fourth type of mitochondrial targeting signal, des-
ignated as a chimeric signal, based on its ability to direct the
same primary translation product to two different subcellular
compartments, namely microsomes and mitochondria or
cytosol and mitochondria (16, 18, 21, 22). The chimeric signals
we defined are positionally similar to the Bcsl-type internal
signal and follow immediately downstream of an NH,-terminal
transmembrane domain. However, in contrast to the trans-
membrane localization of proteins containing internal signals
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(category 3), proteins containing chimeric signals are targeted
to the mitochondrial matrix (15). The reason for this difference
is probably because the stop transfer signal of CYPs, which
enables the proteins to associate with the ER membranes
through a single transmembrane anchor (55, 56), are incapable
of eliciting a similar stop transfer event in the mitochondrial
outer or inner membranes. Similar to the Bcsl-type signals,
chimeric NH,-terminal or COOH-terminal signals are not
cleaved by matrix proteases (17, 53).

Our studies with xenobiotic-inducible CYPs, glutathione
S-transferases (GST), and APP led to the discovery of a new
family of mitochondrial targeting signals that are referred to as
chimeric signals (14-18, 21, 22). In the case of CYPs and APP,
chimeric signals are located at the NH, terminus, whereas in
GSTs, these signals are located at the COOH terminus (14 -18,
21-23). The characteristic features of these signals are that the
first half (20 —30 amino acids) of the signal domain hydrophobic
and the second half (1012 amino acids) of the signal domain
consists of sequences rich in positively charged amino acids
followed by a Pro-rich domain. Studies also showed that chi-
meric signals are not substrates for mitochondrial matrix pro-
teases (14). Unlike the canonical signals that target proteins
exclusively to mitochondria, the chimeric signals are dynamic
in the sense that they direct the targeting of the protein to mito-
chondria as well as nonmitochondrial compartments, depend-
ing on the physiological demand of the cell.

In this study, we tested four different chimeric signals,
including two NH,-terminally truncated forms to mimic endo-
proteolytic cleavage in the cytosol as in the case of CYP1A1l
(CYP+5/1A1 and CYP+33/1A1) and two that are targeted to
mitochondria as intact uncleaved signals, namely CYP2B1 and
CYP2E1 (15, 16, 18, 21, 24), for their ability to bind different
TOM receptor proteins under both in vitro and in vivo condi-
tions. Mitochondrial targeting of both CYP2B1 and CYP2E1
was enhanced markedly by PKA-mediated phosphorylation at
the unique target sites, Ser-128 and Ser-129, respectively (16,
18). Results presented here show that the client protein binding
to Hsp70 and Hsp90 is enhanced by internal phosphorylation,
which may be the reason for increased mitochondrial import.
Our results also suggest that the chimeric signals fall into at
least two distinct classes. One class, i.e. CYP+33/1A1 and
CYP2B1, binds to TOM40 directly in the absence of other TOM
proteins, and the second class, i.e. CYP+5/1A1 and CYP2E],
requires other peripheral TOMs for binding to reconstituted
TOM40 (Fig. 8). In this respect, CcO Vb, which also binds to
TOM40 in the absence of other TOMs, resembles the first cat-
egory of chimeric signals. Our results (Fig. 2 and 3) also suggest
that intact TOM40 is needed for nascent protein binding to
mitochondria suggesting cooperativity between the peripheral
TOMs and TOM40 in the recruitment of client proteins.

As shown in a model (Fig. 9), the chimeric signals of CYP2B1,
CYP2E1,CYP+5/1A1, and CYP+33/1A1 are capable of target-
ing proteins to the channel-forming TOM40 protein in the
absence of some or all peripheral TOM receptors (TOM?70,
TOM?20,and TOM22 in the case of CYP2B1 and CYP+33/1A1,
and TOM20 and TOM22 in the case of CYP2E1 and CYP+5/
1A1). It was shown that mitochondria-destined proteins with
pre-sequences first interact with TOM20 and then TOM?22,
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FIGURE 9. A proposed TOM bypass mechanism for the mitochondrial tar-
geting of chimeric signal-containing proteins. A, in the presence of Hsp70
alone, CYP+33/1A1, and CYP2B1 proteins associate with TOM20 and TOM22
on their way to TOM40 without requiring TOM70. In the presence of Hsp70
and Hsp90, CYP2B1 and CYP+33/1A1 bypass all peripheral TOMs and associ-
ate directly with TOM40. B, in the presence of only Hsp70, CYP+5/1A1 and
CYP2E1 proteins associate with TOM70, TOM20, and TOM22 and are deliv-
ered to TOM40. In the presence of Hsp70 and Hsp90, these proteins require
only TOM70 and bypass TOM20 and TOM22 for association with TOM40.

whereas proteins with internal signals first interact with
TOM70 followed by sequential interaction with TOM20 and
TOM22 (58). Interestingly, the chimeric signals of CYP2B1 and
CYP+33/1A1 first interact with TOM20 and TOM?22 in the
presence of Hsp70 (see Fig. 94), thus mimicking the character-
istic feature of canonical pre-sequences. In the presence of
Hsp70 and Hsp90, CYP2B1 and CYP+33/1A1 are delivered
directly to TOM40, thus bypassing all peripheral TOMs. The
signals of CYP2E1 and CYP+5/1A1, on the other hand, mimic
the features of internal-targeting signals by first interacting
with TOM70 (Fig. 9B). Here again, in the presence of Hsp70
alone, these proteins require all three peripheral TOMs,
whereas in the presence of Hsp70 and Hsp90, they can bypass
TOM20 and TOM22 but require TOM70. These results clearly
show the divergent nature of chimeric signals in addition to the
functional evolution of the TOM complex, which is capable of
interacting with diverse types of mitochondrial targeting
signals.

Hsp family cytoplasmic chaperones are known to facilitate
mitochondrial import of client proteins partly by preventing
misfolding or protein aggregation (21, 59—62). More recent
studies by Hartl and co-workers (49, 61) provided evidence for
the direct physical and functional interactions between cyto-
plasmic chaperones, Hsp70 and Hsp90, and mitochondrial
import machinery. Hsp70 and Hsp90 dock onto the TOM com-
plex through the specialized tetratricopeptide domain of
TOM70 and deliver client proteins to the TOM complex for
import (61). In yeast, Hsp70 alone appears to be sufficient for
pre-protein import, whereas in mammalian cells, both Hsp70
and Hsp90 are involved in pre-protein delivery and ATP-de-
pendent translocation (63, 64). Using a combinatorial
approach, we show that all four CYP proteins with chimeric
signals interact with both Hsp70 and Hsp90 and, more impor-
tantly, that client protein binding to Hsp90 is dependent on the
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presence of Hsp70. Notably, chimeric signal-containing client
proteins also facilitate the binding of Hsp90 to form the ternary
complex. Furthermore, our results show that Hsp90 physically
binds to the cytosol-exposed Pro-rich domain of TOM40 for
client protein delivery through the bypass pathway. These
results suggest a degree of cooperativity between the two chap-
erones. The only exception was CYP27A1, which did not bind
to Hsp90 either in the presence or absence of Hsp70. Similarly,
mitochondrial import of CYP27A1 did not require Hsp90.

Our observations on distinctly different requirements for
TOM receptors and Hsp family chaperones by client proteins
containing canonical and chimeric signals likely point to differ-
ent phases of evolution of mitochondrial import machinery.
Based on the fact that Hsp70 protein alone can support yeast
mitochondrial protein import, it was suggested that the path-
way requiring Hsp90 in mammalian cells might represent a
later step of evolution of the import pathway as it exists in the
mammalian cells (65— 67). It is likely that the pathway for the
mitochondrial import of chimeric signal-containing proteins
represents a more recent evolutionary event, consistent with
the increased metabolic and physiologic roles of mitochondria
in mammalian cell function. Proteomic studies suggest that
more than 50% of the nearly 2000 proteins associated with
mammalian mitochondria lack canonical mitochondrial tar-
geting signals (56, 67—69). This study therefore provides new
insights into the mitochondrial transport/association of nonca-
nonical signal-containing proteins. Our results showing the
efficient mitochondrial import of CYP27A1 in the absence of
Hsp90 is indeed intriguing. Nevertheless, because CYP27A1
function in steroid hormone biosynthesis marks some of the
earliest stages of mammalian evolution, the transport pathway
of this protein requiring only Hsp70 may represent a transition
point from lower eukaryotes to mammals. In summary, we pro-
vide evidence for varying requirements for mitochondrial pro-
tein import based on signal type. Our results also define mech-
anisms by which noncanonical chimeric signal-containing
proteins are imported into the mitochondria.
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