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SUMMARY
Bimodal targeting of the endoplasmic reticular protein, cytochrome P4501A1 (CYP1A1), to
mitochondria involves activation of a cryptic mitochondrial targeting signal through endoprotease
processing of the protein. Here, we characterized the endoprotease regulating CYP1A1 mitochondrial
targeting. The endoprotease, which was induced by β-naphthoflavone, was a dimer of 90 kDa and
40 kDa subunits, each containing Ser protease domains. The purified protease processed CYP1A1
in a sequence-specific manner, leading to its mitochondrial import. The glucocorticoid receptor,
retinoid X receptor, and p53 underwent similar processing-coupled mitochondrial transport. The
inducible 90 kDa subunit was a limiting factor in many cells and some tissues, and thus, regulates
the mitochondrial levels of these proteins. A number of other mitochondria-associated proteins with
non-canonical targeting signals may also be substrates of this endoprotease. Our findings point to a
novel mechanism of mitochondrial protein import that requires an inducible cytosolic endoprotease
for activation of cryptic mitochondrial targeting signals.

INTRODUCTION
The targeting signals for proteins destined for mitochondria vary markedly in terms of
sequence, structure, and location (Pfanner and Neupert, 1991; Haucke, et al., 1995). In most
reported cases, the signal sequences contain multiple basic and hydroxylated residues, form
amphiphilic helices, and are cleaved by matrix metalloproteases (Roise and Schatz, 1988; von
Heijne, 1989). However, marked differences exist among many mitochondrial proteins in both
the sequence and locations of these signals (Rapaport, 2003, Neupert and Hermann, 2007). All
outer mitochondrial membrane proteins and most mitochondrial intermembrane space proteins
are devoid of typical N-terminal presequences (Rapaport, 2003; Pfanner, N., et al., 2004;
Mihara, 2000). Similarly, some of the inner mitochondrial membrane proteins, such as BCS1,
Tim14, MDj2, DAKAP1 contain non-canonical and non-cleavable internal signals (Folsch et
al., 1996, Neupert and Hermann, 2007, Ma and Taylor, 2008). The nature of the signals or the
mechanism responsible for the mitochondrial translocation of the N-terminally processed
proteins containing non-canonical signals, such as retinoid X receptor (RXR), glucocorticoid
receptor (GR), estrogen receptor (EsR), and p53, remain unclear (Casas et al., 2003; Koufali
et al., 2003; Chen and Yager, 2004).

Recently, comprehensive proteomic analyses of mitochondria from different cells and tissues
have been reported (Mootha et al., 2003; Sickmann et al., 2003; Taylor et al., 2003; Prokisch
et al., 2004). According to the MITOP database, yeast mitochondria contain up to 1000
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different proteins, whereas their mammalian counterparts have approximately 2000 proteins.
Proteomic data suggest that nearly half of nuclear-encoded proteins associated with
mammalian mitochondria lack canonical N-terminal targeting signals (Mootha et al., 2003;
Taylor et al., 2003). The mechanisms underlying the mitochondrial translocation of these
proteins are likely to differ from those underlying translocation of proteins containing canonical
unimodal targeting signals.

Over the past decade, studies in our laboratory have demonstrated that xenobiotic-inducible
CYPs, which are widely known to be ER-associated proteins, as well as cytosolic glutathione
S-transferases (GSTs) are present in the mitochondrial matrix (Addya et al., 1994; Addya et
al. 1997, Anandatheerthavarada et al. 1999, Bhagwat et al. 1999, Boopathi et al. 2000; Robin
et al., 2002:Raza et al., 2001; Sepuri et al. 2007). We have discovered that the multiple cellular
locations of these proteins are attributable to a novel bimodal targeting mechanism involving
the activation of cryptic N-terminal or C-terminal mitochondrial-targeting signals (Addya et
al., 1997; Anandatheerthavarada et al., 1999; Robin et al., 2002; Robin et al., 2003). In the case
of β-naphthoflavone (BNF)-inducible cytochrome P450 1A1 (CYP1A1), the mitochondrial-
targeted species (mtCYP1A1) consisted mostly of N-terminally cleaved protein (+33/1A1)
(Addya et al., 1997; Bhagwat 1999; Boopathi et al., 2000). Our results suggest that a fraction
of CYP1A1 nascent chains (~ 25%) escape signal recognition particle (SRP) binding and are
N-terminally clipped by a sequence-specific cytosolic endoprotease, leading to the exposure
of a cryptic mitochondrial-targeting signal at positions +34 to +44 of the protein. We have
observed that the cytosolic chaperones Hsp70 and Hsp90, peripheral TOM receptors, as well
as the channel-forming TOM40 protein are required for the mitochondrial import of +33/1A1
and +5/1A1 (a minor processed product) (Anandatheerthavarada, H. K., Sepuri NB., Biswas,
G. and Avadhani, N. G, unpublished observations). Here, we describe the purification a Ser
protease family endoprotease from the liver cytosol of BNF-treated rats and demonstrate that
this protease activates cryptic mitochondrial-targeting signals in CYP1A1, as well as in number
of other proteins, through sequence-specific processing.

RESULTS
Endoprotease Processing of CYP1A1

To analyze processing of CYP1A1, we performed in vitro processing assays and cell
transfection studies using a dihydrofolate reductase (DHFR) and CYP1A1 fusion protein
(Figure 1A). This fusion protein was used for three reasons. First, the N-terminal fusion would
block both mitochondrial and ER targeting signals. Second, the endoproteolytic nature of the
putative protease could be ascertained by attaching an N-terminal extension. Finally, an N-
terminal extension would improve detection of processed fragments, since CYP1A1 and its
processed product have similar mobilities on polyacrylamide gels (Addya et al., 1997; Dasari
et al., 2006).

Analysis of the processing activity of rat liver cytosol revealed that liver cytosol from untreated
animals (200 μg) processed the 73 kDa DHFR-1A1 protein into a short 23 kDa fragment
(mostly DHFR with a short N-terminal fragment of 1A1 attached) and a larger 50 kDa fragment
of +33/1A1 (Figure 1B). Liver cytosol (30 μg) from rats treated with BNF, a known inducer
of class I and class II drug-metabolizing enzymes, had a markedly higher processing activity,
as seen by increased intensity of the 50 kDa band. Proteins precipitating at 25% and 75%
(NH4)2SO4 saturation did not have any detectable activity, while the 50% (NH4)2SO4
precipitate showed a high processing activity. In control liver, BNF-treated liver, and the 50%
(NH4)2SO4-precipitated fractions, a 90 kDa and 40 kDa protein species bound to aprotinin,
suggesting that these factors may participate in CYP1A1 processing (Figure 1C). BNF induces
the expression of CYP1A1 (Whitlock, 1986; Xu et al., 2005) in C6 glioma cells. In addition,
we have previously shown that BNF treatment for > 72h induces an accumulation of
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mtCYP1A1 (+33/1A1), an effect accompanied by a sharp reduction in microsomal CYP1A1
(mcCYP1A1) most likely because of vastly different CYP1A1 turnover rates in these
subcellular compartments (Boopathi et al., 2000). The effect of inhibition of cytosolic CYP1A1
processing on the time-dependent accumulation of mtCYP1A1 was investigated using the Ser
protease inhibitor, Pefabloc (AEBSF-HCl). Pefabloc markedly inhibited the accumulation of
mtCYP1A1 in C6 glioma cells, showing that processing by a Ser protease is required for
mitochondrial targeting (Figures 1D and F). In contrast, accumulation of CYP1A1 up to 72h
and a sharp decline after 72h of treatment was unaffected by Pefabloc (Figure E and F).

Purification and Characterization of the Processing Protease
Since BNF increased endoprotease activity and the levels of aprotinin-binding proteins (Figure
1B and C), we purified the processing protease from liver cytosol of BNF-treated rats. The
endoproteolytic processing of DHFR-1A1 into putative 50 kDa and 23 kDa fragments was
used as an index of purification. The 50% (NH4)2SO4 precipitate showing processing activity
was subjected to chromatography on a DEAE-Sephacel column. The proteins eluted as several
major and minor peaks (Figure S1A in the Supplemental Data), with only the peak IV fraction
showing processing activity (Figure S1B). This processing activity was inhibited by the Ser
protease inhibitor, aprotinin (250 μg/ml) (Figure S1C). Far western blot analysis of all fractions
using biotinylated aprotinin and streptavidin-conjugated secondary antibodies revealed that
only the 90 kDa and 40 kDa proteins from fraction IV interacted with aprotinin (Figures S1D-
F).

The peak IV fractions were pooled and further purified using aprotinin-agarose affinity
chromatography (Goldberg, 2000; Bicknell et al., 2001). Proteins bound to the aprotinin
column were eluted with a step gradient of 1 M and 2 M NaCl (Figure 2A). SDS-PAGE of the
eluted fractions revealed that the 1 M NaCl-eluted fractions contained multiple proteins ranging
from about 20 kDa to greater than 100 kDa, while the 2 M NaCl-eluted proteins resolved into
40 kDa and 90 kDa bands (Figure 2B). The 2 M NaCl-eluted fraction contained processing
activity, which was inhibited by Pefabloc (Figure 2C) or aprotinin (not shown). Additionally,
both the 90 kDa and 40 kDa proteins interacted with biotinylated aprotinin, as determined by
far western blot analysis (Figure 2D). As shown by silver-stained gels, successive
(NH4)2SO4, DEAE-Sephacel, and aprotinin-agarose fractionation generated about 2 μg of
protein (last lane) from 12 g of BNF-treated liver cytosolic protein.

Next, the 90 kDa and 40 kDa protein species, designated p90 and p40, were in-gel digested
with trypsin and subjected to LC-MS using MALDI-QSTAR mass spectrometry. The 90 kDa
protein yielded peptide fragments that matched the recently identified human transmembrane
Ser protease 9 (also known as polyserase 1) and covered about 60% of length. Two peptides
from p90 with mass values (m/z) of 2255.7 and 2201.61 as well as two peptides from p40 with
mass values (m/z) of 1883.02 and 1865.19 were analyzed by MS/MS for amino acid sequencing
(Figure 2F). Both peptides from p90 had sequences that matched the rat ortholog of human Ser
protease 9 by 100%. The predicted nucleotide sequences of the p40 peptides matched a
sequence entry in the rat genome that corresponded to a 1467 bp mRNA encoding a 42 kDa
protein. More recently, a larger splice variant of this gene encoding a 63 kDa protein has also
been reported (XM_001064945). This splice variant exhibits ~ 50% sequence identity with
human transmembrane Ser protease 9. The LC-MS data for p40 matches well with this
sequence. The mouse ortholog of this gene, which encodes a 85 kDa protein (XM_906114.3),
has recently been characterized.

A partial cDNA for p90 hybridized to ~ 4.8 kb and 3.1 kb RNA species in BNF-treated rat
liver and to a ~ 1.4 kb RNA species in control liver (Figure S2A). The identity of the shorter
RNA in liver from control animals is unknown. The two closely migrating mRNAs in the BNF-
treated group may represent splice variants. We also observed a 2.5 – 3 fold increase in the 4.8
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kb mRNA in BNF-treated rat brain, although the 3.1 kb mRNA was not seen in this tissue.
Immunoblot analysis revealed that p90 levels were increased more than 4-fold in the liver and
brain of BNF-treated rats (Figure S2B). A partial cDNA for p40 hybridized to a considerable
amount of 2.1 kb mRNA in the liver and brain of control rats. BNF treatment increased the
levels of this mRNA by 2 – 3-fold in both tissues (Figure S2C). Immunoblot analysis using a
peptide-specific antibody also showed a 2 – 3 fold increase in p40 levels following BNF
treatment (Figure S2D). These results show that BNF induces the p90 by about 6-fold and p40
by about 2 – 3 fold.

Processing Activity Requires Both p40 and p90
To better understand the role of each subunit, we determined the apparent size of the active
protease by resolving the DEAE column-purified protein (Figure S1) on a Sephacryl-S200 gel
filtration column (Figure 3A). Only fractions 18 – 24 (size range 140–150 kDa) had processing
activity (Figure 3B). The latter two factions (i.e., 33 – 39 and 45–51) had processing activity
when combined, although they were unable to process DHFR-1A1 protein individually (Figure
3C). Immunoblot analysis revealed that fractions 18 – 24 contained both p90 and p40, fractions
33 – 39 contained p90, and fractions 45 – 51 contained p40 (Figures 3D–F). These proteins
had a relative size of ~ 140 kDa, 90 kDa, and 40 kDa, based on the elution patterns of marker
proteins (Figure 3A).

Ser Protease Inhibition Blocks CYP1A1 Processing and Mitochondrial Targeting
The effects of different types of protease inhibitors on the in vitro processing of DHFR-1A1
were investigated. DHFR-1A1 processing was inhibited by Ser protease inhibitors (aprotinin,
Pefabloc, and antipain), trypsin-inhibitor, or benzamidine (Figures 4A–C). However, calpain
had no detectable effect (Figure 4C). In COS cells expressing DHFR-1A1, both DHFR-1A1
and processed 1A1 were detected in the cytosol (Figure 4D). Presennce of processed CYP1A1
in the cytosol may reflect a slow kinetic rate of mitochondrial targeting in this overexpression
system. In accord with in vitro findings, incubation of these cells for 48 hr with increasing
amounts of Pefabloc led to a progressive disappearance in cytosolic 1A1 (Figure 4D). The role
of cytosolic processing on mitochondrial targeting of CYP1A1 was also investigated using the
DHFR-1A1 fusion system. Since the leader sequence of DHFR lacks a targeting signal, we
reasoned that only endoprotease-processed protein with an activated mitochondrial signal
would enter mitochondria. The mitochondrial fraction of COS cells was treated with trypsin
to eliminate cytosolic contamination (Figure 4E). Fully processed mitochondrial CYP1A1
(+33/1A1) was present in non Pefabloc-exposed cells, but decreased with increasing
concentrations of Pefabloc. Although not shown, the mitochondrial targeting of CYPc27 was
unaffected by Ser protease inhibitors aprotinin, Pefabloc, and antipain. These results confirm
that a Ser protease activates the cryptic targeting signals through endoproteolytic processing
and that its activity is essential for CYP1A1 mitochondrial targeting.

Sequence Specificity of the Processing Protease
CYP1A1 is primarily processed between residues +32 and +33 (Addya et al., 1997; Dasari et
al., 2006), while very minor processing occurs between residues +4 and +5. Val32 occupies
the P1 site of the predicted Ser protease cleavage site, while the P’2 position is occupied by
Thr, P’3 an Arg, P2 an Arg, and P3 a Val (Figure 5A). This cleavage site is conserved in
CYP1A1 of all vertebrate species for which sequence information is available (Dasari et al.,
2006). Point mutations were introduced in this site (Figure 5A), and the processing of the
partially purified enzyme was investigated both in vitro and in transfected COS cells. Mutant
proteins V29L and V30L were processed at a lower level than wild type protein (Figure 5B).
However, the processing activity was nearly abolished by R31L, V32R, T33L, R34L, T35L,
or W36D. In keeping with these findings, only the V29L and V30L proteins were detected in
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trypsin-treated mitochondrial fractions from COS cells (Figure 5C). These results indicate that
CYP1A1 processing by cytosolic endoprotease is sequence specific, and they suggest that both
the core cleavage site (+32/+33) and the flanking amino acids are important for processing.

AK131261 Overexpression in p90-Poor 3T3 Cells Increases CYP1A1 Processing and
Mitochondrial Targeting

Both p40 mRNA (2.1 kb) and p90 mRNA (4.8 kb/3.1 kb) were moderately high in COS-7 cells
(Figure S3). However, in 293-T and 3T3 cells, p40 mRNA was high, while p90 mRNA was
very low. The opposite was true in C2C12 cells. Analysis of the in vitro processing activity of
cytosolic fractions [25 – 50% (NH4)2SO4 fraction] from these cells revealed that COS cell
cytosol exhibited high activity, while cytosol from all other three cell types had low to
undetectable activity (Figures 6A and 6B).

Consistent with the low processing activity of 3T3 cytosol, mitochondrial targeting of
DHFR-1A1 in these cells was very low (Figures 6C and 6D). DHFR-1A1 accumulated in the
cytosol, with considerable amounts also being present in the mitochondrial fraction, possibly
due to adventitious binding. However, no appreciable processed CYP1A1 was detected in
mitochondrial fractions. To determine if reduced DHFR-1A1 mitochondrial targeting was due
to low p90 expression, we transfected 3T3 cells with AK131261 cDNA, which encodes a 90
kDa variant containing intact second and third Ser protease domains, but lacking the N-terminal
most Ser protease domain (Cal et al., 2003). The first and second domains of polyserase 1 are
independently active in protein processing, and the third domain is relatively inactive (Cal et
al., 2003). AK131261 expression increased the level of processed CYP1A1 in the
mitochondrial fraction and reduced levels of full-length fusion protein in the cytosol (Figure
6C). Treatment of mitochondrial fractions with trypsin led to the disappearance of DHFR-1A1,
confirming that it was externally adhered to mitochondria (Figure 6D). However, processed
CYP1A1 protein was nearly completely protected against trypsin, suggesting that it is
intramitochondrial. In experiments involving CYP1A1 cDNA transfection in 3T3 cells,
increasing concentrations of AK131261 cDNA also increased levels of trypsin-resistant
mtCYP1A1 (Figures S4A–C). Levels of mcCYP1A1 were not altered by AK131261,
suggesting that the cytosolic Ser protease does not regulate this CYP pool. These results, along
with the biochemical data in Figure 3, confirm that both subunits are necessary for the cytosolic
processing and mitochondrial targeting of CYP 1A1.

Identification of Other Cytosolic Endoprotease Substrates That Are Bimodally Targeted to
Mitochondria

Using Fusspro algorithm (part of EMBOSS tool set from EMBL) we identified RXRα, GR
and p53 as possible substrates for this protease. Search criteria included the presence of a Ser
protease-like processing site, similar to that of +33/1A1 that was situated near the N-terminus
of the protein. Ser-protease consensus site that is conserved among human, rat, and mouse
sequences (Figure 7A) were found in all three proteins. Since these proteins are known to be
imported into mitochondria we investigated their in vitro and in vivo processing by the
cytosolic Ser protease. Under in vitro conditions, 35S-labeled p53 was processed into a number
of fragments, including a major 40 kDa fragment, and this processing was inhibited by Pefabloc
(Figure 7B). In COS cells, both the cytosolic and mitochondrial fractions contained the full-
length protein as well as a major 42 kDa processed product. Pefabloc treatment blocked the
appearance of this fragment in both fractions (Figure 7C). Only the ~ 40 kDa fragment was
resistant to trypsin treatment of mitochondrial fractions, indicating that it is a mitochondrial
imported species. GR was processing into a ~ 93 kDa species under the in vitro conditions
(Figure 7D). A similar processing pattern was observed in COS cells transfected with GR
cDNA (Figure 7E). Both the intact and 93 kDa fragment were completely degraded by the
addition of trypsin to the cytosol. However, the 93 kDa fragment associated with the
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mitochondrial fraction was more resistant to trypsin treatment than the intact protein. Similar
in vitro and in vivo processing patterns were observed for RXRα (Figures 7F and 7G), which
had a mitochondrial-imported processed product of ~ 44 kDa. These results suggest that, as
with CYP1A1, the cytosolic processing of GR, RXRα, and p53 is coupled to mitochondrial
import. Although not shown, in all the three proteins, cryptic mitochondrial targeting signals
were present immediately past the putative processing sites.

p90 or p40 siRNA-Induced Down Regulation of Processing Activity Inhibits CYP1A1
Mitochondrial Translocation

The role of p90 and p40 in the regulation of mitochondrial CYP1A1 biogenesis was further
investigated using a siRNA approach. In COS cells expressing the p90 siRNA, p40 siRNA, or
both siRNAs, cytosolic levels of processed DHFR-1A1 were reduced (Figure 8A). The
mitochondrial level of processed CYP1A1 was also considerably reduced. Since the peptide
antibodies raised against rat p90 and p40 did not cross react with the human orthologs, far
western blot analysis was used to determine the steady-state levels of the two subunits in COS
cell extracts. As shown in Figure 8B, the cytosolic levels of both proteins were significantly
reduced in cells transfected with siRNAs targeted to the respective mRNAs (Figure 8B).
Neither p90 nor p40 was detected in mitochondrial fraction of transfected cells, indicating that
they were predominantly cytosolic. High levels of trypsin-resistant CYP1A1 were present in
mitochondrial fractions from non siRNA-transfected cells (Figure 8C), and mtCYP1A1 was
markedly reduced in cells transfected with one or both of the siRNA constructs. Trypsin
completely degraded the cytosolic fusion protein and processed product.

We also investigated the effect of silencing the cytosolic Ser protease (p90 and p40) on the
microsomal and mitochondrial distribution of CYP1A1 in transfected COS cells. Immunoblot
in Figure 8D and quantification in 8F show that microsomal CYP1A1 was unaffected by siRNA
targeted silencing of p90, p40 or both. The level of mtCYP1A1 in trypsin treated mitochondria
(Figure 8E and 8F) was vastly reduced in these cells. The siRNA-mediated knock down of Ser
protease subunits also inhibited the mitochondrial targeting of GR (Figures S5A and S5B),
RXRα (Figures S5C and S5D), and p53 (Figures S5E and S5F). These results provide direct
proof that both p90 and p40 Ser protease subunits participate in the processing and
mitochondrial biogenesis of CYP1A1, as well as of other proteins containing non canonical
targeting signals.

DISCUSSION
Sequence-specific endoproteases regulate a myriad of cellular processes including activation
of trypsin family proteases, regulation of clotting through activation of thrombin and fibrin,
post-translational processing and activation of both endocrine and exocrine peptide hormones,
and removal of signal peptides from the precursor proteins in the ER and mitochondria (Roise
and Schatz, 1988, Rapaport, 2003). Here, we describe a new function for a cytosolic
endoprotease in targeting bimodal proteins to the mitochondrial compartment. The
endoprotease activates cryptic mitochondrial targeting signals in CYP1A1 and a number of
other non canonical signal-containing proteins that are targeted to mitochondria. This is
probably the first demonstration that a cytosolic Ser protease participates in mitochondrial
biogenesis by regulating protein targeting.

We have previously shown that BNF, an inducer of family I CYPs and also cytosolic GSTs,
stimulates the mitochondrial localization of CYP1A1 in C6 glioma cells and rat liver (Addya
et al., 1997; Bhagwat et al., 1999; Boopathi et al., 2000; Dasari et al., 2006). The identity of
mitochondrial CYP1A1 and the precise sites of processing were established by sequencing the
purified protein (Addya et al., 1997). Here, we purified two polypeptide subunits of ~ 90 kDa
and 40 kDa using a combination of DEAE-Sephacel and aprotinin-Sepharose affinity column
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chromatography. The overall processing activity and particularly, the steady-state level of the
p90 subunit was induced by BNF (Figure S2). A key observation here is that the xenobiotic
agent, BNF, not only affected the mitochondrial biogenesis by increasing protease activity, but
also increased the mitochondrial drug metabolism/detoxification potential, possibly as part of
the cellular defense system.

Both the p90 and p40 contain Ser-protease domains, as predicted by sequence analysis and/or
direct biochemical assays (Cal et al., 2003). This is further supported by the finding that both
of subunits bind to aprotinin, an active site inhibitor of Ser proteases (Figure 2). Surprisingly,
both subunits were required for efficient processing of DHFR-1A1, both in vitro and in vivo.
Both subunits were also required for processing-coupled mitochondrial translocation of p53,
GR, and RXRα (Figure S5).

Multiple results demonstrate that both subunits are essential for processing activity. 1)
Sephacryl S200 column-eluted fractions with an apparent size of 140 kDa were fully active,
while those with sizes of 90 and 40 kDa were completely inactive. 2) Cells with low endogenous
levels of p40 or p90 exhibited low in vitro and in vivo processing activity, as well as
mitochondrial localization. 3) Overexpression of a portion of p90 (second and third Ser protease
domains of Ser protease 9) in p40-rich 3T3 cells (Ser protease 9-like protein) restored
processing activity. 4) siRNA-mediated silencing of either subunit markedly inhibited both in
vitro and in vivo processing of DHFR-1A1 in COS cells. These results support the idea that
the active enzyme is a heterodimeric complex. This is in line with studies showing that plasma
membrane-anchored matrix proteases facing the exterior of the cells function as homo- or
hetero-dimers (Bell et al., 2003; Cal et al., 2003).

Transmembrane Ser proteases containing trypsin-like catalytic domains are mostly targeted to
the plasma membrane or secreted into the lumen of the ER via a signal peptide. In mammals,
13 members of this family, called transmembrane Ser proteases, have been identified. The
complex mosaic architecture of Ser protease 9 (polyserase 1) is conserved in mouse and rat
orthologs, although the functional significance of this multidomain architecture remains
unclear. In the case of human liver polyserase 2, the activity of the first protease domain, as
an independent unit, is greater than that of the entire protein, which includes the two additional
Ser protease domains predicted to be catalytically inactive (Cal et al., 2005). A similar mosaic
structure is present in Ser proteases from other vertebrates as well as invertebrates (Lindsay,
et al., 1999; Hiyoshi et al., 2002; Krem and Cera 2001; Ross et al., 2003). Oviductin from
Xenopus laevis or Bufo japonicus contains two Ser protease domains that also undergo
proteolytic processing to generate independent, catalytically active units (Lindsay et al.,
1999). The p90 subunit appears to be a post-translationally processed form of Ser protease 9,
which is a 110 kDa plasma membrane-bound protein. Activity profiles of bacterially expressed
individual domains show that the N-terminal most and the second Ser protease domains are
active, while the C-terminal most domain is inactive. In COS cells overexpressing the full-
length 110 kDa protein, both the 110 kDa membrane-bound form and the soluble 90 kDa form
are present (Cal et al., 2003). However, the precise mechanisms underlying processing or the
factors regulating this processing are unknown. The 3.1 kb mRNA species observed here may
represent a splice variant encoding the 90 kDa soluble form.

Many Ser proteases undergo oligomerization, which is thought to facilitate alignment of
canonical substrate sites in the substrate-binding pocket of the enzyme (Bell et al., 2003). The
alpha helical structure of the substrate recognition site sterically blocks access to the peptide
bond, and this steric hindrance is overcome through enzyme oligomerization (Bell et al.,
2003; Batra et al., 2001). Oligomerization is also one of the strategies evolved by the cytosolic
protease to facilitate substrate binding and orient the disulphide bridges. Therefore, we propose
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that the Ser protease characterized here is a functional dimer of p90 and p40, similar to Ser
proteases found in other cellular compartments.

A previous analysis of the N-terminus of mitochondrial CYP1A1 revealed that processing
occurs between V32 and T33. Mutational analysis in this study suggests that the flanking three
amino acids are also important for processing activity. Ser proteases that cleave at P1 sites
occupied by non-canonical amino acids are not uncommon. For example, kallikrein specifically
cleaves low molecular weight kininogen between Met-Lys and Arg-Ser to generate the
vasoactive kinin peptide (Muller-Esterl et al., 1986). Both mutational analysis and N-terminal
sequencing (Addya et al., 1997) show that the Ser protease described here cleaves between a
non-canonical Val-Thr to generate mtCYP1A1. N-terminal sequencing also revealed that
minor processing occurs between Val4 and Ser5. Using DHFR-1A1, we were unable to detect
the +5 processed species either in vitro or in vivo. A free N-terminus is likely required for the
enzyme to gain access to the +4 residue for processing. Alternatively, a different enzyme may
perform this minor processing.

Although the Ser protease inhibitor, Pefabloc, reduced mitochondrial CYP1A1, microsomal
CYP1A1 levels were unaffected by this inhibitor or by AK131261 overexpression. A marked
decline in the microsomal CYP1A1 and increase in mtCYP1A1 content in C6 glioma calls
treated with BNF for >72h mostly reflects different turnover rates of CYP1A1 in these two
subcellular compartments (Boopathi et al., 2000). An additional factor is the increased Ser-
protease activity under prolonged treatment conditions which also contributes to increased
mitochondrial targeting. In addition, DHFR-1A1, which was not targeted to the ER membrane,
was efficiently processed and directed to mitochondria. These results suggest that the cytosolic
pool of CYP1A1 is the substrate for the Ser protease. We previously reported that nascent CYP
proteins have different SRP affinities and up to 30% of CYP1A1 is translated as free protein.
Furthermore, CYP affinity for SRP is modulated by phosphorylation of nascent chains by PKA
or PKC (Dasari et al., 2006). Thus, translation on free ribosomes and endoproteolytic
processing at the N-terminus are important regulatory steps for the mitochondrial targeting of
CYP1A1 and probably other CYP and non CYP proteins.

Purified protease processed not only 1A1, but also GR, RXRα, and p53, facilitating the
mitochondrial import of each of these proteins. In each case, processing exposed a cryptic
mitochondrial import signal at or very close to the N-terminus. The finding that a cytosolic Ser
protease activates cryptic signals contained within CYP1A1 and other proteins provides direct
support for the hypothesis that chimeric signals direct the bimodal targeting of proteins. Our
findings also provide a rational basis for the import of non canonical signal-containing proteins
into different submitochondrial compartments.

EXPERIMENTAL PROCEDURES
Expression Plasmids

DHFR was fused to the N-terminus of CYP1A1 (Yabusaki et al., 1984) through an EcoRI
linker, and the fusion construct was cloned into pCMV4 or pGEM7zf plasmids. The cDNA
constructs were engineered to contain a Kozak consensus sequence immediately upstream of
the initiator ATG codon. Point mutations were introduced in the predicted trypsin-like cleavage
site using the QuickChangeTM Site-Directed Mutagenesis System (Stratagene).

BNF Treatment of Animals and Isolation of Liver Cytosol
Male rats (~ 150 g, Harlan Sprague-Dawley Inc.) were subcutaneously injected with BNF (80
mg/kg body weight in corn oil) once daily for 6 – 10 days, as described elsewhere (Niranjan
et al., 1984). Control rats received equivalent amounts of corn oil. All animal procedures, which
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were carried out as previously described (Niranjan et al., 1984), complied with NIH guidelines
and were approved by the Institutional Animal Care and Use Committee. Liver cytosol was
isolated in sucrose-mannitol buffer (2 mM HEPES, pH 7.4; 70 mM sucrose; 220 mM mannitol;
2 mM EDTA), as detailed previously. The cytosolic fraction (120,000 × g supernatant) was
dialyzed against 50 mM phosphate buffer and subjected to (NH4)2SO4 fractionation using
standard procedures. The (NH4)2SO4 precipitates were dissolved in 50 mM KH2PO4 buffer
(pH 7.5) containing 5 mM NaCl and dialyzed against the same buffer. Insoluble proteins were
collected by centrifugation at 10,000 × g for 10 min and stored at −80°C.

Aprotinin-Sepharose Affinity Chromatography
Aprotinin (Sigma) was biotinylated (Melrose et al., 1995), and biotinylated aprotinin (5 mg)
was bound to an avidin monomer affinity column (10 ml bed volume) (Green and Toms
1973; Henrikson et al., 1979). The DEAE Sephacryl-fractionated proteins were further purified
by aprotinin affinity column chromatography as detailed elsewhere (Melrose et al., 1995). The
samples (50 – 200 μg protein) were applied to a 10 ml aprotinin-agarose affinity column in 50
mM Tris-HCl buffer (pH 7.4) containing 0.5 M NaCl. Unbound proteins were eluted with five
bed volumes of the same buffer. Bound proteins were successively eluted with 1 ml of 50 mM
sodium acetate buffer (pH 3.5) containing 1 and 2 M NaCl. Aliquots were collected from each
fraction to monitor proteolytic activity using DHFR1A1 as substrate. The active fractions were
pooled, dialyzed against 50 mM sodium phosphate buffer (pH 7.0), and stored at −80°C.

Size-Exclusion Chromatography
Gel filtration column chromatography was performed using Sephacryl S200. The column had
a fractionation range of 10 to 500 kDa. The column (i.d.: 16 mm; h: 60 cm, 125 ml, Amersham
Bioscience) was extensively washed and equilibrated with 50 mM phosphate buffer (pH 7.4)
containing 200 mM NaCl. The column was calibrated with the following standards: carbonic
anhydrase (Mr ~ 29,000), ovalbumin (43 kDa) bovine serum albumin (Mr ~ 76,000), and
alcohol dehydrogenase (Mr ~ 150,000). The DEAE column-purified fraction (400 μg protein)
was loaded at a flow rate of 0.5 ml/min. The fractions were tested for processing activity and
subjected to immunoblot analysis using p90 and -p40 antibodies.

Assay for DHFR-1A1 Processing
DHFR1A 1 protein was synthesized in a coupled rabbit reticulocyte lysate translation system
(Promega) in presence of 35S Met (40 mCi/200 μl, 1175 Ci/mmol, Amersham). The post
ribosomal supernatant was prepared by centrifugation at 105,000 × g for 1 hr at 4°C. Processing
reactions were carried out in a total volume of 50 – 100 μl with 50,000 cpm of translation
product as well as with 200 μg cytosolic fraction, 50 μg (NH4)2SO4 fractions from cells or
liver, or 2 μg DEAE-Sephacel column-purified fraction. Cytosolic extracts from COS-7, NIH
3T3, 293T, and C2C12 cells were fractionated and enriched using 50% (NH4)2SO4 cut for
assaying DHFR-1A1 processing. The reactions were performed in 20 mM phosphate buffer
(pH 7.6) containing 0.5 mM MgCl2 for 30min at 37°C and were terminated by addition of
Pefabloc (100 μM final concentration). Inhibitors, aprotinin (250 μg/ml), or Pefabloc (100
μM), were added during the beginning of the reaction. The full-length substrate and processed
products were analyzed by SDS-PAGE and the labeled proteins were imaged through a
Molecular Dynamics STORM Phosphoimager system, and were quantified using ImageQuant
5.2 software.

Far western Blot Analysis using Biotinylated Aprotinin
Aprotinin immunoblotting was performed as described previously (Melrose et al., 1995).
Proteins from polyacrylamide gels were transferred to nitrocellulose membrane and probed
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with horse radish peroxidase-conjugated avidin antibody. The blots were developed with the
chemiluminiscence substrate, super signal femto (Pierce Biotechnology, Inc.).

Cell Culture, Transfection and Cell Fractionation
COS-7, NIH 3T3, 293T and C2C12 cells were grown and transiently transfected with various
cDNA constructs as described elsewhere (Addya et al., 1997; Guha et al., 2007). Cultures were
maintained in Dulbecco’s modified Eagle’s medium containing 10% (v/v) fetal bovine serum
and gentamycin (50 μg/ml). Cells were transfected for 66–72 hr with column-purified plasmid
DNA (2 – 10 μg/plate) using the lipophilic transfection reagent, fugene-6 (Quiagen). Cells
were disrupted using a Teflon-fitted glass homogenizer, and homogenates were subjected to
differential centrifugation to isolate mitochondria (Addya et al., 1997). Mitochondrial fractions
were gently resuspended in sucrose/mannitol and purified by banding through a discontinuous
sucrose gradient (Addya et al., 1997). Mitochondrial fractions migrating to the 1.35 and 1.6 M
sucrose interface were recovered, washed twice with sucrose/mannitol buffer, and analyzed
by immunoblotting. In specified experiments, mitochondria in sucrose/mannitol buffer were
treated with trypsin (150 μg/ml) for 15–45 min at 4°C.

Northern Blot Analysis
Nylon filters containing total RNA (30 μg per lane) were prehybridized at 42°C for 3 hr in 50%
formamide, 5 × saline/sodium phosphate/EDTA, 10 × Denhardt’s solution, 2% SDS, and 100
μg/ml denatured salmon sperm DNA. The partial cDNAs of EST clones for the 90 and 40 kDa
proteases were 5’ labeled by nick translation and then used for hybridization, which was
performed at 65 °C for 20 h. The filters were washed with 5 × SSC and 0.1% SDS at room
temperature for 20 min, washed with 0.1 × SSC and 0.1% SDS at 50°C for an additional 20
min, and then autoradiographed.

Immunoblot Analysis
The mitochondrial, microsomal and the cytosolic proteins were dissociated in Laemmli’s
sample buffer at 65°C for 15 min and subjected to immunoblot analysis by standard conditions.
The membranes were probed with polyclonal antibody to CYP1A1, stripped with glycine
solution (100 mM, pH 3), and reprobed with Actin, cytochrome P450 reductase or CcO Vb
antibodies. The latter served as loading controls for the cytosolic, microsomal and
mitochondrial fractions, respectively. The blots were developed using Pierce Femto Super
signal reagent. The band intensity was determined using the VersaDoc Imaging System Model
3000 (Bio-Rad).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CYP1A1 Processing Activity of Rat Liver Cytosol
(A) The DHFR-1A1 fusion construct used as a substrate for processing assays.
(B) DHFR-1A1 processing by liver cytosol from control and BNF-treated rats as well asby
(NH4)2SO4 (AMS)-fractionated liver cytosol from the BNF group. The 1A1 (51 kDa) and
DHFR (23 kDa) processed fragments are indicated. “S” indicates substrate alone.
(C) Far western analysis of cytosolic liver protein with aprotinin.
(D and E) Immunoblot analysis of 1A1 in trypsin treated (150 μ/ml, 30 min) mitochondrial
(D) and microsomal fractions (E) from C6 glioma cells treated with 0.1% DMSO (“C”) or
exposed to BNF (50 μM) ± pefabloc (“I”, 300 μM) for the indicated time.
(F) Relative distribution of mitochondrial and microsomal CYP1A1 in BNF treated C6 glioma
cells based on a 2.5:1 ratio of microsomes and mitochondria recovered by cell fractionation.
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Figure 2. Endoprotease Purification by Aprotinin-Agarose Affinity Chromatography
(A) Elution pattern of aprotinin-agarose column-bound proteins. The DEAE Sephacel-purified
fraction (IV) was loaded onto the aprotinin-agarose column, and bound proteins were eluted
using a NaCl step gradient.
(B) Cypro Ruby-stained protein fractions separated by SDS-PAGE.
(C) Proteolytic activity of protein fractions, as determined using 35S-labeled DHFR-1A1 as
substrate. “S” indicates substrate alone, and “I” indicates reactions performed in the presence
of Pefabloc.
(D) Far western blot analysis of fractions using aprotinin.
(E) Polyacrylamide gel electrophoresis (12%) of fractions at each progressive purification
stage. Proteins shown, from left to right, are total liver cytosolic protein (Con, 10 μg protein),
the liver cytosolic fraction from BNF-treated animals (BNF, 10 μg), molecular weight markers
(MW), the 50% (NH4)2SO4 fraction (AMS, 10 μg), the peak IV DEAE sephacel-purified
fraction (DEAE, 3 μg), and the aprotinin-agarose purified fraction (Affinity, 0.5 μg).
(F) Peptide sequences for p90 and p40.
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Figure 3. Size Exclusion Chromatography of the Processing Protease
(A) Rates of elution of alcohol dehydrogenase (Ald), bovine serum albumin (BSA), ovalbumin
(Ova), and carbonic anhydrase (Can) from the Sephacryl-200 column, based on apparent size.
(B) Resolution of 35S-DHFR-1A1 processing activity by size. Fractions 18–27 corresponded
to 140 – 150 kDa, fractions 33 – 39 to 90 kDa, and fractions 45 – 51 to 40 kDa. 5μg protein
each was used for assaying processing activity.
(C) Combined effects of proteins from fractions 33–39 and 45–51 in 35S DHFR-1A1
processing.
(D–F) Immunoblot analysis of Sephacryl S200-eluted fractions using p90 and p40 peptide
antibodies.
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Figure 4. Effect of Protease Inhibitors on DHFR-1A1 Processing In Vitro and In Vivo
(A–C) Processing of 35S-DHFR-1A1 by DEAE column-purified enzyme (1 μg) in the absence
or presence of aprotinin (0.01, 0.1, or 0.5 mg/ml), Pefabloc (0.001, 0.01, or 0.1 mM), antipain
(0.01, 0.1, or 10 μM), Soybean trypsin inhibitor (0.01, 0.1, or 10 μM), benzamidine (0.01, 0.1
or 1mM), or calpain inhibitor I (5, 25, or 50 μM). The enzyme was preincubated with the
indicated inhibitor for 15 min at 37°C prior to the final incubation (30 min, 37°C) with
DHFR-1A1. “S” indicates substrate alone.
(D and E) Immunoblot analysis of 1A1 in cytosolic (D) and trypsin-treated (150 μg/ml, 30
min) mitochondrial proteins (E) isolated from DHFR-1A1-expressing COS cells incubated
without [I(−)] or with Pefabloc (1 – 300 μM).
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Figure 5. Sequence Specificity of the Processing Protease
(A) CYP1A1 signal domains and processing site mutations.
(B) Processing of wild type and mutant 35S-DHFR-1A1 by DEAE-Sephacel column purified
enzyme.
(C) Processing of mutant DHFR-1A1 in COS cells, as shown by SDS-PAGE of trypsin-treated
(150 μg/ml, 30 min) mitochondrial fractions (50 μg per lane).
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Figure 6. Cell-Type Specific CYP1A1 Processing Activities
(A and B) Processing of 35S-DHFR-1A1 by (NH4)2SO4-fractionated cytosolic extracts (50%
fraction, 25 – 75 μg) from COS-7, 293T, C2C12, and NIH 3T3 cells. “I” indicates that the
reaction was performed in the presence of Pefabloc (100μM).
(C and D) Immunoblot analysis of 1A1 in cytosolic and mitochondrial fractions isolated from
AK 131261- and/or DHFR-1A1-overexpressing NIH3T3 cells. In (D), the mitochondrial
fractions were subjected to trypsin digestion (150 μg/ml, 30 min) prior to immunoblot analysis.
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Figure 7. Processing of Other Substrates by the Purified Endoprotease
(A) Putative protease processing sites on other mitochondrial-targeted proteins containing non-
canonical targeting signals.
(B, D, F) In vitro processing of 35S-p53 (B), GR (D), or RXRα (F) by purified protease in the
presence or absence of Pefabloc (100 μM). Processing was allowed to proceed for 30 min at
37°C.
(C, E, G) Processing of transfected p53 (C), GR (E), or RXRα (G) in COS cells treated with
or without Pefabloc (300 μM), as determined by immunoblot analysis of cytosolic and
mitochondrial fractions.
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Figure 8. Effect of p90 and p40 mRNA Depletion on DHFR1A1 Processing Activity and CYP1A1
targeting in COS Cells
(A) Immunoblot analysis of 1A1 in cytosolic and mitochondrial fractions (50 μg protein per
lane) from COS cells expressing p90 and/or p40 siRNA and cotransfected with DHFR-1A1.
(B) A duplicate blot was subjected to far western blotting using biotinylated aprotinin to
determine the relative levels of p90 and p40.
(C) Samples in Figure 8A were reanalyzed following treatment with trypsin (150 μg/ml, 30
min).
(D) Immunoblot analysis of mitochondrial and microsomal proteins expressing p90 and or p40
siRNA, co-expressing CYP1A1 protein.
(F) Mitochondrial samples from (A) were reanalyzed following treatment with 150 μg/ml
trypsin (30 min).
(E) Relative distribution of microsomal and mitochondrial CYP1A1 based on the 2.5:1
recovery of these membrane fractions by cell fractionation.
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