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A Mitochondrial Protease with
Two Catalytic Subunits of
Nonoverlapping Specificities

Jodi Nunnari, Thomas D. Fox, Peter Walter

The mitochondrial inner membrane protease is required for the maturation of mitochon-
drial proteins that are delivered to the intermembrane space. In the yeast Saccharo-
myces cerevisiae, this protease is now shown to be a complex that contains two catalytic
subunits, Imp2p and the previously identified Imp1p. Primary structure similarity indi-
cates that Imp1p and Imp2p are related to each other and to the family of eubacterial
and eukaryotic signal peptidases. Imp1p and Imp2p have separate, nonoverlapping
substrate specificities. In addition to its catalyzing the cleavage of intermembrane space
sorting signals, Imp2p is required for the stable and functional expression of Imp1p.
Thus, inner membrane protease, and by analogy eukaryotic multisubunit signal pepti-
dases, may have acquired multiple catalytic subunits by gene duplication to broaden

their range of substrate specificity.

Nuclear-encoded mitochondrial proteins
that are targeted to the intermembrane
space (IMS), such as cytochrome ¢, and
cytochrome b,, are synthesized as precursors
by cytosolic ribosomes. Both pre—cyto-
chrome ¢, and pre—cytochrome b, contain
bipartite signal sequences that are processed
in two sequential proteolytic steps in dis-
tinct mitochondrial compartments (1-6).
The most amino-terminal part of the signal
sequence is a signal that is responsible for
targeting the proteins to mitochondria and
initiating import into the matrix compart-
ment. Matrix targeting signals have the
properties of positively charged, strongly
amphipathic a helices. During import, the
IMS precursor proteins become at least
partially exposed to the matrix space, where
the matrix targeting portion of the signal
sequence is removed by a soluble metallo-
protease, a protein complex consisting of
two related subunits, Maslp and Mas2p
(7-9). The second part of the signal se-
quence is a targeting signal required for

localization of the intermediate forms of the

proteins (i-cytochrome ¢, and i-cytochrome
b,) to the IMS (10, 11).

The mechanism by which the IMS sig-
nal targets these proteins to the IMS is still
unclear. According to the stop transfer
model, it mediates the direct import of the
protein into the IMS across the outer mem-
brane (10-13). Although translocation
into the matrix space is initiated by the
preceding matrix signal, the IMS signal
would function as a stop-transfer domain
that prevents protein translocation across
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the inner membrane. According to an al-
ternative view, the conservative sorting
model, the IMS targeting signal functions
to direct to the IMS the export of proteins
that have been fully imported across the
inner membrane into the matrix (14, 15).
In this case, the IMS signal would function
like bacterial signal sequences, which direct
the export of preproteins from the cyto-
plasm into the periplasmic space. At pres-
ent, there is experimental evidence consis-
tent with both proposed mechanisms (13,
15, 16).

Although most mitochondrial proteins
are encoded by nuclear genes, the mito-
chondrial genome of S. cerevisiae encodes a
small subset of its own proteins. One of
these proteins is the integral membrane
protein cytochrome oxidase subunit II
(COXII), a component of the inner mem-
brane cytochrome oxidase complex. The
COXII is synthesized as a precursor (pre-
COXII) by mitochondrial ribosomes that
are, presumably, membrane bound, and is
integrated co-translationally into the inner
mitochondrial membrane (17, 18). The
integration leads to the translocation of a
large part of pre-COXII across the mem-
brane into the IMS, where the pre-se-
quence is cleaved to produce mature COXII
(18, 19).

To lend insight into the mechanism of
maturation of IMS proteins, we examined
the question of whether the maturation
pathways of proteins that originate in two
distinct compartments, the mitochondrial
matrix and the cytoplasm, converge at
common components. One known com-
ponent that affects the maturation of both
the mitochondrial-encoded pre-COXII
and the nuclear-encoded cytochrome b, is
the inner membrane protease I (Implp).

SCIENCE ¢ VOL. 262 ¢ 24 DECEMBER 1993

. RESEARCH ARTICLES

The Implp is associated with the inter-
membrane face of the inner membrane
and is required for the processing of the
IMS signal from both pre-COXII and i-cy-
tochrome b, (20-22). On the basis of
sequence comparisons, Imp1lp is a member
of the signal peptidase family, a group of
eubacterial and eukaryotic membrane-
bound endoproteases that function to
cleave secretory signal sequences (22).
Indeed, IMS sorting signals are composed
of a stretch of hydrophobic amino acids
flanked by charged residues and, therefore,
closely resemble secretion signals, indicat-
ing that these related proteases also share
the structural features required for the
recognition of such signal sequences (8,
23, 24). The processing of the IMS sorting
signal of cytochrome ¢, does not require
Implp, however, indicating that a second
IMS protease must exist (20, 22).

We chose a genetic approach to further
examine the maturation pathways of IMS
proteins. Our initial strategy entailed a
screen for mutants that cause the accumu-
lation of pre-COXII, which were subse-
quently screened for effects on cytochrome
b, and cytochrome c,. The screen was
designed to identify novel gene products
that function at a point after convergence
of the biosynthetic pathways of mitochon-
drial-encoded and nuclear-encoded IMS
proteins.

Accumulation of precursor and inter-
mediate forms of IMS proteins in mutant
cells. For the isolation of S. cerevisiae mu-
tants with specific defects in the synthesis
or processing of mitochondrial-encoded
proteins, we screened a bank of nonrespir-
ing mutants (pet” mutants) by labeling
cells with [**S]methionine in the presence
of cycloheximide (25). This drug inhibits
cytosolic, but not mitochondrial, protein
synthesis. Separation of the translation
products by SDS-polyacrylamide gel elec-
trophoresis (PAGE) revealed a simple pat-
tern of bands in which individual mito-
chondrial proteins were easily distinguish-
able. From this screen, we isolated a mutant
strain termed MKK212 in which the syn-
thesis of all mitochondrial-encoded pro-
teins was normal, but COXII accumulated
as a precursor (pre-COXII) (Fig. 1 and
Table 1). This strain was characterized by
backcrossing to the congenic wild-type
strain DL2 (26), and monitoring the mito-
chondrial protein synthesis of the meiotic
products (Fig. 1). A slower migrating band
corresponding to pre-COXII accumulated
in two of the four meiotic products (Fig. 1,
lanes 2 and 4) derived from a single tetrad.
This mutant phenotype co-segregated with
the pet™ phenotype, scored by the ability to
grow on the nonfermentable carbon sources
ethanol and glycerol (Fig. 1). These results
suggest that the accumulation of pre-COXII
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resulted from a single nuclear mutation that
impeded respiration. All further experi-
ments described below were performed with
mutant strain JN109, which was derived
from this backcross.

To determine whether the mutation in
JN109 cells also affected the maturation of
nuclear-encoded mitochondrial proteins,
we monitored the fate of several newly
synthesized nuclear-encoded proteins. To
this end, wild-type DL2 cells and mutant
JN109 cells were labeled with [>*S}methio-
nine. Nuclear-encoded mitochondrial pro-
teins were immunoprecipitated from the
labeled cell extract and analyzed by SDS-
PAGE. Mutant JN109 cells specifically ac-
cumulated the intermediate forms of two
nuclear-encoded IMS proteins, cytochrome
b, (Fig. 2B, lane 4, i-cytochrome b,) and
cytochrome ¢, (Fig. 2C, lane 4, i-cy-
tochrome c,). For both cytochromes, the
intermediate forms migrated between the
mature (Fig. 2, B and C, lanes 2) and
precursor (Fig. 2, B and C, lane 1) forms,
indicating that the matrix targeting, but
not the IMS targeting signal was removed.
In contrast, the import and processing of
the matrix protein F,B-adenosine triphos-
phatase was unaffected by the mutation in
JN109 cells (Fig. 2A, lane 4). Taken to-
gether, these data show that the mutation
in JN109 cells does not affect processing of
the matrix targeting signal by the Maslp-
Mas2p protease complex of nuclear-encod-
ed matrix or IMS proteins, but blocks the

. processing of the IMS targeting signal.

The mitochondrial inner membrane
protease I (Implp) is required for the pro-
cessing of pre-COXII and i-cytochrome b,
(20-22) (Fig. 2B, lane 3). As previously

DL2 (wi) X MKK212 (imp2-1)
Meiotic products:
T nmwv

Fig. 1. A nuclear muta-
tion in strain MKK212
causing a precursor
form of mitochondrial-
encoded cytochrome
oxidase Il to accumu-
late. Mitochondrial trans-
lation products were
monitored in the four
meiotic products result-
ing from a cross be-
tween DL2wt) and
MKK212(imp2-1) by [**S]methionine labeling in
the presence of cycloheximide. Cultures were
grown at 30°C to 2 units (Ag) per milliliter in YP
medium containing 2 percent galactose (57). The
cells were labeled with 50 p.Ci of [3°S]methionine
per Agy, unit in the presence of cycloheximide (at
1 mg/mli) for 15 minutes. Mitochondria were pre-
pared from the labeled cells by bead beating and
centrifugation at 10000g for 10 minutes and anal-
ysis by SDS-PAGE and autoradiography. Incor-
poration of [3*S]methionine into mitochondrial
translation products was variable between exper-
iments. The growth phenotype of each of the
meiotic products on YP plates containing ethanol
and glycerol, YPEG, as indicated by (+) or (-).
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observed, impl mutant cells were shown to
process i-cytochrome ¢, normally, suggest-
ing that the mutation in JN109 cells resides
at a locus other than IMP1 (20-22) (Fig.
2C, lane 3). A diploid strain resulting from
a cross of MKK148(imp1-1) and JN109 cells
was not defective in the processing of IMS
proteins, indicating that the two mutants
belong to different complementation groups
(27). The broader spectrum of IMS proteins
affected in JN109 cells—as compared to the
more limited spectrum of IMS proteins
affected in MKK148(impl-1) cells—sug-
gests that the gene mutated in JN109 cells
encodes a component that precedes pro-
cessing by Implp in the maturation path-
way of IMS proteins or that is directly
required for Implp function.

Localization of intermediate forms of
nuclear-encoded IMS proteins in the IMS.
Two different defects could account for the
accumulation of pre-COXII, i-cytochrome
b,, and i-cytochrome ¢, in mutant JN109
cells. First, the mutant gene may encode a
component essential for the translocation
of both nuclear-encoded IMS proteins and
mitochondrial-encoded COXII across the
inner mitochondrial membrane. Such a
component might be a part of the putative
re-export machinery, proposed to exist in

Table 1. Yeast strains.

the conservative sorting model for nuclear-
encoded IMS proteins. If so, the interme-
diate forms of the IMS proteins would be
expected to accumulate in the matrix space
of the mitochondria. A second possibility is
that the mutant gene encodes a component
that is essential for the maturation of IMS
proteins and is required for their correct
folding, assembly, modification, or process-
ing (or any combination thereof). In this
case, i-cytochrome b,, i-cytochrome c,,
and pre-COXII would be expected to be
exposed to the IMS.

To distinguish between these possibili-
ties, we determined the sub-mitochondrial
location of i-cytochrome b, and i-cyto-
chrome ¢, in JN109 cells. Mitochondria
from both wild-type DL2 and JN109 cells
were isolated and converted to mitoplasts by
selective rupture of the outer membrane by
hypo-osmotic shock. This treatment of mi-
tochondria isolated from wild-type DL2 cells
caused the release of the soluble IMS protein
cytochrome b,, which, after centrifugation,
was recovered primarily in the supernatant
fraction (Fig. 3A, lanes 1 and 5). Cy-
tochrome ¢, remained associated with the
mitoplasts and after centrifugation was re-
covered in the pellet (Fig. 3A, lanes 6).
Although mature cytochrome ¢, is anchored

Strain Genotype Reference
MKK212 ade2; ino4-8; ino1-13; imp2-1; Mata This study
MKK148 ade2; ino4-8; ino1-13; imp1-1; Mata (27)
JN109 ade2; lys2; imp2-1; Mata This study
DL2 lys2; Mata (26)
PS32.3C ade2; his3-A200; leu2-3,112; ura3-52; Mata (61)
JN143 ade2; his3-4200; leu2-3,112; ura3-52; imp2-1; Mata This study
W303-1B ade2-1; leu2-3; his3-11,—15; trp1-1; ura3-1; can1-100; Mata (62)
JN174 same as W303-1B, except imp2::LEU2 This study
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Fig. 2. Accumulation of intermediate forms of nuclear-encoded mitochondrial IMS proteins in JN109
cells. DL2(wt), MKK148 (imp1-1) or JN109 (imp2-1), cells were grown YP medium containing 2
percent galactose to log phase at 30°C and were labeled for 10 minutes with [33S]methionine (50
nCi of [*3S]methionine per A, unit). Immunoprecipitations were performed after SDS-denaturation
of the cell extracts with antibodies to the proteins indicated (52). Precursor forms were accumulated
by labeling DL2 cells in the presence of the uncoupler carbonyl cyanide m-chlorophenylhydrozone
(CCCP; Sigma), a compound that collapses the electrochemical gradient across the inner
mitochondrial membrane. (A) The mature (m) and precursor (p) forms of F,B-ATPase are indicated.
(B) The precursor (p), intermediate (i), and mature (m) forms of cytochrome b,, and cytochrome c,

(C) are indicated.
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to the inner membrane with a large hydro-
philic domain exposed in the IMS, it was
resistant to proteolysis in mitoplasts isolated
from wild-type cells (Fig. 3A, lanes 7.and 8),
most likely because of its compact folding
and tight association with other components
in the cytochrome bc, complex (28, 29).
The soluble matrix protein a-ketoglutarate
dehydrogenase (KDH)—chosen as a control
because of its exquisite sensitivity to prote-
olysis (13)—was protected from digestion by
proteinase K in both intact mitochondria
(Fig. 3A, lanes 3 and 4) and mitoplasts (Fig.
3A, lanes 7 and 8), indicating that the inner
membrane remained intact under our exper-
imental conditions.

In contrast to the mature cytochrome b,
in mitochondria from wild-type cells, most
of the i-cytochrome b, accumulating in
mitochondria from JN109 mutant cells re-
mained associated with mitoplasts (Fig. 3B,
lane 6). To discriminate whether the mito-

Fig. 3. Intermembrane A
space exposure of interme-
diate forms of nuclear-en-
coded mitochondrial IMS in
JN109 cells. Mitochondria
were prepared and mito-
plasts were formed by os-
motic shock as described
below. Equivalent amounts
of supernatants (S) and mi-
tochondria (P) from mock-
treated (0.6 M sorbitol) and
osmotically shocked (0.2 or
0.1 M sorbitol) mitochondria
(mitoplasts) were analyzed
by proteolysis with Protein-
ase K (0 to 50 ng/ml), SDS-

DL2 (wt)

Proteinase K

(ng/mi):

KDH—
Cytochrome b,—

Cytochrome ¢, —

B UN109 (imp2-1)

plast-associated i-cytochrome b, was local-
ized entirely in the matrix space or was
exposed to the IMS while still being asso-
ciated with the inner membrane, we treated
the mitoplasts with protease. We found
that i-cytochrome b, was susceptible to
proteolysis in mitoplasts (Fig. 3B, lanes 7
and 8), but not in intact mitochondria (Fig.
3B, lanes 3 and 4). Similarly, protease
treatment of mitoplasts from JN109 cells
resulted in the complete degradation of
i-cytochrome c,, indicating that the i-cy-
tochrome c¢,, like i-cytochrome b,, was
exposed to the IMS (Fig. 3B, lanes 7 and
8). The protease sensitivity of i-cytochrome
¢, in mitoplasts from mutant JN109 cells, in
contrast to the resistance of mature cy-
tochrome ¢; to proteolysis in wild-type
cells, suggests that i-cytochrome ¢, may not
be as compactly folded or assembled into
the cytochrome bc, complex as mature
cytochrome c;. The control matrix protein,

PAGE, and immunoblotting. Proteinase K
(A) DL2wt) cells. (B) (ng/mi):
JN109(imp2-1) cells. Cul- KDH—

tures were grown in YP me-
dium containing 2 percent
galactose to log phase at
30°C. Mitochondria were
prepared essentially as de-
scribed (38). Cells at 50
Agoo Unit per milliliter were

treated with Zymolyase- Lane

100T (0.1 mg/ml) (to pro-

Cytochrome b, —
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duce spheroplasts) at 30°C for 1 hour. Cells were lysed by Dounce homogenization on ice (20 strokes)
in mitochondrial isolation buffer (MIB) composed of 0.6 M sorbitol, 50 mM Hepes-KOH, pH 7.4,
containing the following protease inhibitors: pepstatin A (2 pg/ml), chymostatin (2 pg/ml), antipain (2
rg/ml), and leupeptin (2 pg/ml) and 0.5 mM phenyimethylisulfonylfluoride (PMSF). Unbroken cells and
nuclei were removed by centrifugation at 3000g for 5 minutes at 4°C. The supematant of this 3000g
fraction was centrifuged at 10,000g for 10 minutes at 4°C. The pellet from the 10,000g centrifugation was
washed ten times with MIB containing protease inhibitors. Mitochondria were resuspended at a final
protein concentration of 20 mg/ml in MIB containing the protease inhibitors, washed with MIB to remove
the inhibitors, and resuspended in MIB at a final protein concentration of 1 mg per milliliter. Mitoplasts
were formed by osmotic shock. Sorbitol concentration was reduced to 0.2 M for mitochondria derived
from wild-type strain DL2 or to 0.1 M for mitochondria derived from mutant strain JN109 by dilution with
50 mM Hepes, pH 7.4, and incubated on ice for 20 minutes. Mock-treated or osmotically shocked
mitochondria were collected by centrifugation and resuspended in MIB at a concentration of 1 mg of
protein per milliliter. The resulting samples were then digested with proteinase K. Portions corresponding
to 100 pg of mitochondria were treated with proteinase K at concentrations ranging from 10 to 50 ng per
milliliter for 30 minutes on ice. After digestion, proteinase K was inactivated by the addition of 1 mM
PMSF. Membranes were collected by centrifugation and resuspended in MIB with 1 mM PMSF and
treated with trichloroacetic acid at 60°C as described (13).
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KDH, was protected from proteolysis in
mitoplasts isolated from JN109 cells, indi-
cating that the inner membrane was intact
(Fig. 3B, lanes 7 and 8) in mitoplasts
isolated from the mutant cells. Taken to-
gether, these data suggest that both i-cy-
tochrome b, and i-cytochrome ¢, in JN109
cells are associated with the inner mito-
chondrial membrane such that the proteins
are exposed to the IMS.

During its normal biosynthesis, a heme
group is covalently attached to i-cyto-
chrome ¢, in the IMS. This modification is
required for the processing of i-cytochrome
¢, to mature cytochrome ¢, (3, 6). To assess
whether heme is covalently attached to
i-cytochrome ¢, accumulating in JN109
mutant cells, we stained mitochondrial pro-
teins isolated, from DL2 and JN109 cells
after SDS-PAGE with tetramethylbenzi-
dine, a dye that specifically detects heme
(30). Two prominent bands were stained in
each protein fraction (Fig. 4). In the case of
mitochondrial protein isolated from DL2
wild-type cells these bands corresponded to
cytochrome ¢ and mature cytochrome c,,
both of which contained covalently bound
heme (Fig. 4, lane 2). Analysis of mito-
chondrial protein from JN109 cells indicat-
ed that i-cytochrome ¢, also contains cova-
lently bound heme (Fig. 4, lane 1). Both
i-cytochrome ¢, and cytochrome c in mito-
chondria of the mutant strain were stained
to a similar degree as the corresponding
proteins in mitochondria from the wild-
type strain. Thus, the mutation in strain
JN109 did not affect heme biosynthesis or
the covalent attachment of the heme group
to either cytochrome c or i-cytochrome c,.
These data also substantiated the localiza-
tion of i-cytochrome ¢, to the IMS, because
cytochrome ¢, heme lyase, the enzyme
catalyzing the covalent heme attachment,
is found in this compartment (31).

Fig. 4. Covalent attach-
ment of heme to the
intermediate form of
cytochrome ¢, in
JN109 cells. Mitochon-
dria were isolated from

DL2 (wt)

&
Qo
E
[=2]
o
=
=

the mutant strain
JN109 (lane 1) and
from the wild-type

strain DL2 (lane 2) as
described in the leg-
end to Fig. 3. Portions
corresponding to 50
rg of protein from both
strains were analyzed
by SDS-PAGE and
stained with tetrameth-
(Sigma)
staining (30). The ma- e
ture and intermediate

(i) forms of cytochrome c, are indicated and
were confirmed by immunoblotting.

i-cytochrome ¢y
cytochrome ¢;— §

cytochrome ¢ —
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Taken together, the above data demon-
strate that i-cytochrome c¢; and i-cy-
tochrome b, accumulate in mutant JN109
cells in a form that is associated with the
inner membrane and is exposed to the IMS.
We therefore conclude that the mutation in
JN109 affects a maturation step of IMS
proteins but does not interfere with their
proper delivery to the IMS.

Complementation of the mutation in
JN109 by a gene encoding a protein relat-
ed to Imp1p. We cloned and sequenced the
defective gene by complementation of the
pet™ phenotype with a plasmid from a yeast
genomic library in a low-copy vector carry-
ing the URA gene (32). The ura3-52 mu-
tation was introduced into the mutant cells
by crossing JN109 with wild-type strain
PS32.3C and, after sporulation, colonies
were isolated that were ura™ pet™ [(33);
strain JN143]). The DNA from the library
was transformed and respiration competent
colonies were isolated on plates containing
the nonfermentable carbon sources ethanol
and glycerol. Two plasmids, containing an
identical insert, were isolated. The comple-
menting region was identified by subcloning
and sequenced. This analysis revealed an
open reading frame that predicted a protein
of 177 amino acids (Fig. 5A). A DNA
segment comprising only the open reading
frame was amplified by PCR (polymerase
chain reaction) and, when introduced into
JN143 cells, was shown to be sufficient to
restore growth on nonfermentable media.
These results suggest that the identified
open reading frame corresponded to the
gene that is defective in the JN143 cells.

A comparison of the sequence with
available protein and nucleotide sequence
data bases revealed that the open reading
frame encoded a previously unidentified
protein. The predicted protein closely re-
sembles Implp (25 percent amino acid
identity; 44 percent amino acid similarity)
(Fig. 5A), and, like Implp, has more dis-
tant similarities to the family of signal
peptidases that catalyze the cleavage of
secretory signal sequences (Fig. 5B). The
similarity includes three regions, designated
I, II, and III, that are sttongly conserved
among prokaryotic and eukaryotic signal
peptidases and that may contain amino acid
residues important for catalytic activity (34,
35) (Fig- 5B). On the basis of the sequence
similarity to Implp and the biochemical
characterization described below, we have
termed this new gene IMP2. The sequence
similarity of the IMP2 gene product,
Imp2p, to Implp extends over the entire
length of the proteins (Fig. 5A).

To determine the phenotype of a com-
plete disruption of IMP2 and to confirm
that IMP2 is the gene that is mutated in
JN143 cells, we replaced the entire coding
sequence of IMP2 with LEU2 to generate
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strain JN174(Aimp2) (36). Our results in-
dicated that JN143 and JN174 (Aimp2) cells
have similar growth and biochemical phe-
notypes; like JN143 cells, JN174(Aimp2)
cells are viable on fermentable medium, but
are unable to grow on nonfermentable me-
dium, and accumulate i-cytochrome b, and
i-cytochrome c¢; as well as pre-COXII.
When JN143 cells were crossed to JN174
cells, the resulting diploid strain also was
unable to grow on nonfermentable medi-
um, thus providing further support to the
likelihood of IMP2 and the gene mutant in
JN143 cells being allelic.

The accumulation of i-cytochrome b,
and i-cytochrome ¢, in the IMS and the
structural similarity of Imp2p to signal pep-
tidases suggested that Imp2p might be di-
rectly involved in the processing steps of
these proteins. If this were the case, Imp2p
should also be localized in mitochondria.
Consistent with this possibility, the amino
acid sequence of Imp2p at the NH,-termi-
nus has properties that are similar to those
of a mitochondrial matrix targeting signal
(that is, it can form an amphipathic «
helix, indicated in Fig. 5A). To start char-

Imp2p 1
Imp1p

acterizing Imp2p biochemically, we insert-
ed a synthetic DNA sequence encoding an
epitope from the influenza virus hemagglu-
tinin protein (HA epitope) at the 3’ end of
the gene, generating plasmid pIMP2-HA
(37). When the resulting fusion protein
(Imp2p-HA) was expressed from a single
copy plasmid (pIMP2-HA) in JN143 and
JN174 cells, wild-type growth on nonfer-
mentable medium was observed and the
accumulation of i-cytochrome b, and i-cy-
tochrome ¢, was suppressed. This indicated
that the presence of the HA epitope tag did
not impede the function of Imp2p.

Extracts from JN143 cells bearing
pIMP2-HA were subjected to SDS-PAGE
and subsequent immunoblot analysis. In
agreement with the predicted size of the
Imp2p-HA fusion protein, a 20-kD band
was detected with antibody to HA (anti-
HA) in JN143(pIMP2-HA) cell extracts
(Fig. 6A, lane 2), but not in extracts
derived from JN143 cells bearing a plasmid
that contained the wild-type IMP2 gene
(Fig. 6A, lane 1).

For the intracellular localization of
Imp2p, we fractionated extracts from

|
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Fig. 5. Primary structure similarity of Imp2p to signal peptidases. (A) Sequence alignment of Imp2p
and Imp1p (22). Bold letters indicate exact matches and boxed letters include both exact matches
and conservative changes. The putative matrix targeting signal of Imp2p is indicated by a double
line. (B) Alignment of the three conserved elements in the signal peptidase family with represen-
tative family members and the consensus sequence (34, 35). The family members are the following:
the E. coli leader peptidase, LepA (53), the S. cerevisiae endoplasmic reticulum (ER) signal
peptidase, Sec11p (54), and the 18-kD subunit of the canine pancreatic ER signal peptidase,
Spc18 (48). The putative catalytic serine residue (Ser*' in Imp2p) is indicated by an asterisk. Boxed
letters indicate exact matches. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GiIn; R, Arg; S,

Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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JN143(pIMP2-HA) cells by differential
centrifugation (38). Samples from each
fraction were subjected to SDS-PAGE and
immunoblot analysis with anti-HA and an
antibody to the mitochondrial matrix pro-
tein KDH (Fig. 6B). After low speed cen-
trifugation (3000g) of the extract, a similar

fraction of Imp2p-HA and KDH proteins
(Fig. 6B, lane 2) were recovered in the
pellet, probably because of incomplete cell
lysis. When the low-speed supernatant was
subjected to greater centrifugal forces
(10,000g), both Imp2p-HA and KDH again
cofractionated and were quantitatively re-

A < B o T LP HS HP
g g
2= KDH —— o s
oy 3000g
9
(kD) zZ z LP 10,000g a1 —
i 1 3
HS HP 5 -
C Mitochondria Mitoplast
I 1 T 1
g TR P T
Proteinase K (ug/ml): 0.0 1050 0.0 10 50
KDH— Bt i -
Imp2p-HA— m— e e e
Lane h JOON e o <N e e

Fig. 6. Mitochondrial localization of Imp2p. Cultures of strain JN143 containing pIMP2-HA (37) or
pIMP2, were grown in YP containing 2 percent galactose. Cells were spheroplasted, lysed, and
fractionated, and mitoplasts were formed from isolated mitochondria as described in the legend to
Fig. 3. (A) A constant amount (100 ng of protein) of each of the total cell lysate fraction from pIMP2
(lane 1) and pIMP2-HA cells (lane 2) was analyzed by SDS-PAGE and immunoblotting with
monoclonal anti-HA (ascites fluid 12CA-4; lot E, BAbCO). The arrow indicates Imp2p and the
triangles indicate proteins that crossreacted with the anti-HA and were observed in extracts of cells
that were not expressing pIMP2-HA. (B) A constant amount (100 pg of protein) of each of the total
cell lysate fraction from pIMP2-HA cells (T, lane 1), the 3000g pellet (LP, lane 2), the 10,000g
supernatant (HS, lane 3), and the 10,000g pellet fraction (HP, lane 4) was analyzed by SDS-PAGE
and immunoblotting with antibody to HA or with antibodies directed against the mitochondrial matrix
marker KDH. (C) Equivalent amounts of supernatants (S) and mitochondria (P) from mock-treated
(0.6 M sorbitol) and osmotically shocked (0.2 M sorbitol) mitochondria were analyzed by proteolysis
with proteinase K (0 to 60 pg/ml), SDS-PAGE, and immunoblotting with the indicated antibodies.

Fig. 7. Requirement of =
Imp2p for the assembly of % g
Impip in the mitochondria A W303-1B (wt) JN174 (Aimp2) B b
(A) Cultures of strain JN174 B S P LP HS HP =
were grown in YP containing ==
2 percent galactose. Cells KDH- S e  KDH- S MP1 mANA- D

were spheroplasted, lysed,

—

and fractionated as de- Imp1p— B ACT1 mANA-
scribed in the legend to Fig. 15 Aol
3. A constant amount (100 1.2 3 4. 65 6 A

ng of protein) of each of the 3000g pellet (LP, lane 1 and 4), the 10,000g supernatant (HS, lane 2 ’

and 5) and the 10,0009 pellet (HP, lane 3 and 6) was analyzed by SDS-PAGE and immunoblotting
with antibody to Imp1p or to the mitochondrial marker KDH. (B) Cultures of JN174 and W303-1B
were grown in YP containing 2 percent galactose. RNA was prepared from these cultures (55).
Portions corresponding to 30 pg of RNA were subjected to electrophoresis on a 1.4 percent
agarose gel containing formaldehyde. RNA was transferred to Hybond-N (Amersham) nylon
membrane by capillary action and crosslinked to the membrane by ultraviolet irradiation. Blotted
IMP1 and ACT1 mRNA was detected by labeling the full-length IMP1 gene (22) and a 140-bp
fragment of the ACT1 gene (56) by random priming with [a-32P]JdCTP. IMP1 and ACT1 probes were
hybridized overnight to the total RNA blot at 65°C in 7 percent SDS, 0.5 M sodium phosphate buffer,
pH 7.0, and 2 mM EDTA. The blot was washed three times for 15 minutes at 65°C in 2 percent SDS,
0.15 M sodium phosphate buffer, pH 7.0, and 2 mM EDTA (57).
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covered in the pellet (Fig. 6B, lanes 3 and
4), which is consistent with a mitochondri-
al localization of both proteins. In addition,
Imp2p-HA, like KDH, in the mitochondri-
al fraction was protected from digestion
with proteinase K (Fig. 6C, lanes 2 to 4).
Imp2p-HA was recovered in the pellet after
the centrifugation procedure used to recov-
er the mitoplasts (Fig. 6C, lane 6). Unlike
KDH, Imp2p-HA was rendered protease-
sensitive by this treatment (Fig. 6C, com-
pare lane 6 with lanes 7 and 8). Taken
together, these results suggest that Imp2p-
HA, and—by extention Imp2p—is a mito-
chondrial inner membrane protein that is
exposed to the IMS.

Nonoverlapping substrate specificities
of Imp1p and Imp2p. On the basis of their
primary structure similarity, Imp2p and
Implp may both be proteases that catalyze
the cleavage of IMS targeting signals. This
interpretation poses, however, the follow-
ing paradox. Depending on the phenotypes
of the mutants, both IMP1 and IMP2 are
required for the processing of pre-COXII and
i-cytochrome b, whereas only mutations in
IMP2 block the processing of i-cytochrome
¢, Thus, imp2 mutants elicit a broader spec-
trum of processing defects including those
resulting from mutations in IMP1. One reso-
lution for this puzzle is that Imp1lp and Imp2p
may have different, nonoverlapping substrate
specificities (Implp processing pre-COXII and
i-cytochrome b, and Imp2p processing i-cy-
tochrome c, ), but that Imp2p may be required
for the function of Implp.

To test this possibility, we determined
the Implp content of JN174(Aimp2) cells.
The JN174(Aimp2) and wild-type control
cell extracts were fractionated as before by
differential centrifugation, and Implp and
KDH were detected by immunoblotting
with specific antibodies after SDS-PAGE
(Fig. 7A). In contrast to wild-type cells
(Fig. 7A, lanes 1 to 3), the amount of
Implp in JN174(Aimp2) cells was dramati-
cally reduced (Fig. 8A, lanes 4 to 6),
whereas the amount of KDH was un-
changed. RNA (Northern) blot analysis of
RNA derived from JN174(Aimp2) cells
showed that the amount of IMP] mRNA in
the mutant cells was indistinguishable from
that in wild-type cells (Fig. 7B), suggesting
that Implp was synthesized in comparable
amounts in wild-type and imp2 mutant
cells, but was unstable in the mutant cells.

It is possible that Imp2p functions to
stabilize Implp by forming a complex with
Implp in the mitochondrial inner mem-
brane. We tested this possibility directly by
immunoprecipitation with anti-HA from a
nondenaturing detergent extract of mito-
chondria derived from JN143(pIMP2-HA)
cells. Immunoprecipitated proteins were
subjected to SDS-PAGE and subsequent
immunoblot analysis. Imp2p-HA was pre-
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cipitated from the mitochondrial extract
(Fig. 8, lanes 2 and 4). In particular, Implp
(detected with antibodies to Implp) was
co-immunoprecipitated by the anti-HA
from the mitochondrial extracts. The im-
munoprecipitation of both Imp2p-HA and
Implp was blocked by the addition of ex-
cess peptide corresponding to the HA epi-
tope (Fig. 8, lanes 1 and 3), indicating that
the co-immunoprecipitation of Implp with
Imp2p-HA was specific. The fraction of
Implp precipitated with anti-HA was less
than that observed for Imp2p; however,
when analyzed by velocity sucrose gradient
sedimentation, Implp and Imp2p-HA co-
fractionated quantitatively. We conclude
that Imp1lp and Imp2p-HA—and by exten-
tion Imp1lp and Imp2p—are associated in a
protein complex, that is, however, partially
destabilized under the immunoprecipitation
conditions.

The above data suggest that (i) Imp2p is
the protease required for processing of i-cy-
tochrome ¢, and (ii) that it is required for
the stable expression of Implp, which in
turn is the protease required for the process-
ing of pre-COXII and i-cytochrome b,. To
test directly whether Imp2p -and Implp
have nonoverlapping substrate specificities,
we used site-directed mutagenesis to inacti-
vate specifically the proteolytic activity of
Imp2p (39). A specific mutation would
leave Imp2p structurally intact and still
enable the inactive Imp2p to assemble into
a complex with Implp thereby stabilizing
Implp in the inner membrane. Therefore,
we changed Ser*! in Imp2p-HA to alanine,
generating plasmid pIMP2(S41A)-HA.
Serine-41 is likely to be part of the active
sites of the family of signal peptidases; it
occurs in the conserved sequence region I of

Fig. 8. Imp2p and Imp1p as part of a complex.
Mitochondria were prepared and solubilized as
described in legend to Fig. 3 and below. Solubilized

all eukarytoic and prokaryotic signal pepti-
dases (Fig. 5B) (34, 35), and point mutants
in the corresponding residue in Escherichia
coli leader peptidase have been shown to
inactivate the enzyme (40).

To examine the effects of the S41A
mutation, the plasmids pIMP2(S41A)-HA
or pIMP2-HA (as a control) were trans-
formed into JN174(Aimp2) cells. The abil-
ity of the resulting strains to process pre-
COXII, i-cytochrome b,, and i-cytochrome
¢, was monitored by labeling with [>>S]me-
thionine in the presence of cycloheximide
or by SDS-PAGE and immunoblot analysis
with specific antibodies, respectively. In
cells expressing Imp2p(S41A)-HA only
i-cytochrome c, accumulated (Fig. 9C, lane
2), whereas both COXII and cytochrome b,
were properly processed (Fig. 9A and 9B,
lanes 2), suggesting that proteolytically in-
active Imp2p(S41A)-HA protein stabilizes
Implp. We examined this directly by mon-
itoring Imp1p by immunoblot analysis. The
expression of Imp2p(S41A)-HA in JN174
cells restored Imp1p expression to wild-type
levels (Fig. 9D, compare lanes 2 and 3).
Taken together these data demonstrate
conclusively that Implp and Imp2p have
nonoverlapping substrate specificities.

Unexpectedly, we observed that JN174-
(Aimp2) cells expressing Imp2p(S41A)HA
are no longer pet™ and grow with wild-type
rates on nonfermentable medium. This ob-
servation implies that the bc, complex is
functional, that is, that the accumulated
i-cytochrome c,—although not properly as-
sembled as judged by its protease sensitivity
in mitoplasts (Fig. 3B, lanes 7 and 8)—may
be active.

Relation of inner membrane protease to
the signal peptidase family. We have iden-

mitochondria were immunoprecipitated with anti-HA

in the presence (lanes 1 and 3) or absence (lanes 2

and 4) of excess HA peptide. Supernatant fractions

(S, lanes 3 and 4) and protein A-Sepharose eluate
fractions (E, lanes 1 and 2) were analyzed by
SDS-PAGE and immunoblotting with anti-HA and
anti-lmp1p. The fraction of Imp2p-HA that was im-
munoprecipitated with anti-HA varied between 20 to

F E S S

HA peptide:  + - + -

Imp2-HA— e —
Impip—

1 2 3 4

100 percent. Mitochondria were isolated from JN174(Aimp2) cells and resuspended in MIB with
protease inhibitors at a protein concentration of 20 mg/ml. The mitochondria were collected by
centrifugation and resuspended at a final protein concentration of 4 mg/ml in mitochondria
resuspension buffer (MRB), containing 20 mM tris-HCI, pH 7.5, 20 mM MgCl,, 20 percent glycerol
and protease inhibitors, with the addition of 200 mM KCI. Mitochondria were solubilized by the
addition of an equal volume of MRB containing 6 percent MEGA-8 (CalBiochem) followed by
incubation for 15 minutes on ice. Samples were centrifuged at 100,000g for 20 minutes. The
resulting supernatant was first adsorbed to a 0.25 volume of Sepharose CL-4B (Pharmacia) by
mixing at 4°C for 15 minutes. The Sepharose beads were removed by centrifugation. Anti-HA (1 pl)
was either diluted in 50 pl of MRB containing 100 mM KCI and 3 percent MEGA-8 (MRB+) or in 50
wl of MRB+ containing 50 g of HA peptide (NH,-YPYDVPDYA-COOH) and then incubated on ice
for 15 minutes. Antibody was mixed with portions of mitochondrial supernatant (200 wl) and
incubated on ice for 1 hour. A 20-pl portion of protein A Sepharose CL-4B (Sigma) was added and
mixed at 4°C for 20 minutes. The protein A-Sepharose beads were centrifuged, washed five times
with MSB+, and analyzed by SDS-PAGE and immunoblotting.
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tified a novel S. cerevisize gene product,
Imp2p, and propose that it is a catalytic
component of mitochondrial inner mem-
brane protease (IMP), a protease responsible
for the maturation of mitochondrial IMS
proteins. We have shown that IMP is a
complex composed of at least two noniden-
tical, but structurally similar subunits,
Implp and Imp2p, that have nonoverlap-
ping substrate specificities. In addition to
catalyzing the cleavage of IMS sorting sig-
nals, Imp2p is required for the stable and
functional expression of Implp. Given that
Implp and Imp2p are present in a complex,
it is likely that Imp2p plays a role in the
assembly of Implp into the IMP complex.
The dependence of Implp activity on Imp2p

- explains the previous observation that over-

expression Implp does not result in an in-
crease in Imp1’p proteolytic activity (21).
Imp2p possesses structural and function-
al features common to both eubacterial and
eukaryotic signal peptidases. The cloning
and sequence comparison of a number of
different homologs reveals three highly con-
served regions also present in Imp2p that
are most likely important for catalytic ac-
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Fig. 9. Nonoverlapping substrate specificities .
of Imp2p and Imp1p. Cultures of JN174,
JIN174(pIMP2(S41A)-HA) (39), and JN174
(pIMP2-HA) cells were grown in YP containing
2 percent galactose. (A) Mitochondrial proteins
were labeled and analyzed as described in Fig.
1. As in Fig. 1, incorporation of [3S]methionine
into mitochondrial translation products was
variable between experiments. The asterisk in-
dicates the mitochondrial translation product
cytochrome b. (B, C, and D) Total extract (100
ng) was prepared and immunoblotted with the
indicated antibodies as described in Fig. 3. (A)
The COXIl precursor (p-COXIl) and mature
COXIl (m-COXIl) are indicated. The mature and
intermediate forms of cytochrome b, (B) and
cytochrome ¢, (58) (C) are indicated. The gel
was blotted with antibodies to Imp1p (D).



tivity (Fig. 5B) (34, 35). The mechanism of
signal peptidase-catalyzed peptide bond
cleavage, however, remains unknown. In
particular, there are no known inhibitors of
this class of proteases and, hence, the
chemical nature of the reactive groups in-
volved in catalysis remain uncharacterized
(42). A serine residue in sequence region I
is found in all members of this family and is
essential for the proteolytic activity of E.
coli leader peptidase (34, 35, 40). Thus, it
has been proposed that the proteases be-
longing to this family are serine proteases.
Consistent with this idea, our data show
that the corresponding serine residue in
Imp2p, Ser*, is essential for the proteolytic
activity of Imp2p. Unlike conventional ser-
ine proteases, however, proteases of the
signal peptidase family lack a conserved
histidine residue (essential to activate the
catalytic serine) and, thus, constitute a
distinct class of proteases (35, 41).

Our results indicate that Imp2p is a
mitochondrial inner membrane—-associated
protein with a large domain located in the
IMS. Adjacent to the putative mitochon-
drial matrix targeting sequence composed of
the 14 NH,-terminal residues (Fig. 5A) is a
stretch of hydrophobic amino acids (resi-
dues 15 to 27) that is likely to be important
for the observed inner membrane associa-
tion. The remainder of the Imp2p polypep-
tide, including the conserved regions im-
plied in catalysis, is located in the IMS, as
deduced from the accessibility of the
COQOH-terminus to proteolysis (Fig. 6C).
Thus, in addition to primary structure ho-
mology, Imp2p has a similar topology to
both the eubacterial and eukaryotic signal
peptidases, which are membrane-associated
enzymes with their active sites facing the
compartment to which the substrate mole-
cules become localized during their biogen-
esis (42, 43).

The multisubunit structure of IMP dis-
tinguishes it from the single subunit eubac-
terial signal peptidases, although—consis-
tent with the endosymbiont theory which
proposes that mitochondria have evolved
from eubacterial origins—both Implp and
Imp2p show the closest primary structure
similarity to the eubacterial enzymes (Fig.
5B). The multisubunit structure is a char-
acteristic found in eukaryotic signal pepti-
dases (44—46). The well-characterized ca-
nine pancreatic peptidase, for example, is a
complex of five non-identical polypeptides;
similar to IMP, two of these subunits are
related to each other and to eubacterial
peptidases and, thus, are likely to be the
catalytic subunits (44, 47—49).

The significance of multiple catalytic
subunits in the eukaryotic signal peptidase
complex is unknown; however, a possible
answer to this question may be provided by
our observation that Implp and Imp2p

have nonoverlapping substrate specificities.
Indeed, examination of the cleavage sites of
the different pre-protein substrates indicates
that their structures can be distinguished.
The Imp2p-dependent substrate, i-cyto-
chrome ¢, contains a cleavage site similar to
most of the known substrates of eubacterial
and eukaryotic peptidases in which small
amino acids are present at the —1 and —3
positions (Ala and Ser, respectively). In
contrast, the Implp-dependent substrates,
pre-COXII and i-cytochrome b,, both con-
tain a large asparagine residue at the —1
position and, thus, deviate considerably
from the standard motif. Similarly, eukary-
otic signal peptidase has been proposed to
cleave some substrates at nonstandard cleav-
age sites (50). Given this, we propose that
during evolution IMP, and by analogy eu-
karyotic multisubunit signal peptidases, have
acquired multiple catalytic subunits by gene
duplication which allowed them to broaden
their range of substrate specificity. It is pos-
sible that the organization of multiple cata-
lytic subunits in a complex allows for their
colocalization to the protein translocation
sites where their substrates emerge into the
intermembrane space.
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