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Mitochondria could be a good target for anti-parasitic drugs. The a and b subunits of
mitochondrial processing peptidase (MPP) and the core subunits of the cytochrome bc1
complex, UCR-1 and UCR-2, are homologous to one another and are important for
mitochondrial functions. However, our knowledge of these proteins in nematodes is
very limited. Caenorhabditis elegans, a free-living nematode, has six genes coding for
proteins homologous to these subunits. On primary structure comparison, and
immunochemical and enzymological analyses, the gene products were assigned as
follows: Y71G12B.24, a-MPP; ZC410.2, b-MPP; F56D2.1, UCR-1; VW06B3R.1, T10B10.2;
and T24C4.1, UCR-2. The primary structures of b-MPP and UCR-1 from Brugia malayi,
a parasitic nematode causing human filariasis, were deduced from their cDNA
structures. Phylogenetic analysis showed that the UCR-1s from both C. elegans and
B.malayiwere less related tomammalianUCR-1s than toMPPs fromvarious organisms.
MPPandthebc1complexareessential forthelifecycleofC.elegans,becausetheirreverse
genetic inhibition is lethal. This suggests the possibility that these proteins are also
essential for the viability of B. malayi and other parasitic nematodes, and are potential
targets for anti-parasitic agents.

Key words: Caenorhabditis elegans, metalloprotease, mitochondria, parasite,
respiratory chain.

Abbreviations: BN-PAGE, blue native PAGE; dsRNA, double-stranded RNA; IPTG, isopropyl-b-D-
thiogalactopyranoside; MPP, mitochondrial processing peptidase; ORF, open reading frame; PMSF,
phenylmethanesulfonyl fluoride; UCR, ubiquinol cytochrome c reductase.

Lymphatic filariasis (elephantiasis), caused by the para-
sitic nematodes Brugia malayi and Wuchereria bancrofti,
is one of the serious public health problems in tropical
countries (1, 2). Transmission of the disease occurs through
the bite of a mosquito harboring infective larvae at the
third larval stage (L3). The infective larvae migrate into
the lymph glands and mature into adult worms within
three to twelve months. The adults can survive for five
to ten years, producing millions of microfilariae that cir-
culate in the blood.

Proteolysis plays a major role in cellular catabolic and
anabolic processes, and is essential for the survival of
parasites. Moreover, proteolysis is essential for the para-
sitic life cycle including tissue penetration and evasion of
host immune responses (3). Thus, some proteases are
thought to be excellent potential targets for the design
of novel anti-parasitic drugs. Indeed, aspartic proteases
and cysteine proteases of Plasmodium falciparum, etc.
are being studied for the development of anti-parasitic
agents (4, 5). In order to find potential targets for
anti-filarial nematodes, we have screened the proteases
of Caenorhabdits elegans, a free-living nematode, as a

model parasitic nematode, for those whose reverse genetic
inhibition causes inviable phenotypes (6–9). As a result,
some proteins of zinc-metallopeptidase family M16B (10)
have been found to be such candidates.

The subunits of mitochondrial processing peptidase
(MPP) are representative members of peptidase family
M16B. MPP plays an important role in the process of
maturation of mitochondrial proteins as follows. The
vast majority of mitochondrial proteins are encoded by
nuclear genes and are synthesized on cytoplasmic ribo-
somes as larger precursors with an N-terminal extension
peptide for targeting to mitochondria. The precursors are
imported into the mitochondrial matrix with the aid of
translocase complexes of the outer and inner membranes.
After their import, their presequences are proteolytically
removed by MPP (11, 12). Many proteins mature through
one-step cleavage by MPP.

MPP is located in the matrix of fungal and mammalian
mitochondria, and in the inner membrane of plant
mitochondria. Matrix-localized MPP is a heterodimeric
protein with a molecular mass of �100 kDa composed of
two structurally related subunits, a-MPP and b-MPP,
which exhibit 20–30% identity within any given species.
Hetero-dimerization of these subunits is essential for the
processing activity as demonstrated by the following fact;
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neither recombinant a-MPP nor b-MPP alone shows pro-
teolytic activity, but a mixture of the two proteins exhibits
the activity (13–15).

The b-MPP subunit has a metal-binding motif,
HXXEH(X)72–76E, whose HXXEH is an inversion of the
thermolysin metal-binding motif HEXXH, and serves as
a catalytic subunit (16). In the zinc-binding motif of
b-MPP, both His residues and the distal Glu residue
participate in metal binding, and the first Glu residue is
involved in water activation for hydrolysis of the peptide
bond. This motif is present in all known b-MPP subunits
but is less conserved in a-MPP subunits (12), in many of
which the motif is conserved as HXX(E/D)(K/R). The
a-MPP subunit is not directly involved in catalysis, but
is implicated in substrate recognition (17–21). The
a-MPP subunit has a characteristic Gly-rich segment in
its middle portion, which is essential for binding and
cleavage of the precursor proteins (19).

Based on the primary structure, the core 1 (UCR-1) and
core 2 (UCR-2) subunits of mitochondrial ubiquinol-
cytochrome c oxidoreductase (UCR), also known as the
cytochrome bc1 complex or complex III, which is a compo-
nent of the respiratory chain in the mitochondrial inner
membrane, are also classified into peptidase family M16B.
UCR-1 and UCR-2 are structurally related to b-MPP and
a-MPP, respectively. In Saccharomyces cerevisiae and
mammals, MPP is similar but not identical to the core
complex of UCR and is located in the matrix. In Neurospora
crassa, however, b-MPP is identical to UCR-1 and a large
fraction of it is incorporated into UCR (22). In plants, MPP
is completely integrated into UCR, UCR-1 and UCR-2
being identical to b-MPP and a-MPP, respectively (23–26).

Interestingly, bovine heart UCR after Triton X-100
treatment was determined to have MPP-like activity (27,
28). Also, mixing of the purified recombinant bovine UCR-1
and UCR-2 proteins restored the activity (28). Thus, the
core complex has MPP-like peptidase activity. The UCR-1
subunit, however, has a YXXEHX75E motif instead of the
metal-binding HXXEX72–76E motif of the b-MPP subunit.
The Tyr residue in this motif can be replaced with His, Phe,
or Trp, but not with Thr, without loss of activity. The fact
that bovine UCR-1 and its derivatives, which have a (Y/F/
W)XXEX75E motif instead of HXXEHX75E, have protease
activity suggests the possibility that the core proteins of
other organisms also have MPP activity. It is unknown,
however, whether or not it is a common feature of the core
proteins of various organisms that they possess peptidase
activity.

In the C. elegans genome, six genes, ZC410.2, F56D2.1,
T24C4.1, T10B10.2, VW06B3R.1, and Y71G12B.24, were
found to code for proteins homologous to the MPPs and core
protein subunits from other organisms. Our knowledge of
the family M16B proteins in nematodes, however, is very
limited. Only a partial cDNA that encodes a polypeptide
homologous to the C. elegans F56D2.1 gene product has
been isolated from Ostertagia circumcincta (29), and the
encoded protein is regarded as an unusual member of pep-
tidase subfamily M16B because of the difficulty in assign-
ing it to any particular subunit group of MPP or UCR.
In this study, we attempted to assign the six gene products
of C. elegans. Next, analysis involving site-directed muta-
genesis was performed on the metal-binding motif of
C. elegans b-MPP to investigate the structure/function

relationship of the motif. Additionally, cDNAs for b-MPP
and UCR-1 from B. malayi were identified. Because both
MPP and the core protein of UCR were demonstrated to be
essential for the C. elegans life cycle on reverse genetic
analyses, those in the parasitic nematode are also thought
to be essential and hence a good target for novel anti-
filarial drugs.

MATERIALS AND METHODS

Materials—The B. malayi EST clones, SW3ICA2657 and
SWMFCA1058, and a cDNA library from third stage larvae
of B. malayi, SAW94WL-BmL3, were obtained from
Dr. S. A. Williams (Smith College). The C. elegans EST
clones, yk811h12, yk97h7, yk1189e02, and yk103g6,
were obtained from Dr. Y. Kohara (National Institute of
Genetics, Japan). The EST clone, cm18g6, was obtained
from Dr. R. H. Waterston (Washington Univ.). A plasmid
vector for RNAi, pPD129.36, was obtained from Dr. A. Fire
(Carnegie Institution of Washington). The C. elegans
strains with mutant alleles, ZC410.2(tm1326) and
F56D2.1(tm1181), were obtained from Dr. S. Mitani
(Tokyo Women’s Medical University). Polyclonal goat anti-
rabbit immunoglobulin/HRP was purchased from Dako
Cytomation. Other reagents used were of the highest
grade available.
Cloning and Sequencing of cDNAs for C. elegans Family

M16B Proteins—On sequencing, EST clones yk811h12,
yk97h7, and yk1189e02 were found to include the complete
open reading frames (ORFs) for the Y71G12B.24, F56D2.1,
and VW06B3R.1 proteins, respectively. For ZC410.2,
T10B10.2, and T24C4.1, the predicted ORFs were ampli-
fied by PCR from reverse-transcripts, which were prepared
with a TimeSaver cDNA Synthesis Kit (Amersham Bios-
ciences) from the RNA extracted from C. elegans with an
RNA Isolation Kit (Stratagene). PCR was performed using
a thermal cycler GeneAmp PCR system 2400
(Perkin-Elmer Applied Biosystems), and synthetic primers
ZC410N3 and ZC410C for ZC410.2, T10N and T10C for
T10B10.2, and T24N and T24C for T24C4.1 (Table 1).
DNA sequencing was performed by the dideoxy chain
termination method with a Dye terminator Cycle
Sequencing Kit and a DNA sequencer ABI PRISMTM

377 (Applied Biosystems).
Cloning of Bm-MPP-b and Bm-UCR-1—Clones

SW3ICA2657 and SWMFCA1058 were found to code for
proteins homologous to peptidases of the M16B family
on a BLAST search (30) of the B. malayi EST database.
On sequencing, SWMFCA1058 was found to have a com-
plete ORF (Bm-MPP-b), while SW3ICA2657 was incom-
plete in the 50 region. A DNA fragment was amplified
from SW3ICA2657 by PCR using a pair of primers, T3
and M4A, which recognize the T3 promoter on the vector
DNA and a sequence in the inserted DNA, respectively
(Table 1). The amplified DNA was used as a probe to screen
the SAW94WL-BmL3 cDNA library for a clone containing
an entire ORF (Bm-UCR-1).
Preparation of Polyclonal Antibodies Against C. elegans

Family M16B Proteins—The complete or partial ORF
sequence was amplified from each cDNA clone by PCR
using the following pairs of synthetic primers; ZC410NM
and ZC410C for ZC410.2; Y71NM and Y71C for
Y71G12B.24; F56NM and F56C for F56D2.1; VW06NM
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and VW06C for VW06B3R.1; T10N and T10C for T10B10.2;
and T24N and T24C for T24C4.1 (Table 1). After each
amplified DNA had been digested at the restriction sites
designed in the PCR primers, it was inserted into the
pET22b vector (Novagen) in the cases of ZC410.2
(pET22b-ZC410.2), Y71G12B.24, F56D2.1 and
VW06B3R.1, or into the pET21d vector in the cases of
T10B10.2 and T24C4.1 for fusion with an (His)6-tag at
the C-termini. Escherichia coli BL21-CodonPlusTM(DE3)-
RIL (Stratagene) cells were transformed with the resulting
plasmids. The transformed cells were cultured in M9ZB
medium containing 50 mg/ml ampicillin and 30 mg/ml
chloramphenicol with vigorous shaking at 37�C until the
turbidity at 600 nm reached 0.6. Then isopropyl-b-D-
thiogalactopyranoside (IPTG) was added to a final con-
centration of 1 mM and the culture was continued for an
additional 3 h. The cells were harvested by centrifugation,
and suspended in 50 mM Tris/HCl buffer, pH 8.0, contain-
ing 1 mM EDTA, 0.1 M NaCl, 1 mM phenylmethane-
sulfonyl fluoride (PMSF), and 1 mg/ml lysozyme. The
suspension was kept on ice for 30 min, sonicated for 20 s
· 10 times, and then centrifuged at 2,600 · g for 10 min.
The precipitated inclusion bodies were washed with 50 mM
Tris/HCl, pH 8.0, containing 0.1 M NaCl, 0.5% Triton
X-100, and 1 mM PMSF, and additionally containing 2 M

urea for ZC410.2, Y71G12B.24, and F56D2.1, 3 M urea
for T10B10.2, and 4 M urea for T24C4.1, with stirring at
room temperature for 2 h. Each suspension was cen-
trifuged at 12,000 · g for 30 min. The recombinant protein
was extracted from the inclusion bodies into 20 mM sodium
phosphate buffer, pH 7.8, containing 8 M urea and 0.5 M
NaCl (the urea buffer) by stirring overnight at room
temperature. The suspension was centrifuged at 18,000 ·
g for 30 min and the supernatant was applied to a
column of Ni2+-immobilized chelating Sepharose Fast
Flow (Amersham Biosciences). The proteins were eluted
by a stepwise elution with urea buffers containing 50,
100, 200, 350, and 500 mM imidazole. Fractions containing
the recombinant protein were concentrated using an
Amicon Ultra-15 PLTK Ultracel-PL Membrane (Millipore)
and then subjected to SDS-PAGE with a Disk Preparative
Electrophoresis System (Nihon Eido). The fractions giving
a single band of the recombinant protein on SDS-PAGE
were pooled. After acetone precipitation, the pellet was
suspended in 20 mM sodium-phosphate buffer, pH 7.4,
containing 0.9% NaCl, mixed with three volumes of
complete Freund’s adjuvand (Wako), and then injected
into rabbits to raise antisera. The antibodies raised were
purified on a column of rProteinA Sepharose Fast Flow
(Amersham Biosciences).

Table 1. PCR primers.

Primer Direction Sequence (designed restriction sitea)

F56C rev CGGCGGGATCCATTCCTCCACCACGACAT (BamHI)

F56C2 rev GCGCGTTAATTAACTATTACATTCTCCACCACGAC (PacI)

F56NM fwd CGCGCCCATGGTCTCCGTGAAGGACGT (NcoI)

F56NM2 fwd GCGCGCATATGGTCTCCGTGAAGGACGTGC

M4A rev GAGATGTCATGGCGTTCAC (NdeI)

T3 fwd AATTAACCCTCACTAAAGGG

T10C rev CGCGGAATTCAGAGTATCAACATATGGG (EcoRI)

T10N fwd CGCGCCATATGCTTAGCCGCAACATTG (NdeI)

T10NM fwd TATATGCGCGCCATGGGCACGACAAAACCAGTCGAAAAAGTG (NcoI)

T24C rev CGCGCCCATGGAAAGCTCGTCGGCATATG (NcoI)

T24N fwd CGGCGCATATGAGATCATCGTTTGTGTC

T7 fwd TAATACGACTCACTATAGGG (NdeI)

VW06C rev GCGCCTCGAGTAGCTCGTCGAGATATGGG (XhoI)

VW06C2 rev GCGCGCCATGGATAGCTCGTCGAGATATGG (NcoI)

VW06NM fwd GCGCGCCATGGTCTCGGCTGCAGCCAAATC (NcoI)

Y71C rev CCCAAGCTTATTGAACAAATATTTCAAATC (HindIII)

Y71C2 fwd GCGCGTTAATTAATTATCAATTGAACAAATATTTCAAATC (PacI)

Y71C3 rev CGCGCGTCGACCTATCAATTGAACAAATATTTCAAATC (SalI)

Y71NM fwd CATGCCATGGCGAGGGTTACTAGACTTCCG (NcoI)

Y71NM2 fwd GCGCGCATATGTCGAGGGTTACTAGACTTC (NdeI)

Y71NM3 fwd CGCGCGGATCCTCGAGGGTTACTAGACTTC (BamHI)

ZC410C rev GCGCCTCGAGTTGCATTCTGATCAATCTTC (XhoI)

ZC410C2 rev GCGCGCCATGGATTGCATTCTGATCAATCTTC (NcoI)

ZC410H100F rev TGAACGCCATATGCTCTAGAAAAAAAGCTGTTCC (NdeI)

ZC410H100N rev TGAACGCCATATGCTCTAGAAATTAAGCTGTTCC (NdeI)

ZC410H104Rs fwd TTTCTAGAGCGTATGGCGTTC

ZC410H104Ra rev GAACGCCATACGCTCTAGAAA

ZC410H100Y rev TGAACGCCATATGCTCTAGAAAATAAGCTGTTCC (NdeI)

ZC410H100YL102V rev TGAACGCCATATGCTCTACAAAATAAGCTGTTCC (NdeI)

ZC410N3 fwd GCGCGCCATGGACAGAAGACTAGCC (NcoI)

ZC410NM fwd GCCGCCATATGCAAGTTCAGCCGAAATCAG (NcoI)
aThe restriction sites used for the construction of plasmids are underlined.
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Blue Native (BN)-PAGE—Mitochondria were isolated
from the C. elegans N2 (Bristol) strain as described (31).
The mitochondria extracts (200–400 mg protein) were cen-
trifuged at 200,000 · g for 5 min at 4�C. The pellets were
suspended in 40 ml of 50 mM imidazole/HCl buffer, pH 7.0,
containing 50 mM NaCl, 5 mM 6-aminohexanoic acid and
1.5% dodecyl-b-D-maltoside, and then allowed to stand on
ice for 30 min. After centrifugation at 17,000 · g for 20 min
at 4�C, 0.35% Serva blue G-250 (dissolved in 500 mM
6-aminohexanoic acid) was added to the supernatant,
which was then subjected to BN-PAGE. BN-PAGE was
performed essentially according to Schagger (32). Blotted
proteins were detected with the antibodies raised against
the family M16B proteins, polyclonal goat anti-rabbit
immunoglobulin/HRP and ECL Western Blotting
Detection Reagents (Amersham Bioscience).
Preparation of a Recombinant Protein by Coexpression—

The cDNA sequences encoding the mature ZC410.2,
Y71G12B.24, F56D2.1 and VW06B3R.1 proteins were
amplified from each cDNA clone by PCR using the follow-
ing pairs of primers: ZC410NM and ZC410C2 for ZC410.2;
Y71NM2 and Y71C2 for Y71G12B.24; F56NM2 and F56C2
for F56D2.1; and VW06NM and VW06C2 for VW06B3R.1
(Table 1). For co-expression, the amplified DNAs of
Y71G12B.24 and ZC410.2 or VW06B3R.1 and F56D2.1
were digested with appropriate restriction enzymes
(Table 1) and then cloned into multi-cloning sites 1 and
2, respectively, of the pETDuet-1 vector (Novagen). The
resulting plasmid pETDuet-Y71G12B.24/ZC410.2 was
co-transformed with pG-KJE8 (Takara), carrying the
dnaK, dnaJ, grpE, groES, and groEL chaperone genes,
into E. coli BL21(DE3), while pETDuet-VW06B3R.1/
F56D2.1 was transformed into E. coli BL21-Codon-
PlusTM(DE3)-RIL (Stratagene). A pre-culture was per-
formed overnight at 37�C in M9ZB containing 50 mg/ml
ampicillin and 30 mg/ml chloramphenicol. The preculture
(1% by volume) was added to fresh M9ZB containing 50 mg/ml
ampicillin and 30 mg/ml chloramphenicol for VW06B3R.1/
F56D2.1, or to M9ZB containing 50 mg/ml ampicillin,
30 mg/ml chloramphenicol, 2% arabinose, and 10 mg/ml
tetracycline for Y71G12B.24/ZC410.2. The culture was
performed at 37�C with vigorous shaking until OD600

reached 0.4. Then IPTG was added to a final concentration
of 0.1 mM. After the culture had been continued at 15�C for
24 h, the cells were harvested by centrifugation at 6,000 · g
for 10 min and suspended in sodium phosphate buffer,
pH 7.0, containing 300 mM NaCl (lysis buffer), then lyso-
zyme was added to a final concentration of 1 mg/ml. The
suspension was kept on ice for 30 min, sonicated, and then
centrifuged at 180,000 · g for 35 min. The supernatant was
applied to a column of TALONTM Metal Affinity Resin
(Clontech) equilibrated with the lysis buffer, and washed
with 20 volumes of the buffer. The proteins were eluted by
stepwise elution with the lysis buffer containing 50, 75,
100, and 200 mM imidazole. The fractions containing
the recombinant protein were concentrated with an Ami-
con Ultra-15. The concentrated solutions were diluted with
100 volumes of 20 mM HEPES/KOH, pH 7.5, containing
0.1% Tween-20, and then concentrated again. The protein
solution obtained was stored at –30�C.
Preparation of Recombinant Y71G12B.24 and ZC410.2

Subunits—The putative mature region of Y71G12B.24
amplified by PCR using a pair of primers, Y71NM3 and

Y71C3 (Table 1), was inserted into the BamHI/SalI site of
the pGEX-6P-3 vector (Amersham Biosciences), which was
designed to express the recombination protein with a
GST-tag fused at the N-terminus. For expression, E. coli
BL21 transformed with the resulting plasmid was cultured
in M9ZB containing 50 mg/ml ampicillin at 37�C with
vigorous shaking. When OD600 reached 0.4, IPTG was
added to a final concentration of 0.1 mM and the cells
were cultured at 15�C for 24 h. The cells were harvested
by centrifugation and suspended in PBS (10 mM Na2HPO4,
1.8 mM KH2PO4, 140 mM NaCl, 2.7 mM KCl, pH 7.3)
containing 1 mg/ml lysozyme. The suspension was kept
on ice for 30 min and then sonicated. After the addition
of 0.1% Tween-20, the lysate was stirred at 4�C for 20 min,
and then centrifuged at 180,000 · g for 30 min. The super-
natant was applied to a column of glutathione Sepharose 4
Fast Flow (Amersham Biosciences) equilibrated with PBS.
By using a protease buffer (50mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.1% Tween-20, and 1mM DTT) containing
PreScission Protease (Amersham Biosciences), the recom-
binant Y71G12B.24 protein with the GST-tag removed was
obtained. The fractions containing the recombinant protein
were concentrated with an Amicon ultrafree-15 and then
dialyzed against 20 mM HEPES-KOH, pH 7.5, containing
0.1% Tween-20. After the addition of 20% glycerol,
the sample was stored at –30�C. To prepare the ZC410.2
recombinant protein, E. coli BL21(DE3) was co-
transformed with expession plasmid pET22b-ZC410.2
and pG-KJE8. Expression and preparation of the recombi-
nant protein were performed as in the case of Y71G12B.24/
ZC410.2 co-expression.
MPP Activity Assay—As a substrate, the N-terminal 21

residues of mouse malate dehydrogenase precursor
MDH1-21 (MLSALARPVGAALARSFSTSA) (33) were
chemically synthesized using a solid phase peptide synthe-
sizer, PSSM-8 (Shimadzu). A peptide comprising the
C-terminal 5 residues of the presequence and the
N-terminal 20 residues of the mature form of the subunit
V of bovine UCR, -5V+20 (ASVRYSHTDIKVPDFSDYRR-
PEVLD) (27, 28), was also synthesized. 3 mg of the
Y71G12B.24/ZC410.2 or VW06B3R.1/F56D2.1 co-expres-
sion protein was mixed with 5 nmol of MDH1–21 or
9 nmol of -5V+20 in a reaction buffer (20 mM HEPES/
KOH, 0.1% Tween-20, pH 7.5) containing 1 mM ZnCl2,
and then incubated at 25�C (33). In the case of
VW06B3R.1/F56D2.1, an alternative procedure was also
used, as follows; 5 nmol of MDH1-21 or 9 nmol of -5V+20

was added after freezing of the enzyme in the reaction
buffer at -80�C for more than 6 h (28). The total volume
of the reaction mixture was 0.2 ml in every case. The reac-
tion was stopped by the addition of trifluoroacetic acid to a
final concentration of 0.05%. Each mixture was chilled on
ice for 20 min and then centrifuged at 17,000 · g for 15 min.
The supernatant was subjected to HPLC on a TSKgel-
ODS-120T column (150 · 2.2 mm, Tosoh). Elution was
performed with a linear gradient of 0–50% acetonitrile
in 0.1% trifluoroacetic acid. The substrate and product
peptides were monitored at 215 nm. The cleavage site of
the substrate was determined by analyzing the product
peptides using an HPLC apparatus (1100 series, Agilent
Technologies) with a TSKgel-ODS-120T column (150 ·
2.2 mm, Tosoh) eluted with a gradient of acetonitrile
(0–60% in 60 min), connected to an LCQTM DUO mass
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spectrometer (ThermoQuest). To reconstruct MPP with the
independently expressed ZC410.2 and Y71G12B.24 pro-
teins, 0.1 mg of each protein was mixed and incubated
with 5 nmol of MDH1-21 in the reaction buffer containing
2 mM ZnCl2 at 25�C. The total volume was 0.1 ml.
RNAi—RNAi was performed according to the soaking

method (34). The DNA templates for in vitro synthesis
of double-stranded RNAs (dsRNAs) were prepared as
follows. The 749-bp SacI/ApaI fragment from cm18g6 for
ZC410.2, the 897-bp NcoI/XhoI fragment from yk97h7 for
F56D2.1, and the 1233-bp XhoI/XhoI fragment from
yk1189e02 for VW06B3R.1 were subcloned in the corre-
sponding respective cloning sites of pPD129.36. For
Y71G12B.24, cDNA was amplified with a pair of primers,
Y71NM and Y71C (Table 1), and its 1,388-bp NcoI/HindIII
fragment was cloned into pPD129.36. For T10B10.2, cDNA
was amplified with a pair of primers, T10NM and T10C,
and its 729-bp ClaI/EcoRI fragment was cloned into
pPD129.36. For T24C4.1, DNA was amplified with a pair
of primers, T24N and T24C, and its 898-bp NcoI fragment
was cloned into pPD129.36. From the resulting plasmids,
the DNA templates for RNA synthesis were amplified by
PCR using the T7 primer (Table 1).
Site-Directed Mutagenesis of ZC410.2—Four mutant

structural genes for ZC410.2, H100Y, H100Y/L102V,
H100F, and H100N, were prepared by PCR. Mutant
DNA was amplified from cDNA using the ZC410NM
primer and each synthetic primer, ZC410H100Y,
ZC410H100YL102V, ZC410H100F, or ZC410H100N
(Table 1). Each amplified DNA was digested with NcoI
and NdeI, and then inserted into the NcoI/NdeI sites of
the pET22b-ZC410.2 plasmid. The H104R mutant gene
was prepared by PCR as follows. The 50-half of ZC410.2
was amplified with a pair of primers, ZC410NM and
ZC410H104Ra, and the 30-half was amplified with
ZC410H104Rs and ZC410C. The amplified products were
purified and mixed, and then PCR was performed on the
mixture using a pair of primers, ZC410NM and ZC410C.
The amplified DNA was inserted into the NcoI/XhoI sites of
the pET21d vector. Recombinant proteins were prepared
as described above.

RESULTS

Assignment of C. elegans a/b-MPP and UCR-1/2 Genes
by Primary-Structural Comparison—In the C. elegans gen-
ome database, six genes, Y71G12B.24, ZC410.2, F56D2.1,
T10B10.2, T24C4.1, and VW06B3R.1, were found to code
for proteins homologous to the subunits of MPP or the UCR
core protein in a BLAST search. On sequencing of the com-
plete ORFs of their transcripts, we deduced their amino
acid sequences, which were consistent with the predicted
structures in the database (Fig. 1).

The C. elegans protein most homologous to human a-
MPP is the Y71G12B.24 protein (Table 2), and the
Y71G12B.24 protein is also most homologous to a-MPP
(Table 3). Additionally, only the Y71G12B.24 protein
among the six gene products has the Gly-rich segment
characteristic of a-MPP (Figs. 1 and 2A). Therefore, the
Y71G12B.24 gene is predicted to code for a-MPP. On the
other hand, the C. elegans protein most homologous to both
human b-MPP and UCR-1 is the ZC410.2 protein. Because
the ZC410.2 protein is most homologous to b-MPP (Tables 2

and 3), and because only the ZC410.2 protein among the six
gene products contains the complete metal-binding
HXXEH(X)72–76E motif characteristic of b-MPP (Fig. 1),
it is predicted to be b-MPP. In addition, Glu191 and
Asp195 that are important for the proteolytic activity of
rat b-MPP (33) are conserved in the ZC410.2 protein
(Fig. 2B). Thus, Y71G12B.24 and ZC410.2 were predicted
to be the MPP subunits.

The protein encoded by F56D2.1 is also most homologous
to b-MPP, but b-MPP is less homologous to the F56D2.1
protein than to the ZC410.2 protein (Table 1). Moreover,
the F56D2.1 protein has an Arg residue in place of the
second His residue in the HXXEH72–76E motif that is con-
served in all known b-MPPs (Fig. 2B). Therefore, the
F56D2.1 protein is not thought to be b-MPP. Since the
F56D2.1 protein is also homologous to UCR-1, it is thought
to be a candidate for UCR-1, although the possibility that
the ZC410.2 protein plays dual roles as b-MPP and UCR-1
similar to in the case of N. crassa, in which the b-MPP and
UCR-1 molecules are identical, remains. The T10B10.2,
T24C4.1, and VW06B3R.1 proteins are most homologous
to UCR-2, so they are candidates for UCR-2 (Table 1). It is
uncertain, however, whether or not all of them actually
serve as UCR-2. Thus, reliable assignments were not pos-
sible only through primary structural comparison of the
UCR subunits.
B. malayi cDNAs Coding for Proteins Homologous to

b-MPP and UCR-1—B. malayi cDNAs homologous to
C. elegans ZC410.2 and F56D2.1 were obtained as des-
cribed under ‘‘MATERIALS AND METHODS,’’ and the proteins
encoded were named Bm-MPP-b and Bm-UCR-1, respec-
tively. Bm-MPP-b has a conserved Zn-binding motif,
HXXEHX75E, characteristic of b-MPP, but Bm-UCR-1
has NXXEHX75E at the corresponding position (Figs. 1
and 2B). The motif in Bm-UCR-1 is different from
HXXERX75E in the C. elegans F56D2.1 protein and also
from YXXEHX75E in mammalian UCR-1 proteins.
Phylogenetic Relationship—Phylogenetic analysis was

performed on the family M16B proteins including those
from C. elegans and B. malayi. In the phylogenetic tree,
the Y71G12B.24 protein is in the same subgroup as the a-
MPPs from other organisms, and the VW06B3R.1,
T10B10.2, and T24C4.1 proteins are in the subgroup of
UCR-2 proteins (only those from C. elegans and man are
shown in Fig. 3). The ZC410.2 protein and Bm-MPP-b
belong to the same subgroup as the b-MPPs from other
organisms (Fig. 3). This is consistent with the assignment
mentioned above. Interestingly, however, the C. elegans
F56D2.1 protein and Bm-UCR-1 as well as UCR-1 from
Saccharomyces cerevisiae are not in the same subgroup
as the mammalian UCR-1 proteins. The mammalian
UCR-1s as well as putative UCR-1s from zebrafish and
frog are more related to the b-MPPs from various organ-
isms than to the F56D2.1 protein and Bm-UCR-1.
The F56D2.1, VW06B3R.1, T10B10.2, and T24C4.1

Proteins Were Immunochemically Detected in the UCR
Complex—To experimentally identify the core subunits of
UCR, immunochemical analyses were performed. Polyclo-
nal antibodies were raised against each of the six gene
products using the recombinant proteins expressed in
E. coli. Anti-T10B10.2, anti-T24C4.1, and anti-
VW06B3R.1 antibodies showed some cross-reactivity to
their authentic antigens, but no cross-reactivity was
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Fig. 1. Sequence alignment of the peptidase family
M16B proteins fromC. elegans andB. malayi. The glycine-rich
region conserved in a-MPP is underlined. The His and Glu
residues conserved in the metal binding HXXEH(X)72–76E motif

of b-MPP are indicated by #, and the Glu and Asp residues
corresponding to those that are important for the activity
of rat b-MPP are indicated by *. Ce, C. elegans; Bm,
Brugia malayi.
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observed among the other antibodies. Using the antibodies,
Western blotting analysis was carried out on extracts from
C. elegans. Although none of the gene products could be
detected in the extracts from the whole animals, the
F56D2.1, VW06B3R.1, and T10B10.2 proteins were
detected in the mitochondrial membrane fraction. In addi-
tion, the T24C4.1 protein was detected faintly. Neither the
ZC410.2 protein nor the Y71G12B.24 protein, however,

could be detected in any fraction. On Western blotting
after separation of the mitochondrial membrane protein
complexes by BN-PAGE according to their size, one of
the bands was found to react with both the anti-F56D2.1
and anti-VW06B3R.1 antibodies, and very faintly with the
anti-T10B10.2 antibody (Fig. 4B, lanes 4, 5, and 7). When a
higher concentration of the anti-T10B10.2 or anti-T24C4.1
protein antibody was used, immunochemical staining was
also observed for the same band (Fig. 4B, lanes 8 and 9).
Neither the anti-ZC410.2 nor the anti-Y71G12B.24 protein
antibody stained any of the bands with high molecular
masses. These facts suggest the possibility that the
VW06B3R.1, T10B10.2, and T24C4.1 proteins form a com-
plex with the F56D2.1 protein, and are probably involved
in UCR (complex III) (35).
Association of the Recombinant ZC410.2 and

Y71G12B.24 Proteins Restores MPP Activity—To confirm
the assignment of the MPP genes, reconstitution of MPP
from the recombinant proteins was examined. Although

Fig. 2. Alignment of the glycine-rich
region of a-MPP (A), and the metal bind-
ing regions of b-MPP and UCR-1 (B).
(A) The residues completely conserved
among the a-MPPs are shadowed. (B) The
residues completely conserved among the
b-MPPs are shadowed. The conserved resi-
dues in the metal-binding HXXEH(X)72–76E
motif are indicated by #. The Glu and Asp
residues corresponding to those important
for the activity of rat b-MPP (33) are indi-
cated by *. The sequence data other than
those for nematode proteins were obtained
from the Swiss-Prot database.

Table 2. The C. elegans genes that code for family M16B proteins, and the known proteins most homologous to them.

Gene Amino acid
residue

Homologue Amino acid
residue

BLAST
Expect

Identity

ZC410.2 458 Rat b-MPP 489 e-118 211/433 (48%)

Y71G12B.24 514 Human a-MPP 525 3e-93 171/455 (37%)

F56D2.1 471 Human b-MPP 489 1e-87 166/448 (37%)

T10B10.2 422 Human UCR-2 453 3e-35 110/414 (26%)

T24C4.1 427 Rat UCR-2 452 1e-30 121/441 (27%)

VW06B3R.1 410 Bovine UCR-2 453 1e-20 105/413 (25%)

Table 3. The C. elegans proteins most homologous to the
subunits of MPP and of the core protein of UCR from man.

Human
proteins

Amino acid
residue

C. elegans
homologue

Amino acid
residue

Identity

a-MPP 525 Y71G12B.24 514 37%

b-MPP 489 ZC410.2 458 47%

UCR-1 480 ZC410.2 458 41%

UCR-2 453 T10B10.2 422 26%
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neither the ZC410.2 nor the Y71G12B.24 protein showed
any proteolytic activity independently (Fig. 5, A and B),
a mixture of the two proteins was found to cleave a subs-
trate peptide, MDH1-21, at the predicted processing site
into two fragments, MLSALAPRVGAALRRS and FSTSA,
which were identified on LC-MS analysis (Fig. 5C). This
proteolytic activity was inhibited by EDTA, a metallopep-
tidase inhibitor (Fig. 5D). Therefore, the metallopeptidase
activity of MPP is suggested to depend on the association of
the ZC410.2 and Y71G12B.24 proteins.

The ZC410.2 and Y71G12B.24 proteins were also
co-expressed in E. coli as soluble forms. In this case, the
ZC410.2 protein was expressed as a fusion protein with a
(His)6-tag, and the Y71G12B.24 protein was expressed
without any tag. On affinity purification on Ni2+-
immobilized chelating Sepharose, the Y71G12B.24
protein was co-purified with the ZC410.2-(His)6 protein
(data not shown), and equivalent amounts of the two
proteins were detected on SDS-PAGE. This suggests
that the ZC410.2 and Y71G12B.24 proteins form a 1:1
complex. The purified complex was also found to cleave
MDH1-21 at the predicted site (Fig. 5E), which was inhib-
ited by EDTA (Fig. 5F). These results are consistent with
that Y71G12B.24 and ZC410.2 are a-MPP and b-MPP,
respectively.

The Recombinant F56D2.1 and VW06B3R.1 Proteins
Form a Complex but Show No Peptidase Activity—Among
the three UCR-2 candidates, the VW06B3R.1 protein is the
major one, as shown on Western blot analysis (Fig. 4). To
confirm that the F56D2.1 protein forms a complex with the
VW06B3R.1 protein, they were co-expressed in E. coli, a
(His)6-tag only being fused to the F56D2.1 protein. Upon
purification on Ni2+-immobilized chelating Sepharose, an
equivalent amount of the VW06B3R.1 protein was copur-
ified with F56D2.1. This fact suggests the formation of a
1:1 complex between the F56D2.1 and VW06B3R.1 pro-
teins, consistent with that they are the UCR-1 and
UCR-2 proteins, respectively. Using the purified complex,
peptidase activity toward synthetic peptide MDH1–21 and
also -5V+20 as substrates was assayed. No significant activ-
ity, however, was detected (data not shown). In addition, no
peptidase activity was detected in the mixture of the inde-
pendently expressed recombinant F56D2.1 protein with
any of the recombinant VW06B3R.1, T10B10.2, and
T24C4.1 proteins (data not shown).
Site-Directed Mutagenesis Shows That Most Mutations

in the Metal-Binding Motif in ZC410.2 Are Unacceptable
for MPP Activity—The phylogenetic tree (Fig. 3) suggests
that mammalian UCR-1 diverged from an ancestral b-MPP
or from b-MPP/UCR-1. The bovine UCR core protein has

Fig. 3. Phylogenetic relationship
of b-MPP and UCR-1 proteins.
An unrooted neighbour-joining
phylogenetic tree was drawn based
on the results obtained with Clustal
W (39).
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MPP activity, although the metal-binding motif of the
UCR-1 subunit, YFVEHX75E, is different from that of b-
MPP, HFLEHX75E. Therefore, some mutations in the
HXXEH motif of b-MPP seem to be acceptable without
loss of proteolytic activity. In order to examine the struc-
ture/function relationship of the metal-binding motif, the
HFLEH motif in the ZC410.2 protein was mutated to
YFLEH (H100Y) and YFVEH (H100Y/L102V), which are
found in human/mouse UCR-1 and bovine UCR-1, respec-
tively. Additionally, we prepared mutants whose HFLEH
motif is replaced with FFLEH (H100F), NFLEH (H100N),
or HFLER (H104R), which are found in rainbow trout
UCR-1, Bm-UCR-1, and the C. elegans F56D2.1 protein,
respectively. The mutant proteins were expressed as fusion
proteins with a (His)6-tag, affinity-purified, and then

mixed with the recombinant Y71G12B.24 protein. No
MPP activity, however, was detected for any of the
mutants. Thus, these mutations in the metal-binding
motif are not acceptable for C. elegans b-MPP to retain
its activity.
MPP and UCR are Essential for the Viability of C.

elegans—RNAi was performed on the six genes by soaking
C. elegans in a solution of dsRNA (Table 4). The interfer-
ence of each gene led to embryonic lethality; the develop-
ment was arrested in the late embryonic stage and various
types of abnormal morphology were observed (Fig. 6).
Among the six genes, the knockdown of F56D2.1 showed
the highest lethality (>90%). Also the knockdown of
ZC410.2 and Y71G12B.24 showed high lethality (>50%),
and combination RNAi of the two genes led to >80%
embryonic lethality. Although the lethal effect of single
RNAi of T10B10.2, T24C4.1, or VW06B3R.1, or of combi-
nation RNAi of any two of the three genes was compara-
tively low (<30%), synthetic RNAi of all the three genes was
63% lethal. In addition, deletion mutants ZC410.2(tm1326)
and F56D2.1(tm1181) were homozygously inviable. These
results suggest the essentiality of MPP and the UCR core
protein, and the functional redundancy among the UCR-2
subunits.

DISCUSSION

As described in the preceding section, primary structure
comparison, and phylogenetic, immunochemical, and enzy-
mological analyses led to the following assignment of the
six C. elegans genes: Y71G12B.24, a-MPP; ZC410.2, b-
MPP; F56D2.1, UCR-1; T10B10.2, T24C4.1; and
VW06B3R.1, UCR-2. Immunochemical analysis of a C. ele-
gans mitochondria extract showed that the VW06B3R.1
protein represents the major UCR-2, and the T24C4.1 pro-
tein the minor one. The expression patterns of VW06B3R.1
and T10B10.2 were examined by promoter-driven GFP
expression analysis (data not shown), which demonstrated
almost ubiquitous expression of both T10B10.2 and
VW06B3R.1 and no significant difference between their
expression patterns. Taken together with that synthetic
RNAi of all the three UCR-2 genes caused a higher lethal
effect than single RNAi or double RNAi (Table 4), the
UCR-2 proteins are thought to be functionally redundant
in C. elegans. It is unknown whether or not other nema-
todes such as B. malayi exhibit redundancy in the UCR-2
gene. The essentiality of F56D2.1 and ZC410.2 suggests
the possibility that their orthologues in B. malayi, Bm-
UCR-1 and Bm-MPP-b, are also indispensable for the via-
bility of the filarial nematode. As mitochondria could be a
good target for anti-parasitic drugs (38), specific inhibitors
of MPP or the cytochrome bc1 complex are expected to be
potential anti-parasitic agents.

It is thought that b-MPP/UCR-1 and a-MPP/UCR-2
evolved from a common ancestral molecule, and then b-
MPP and UCR-1 as well as a-MPP and UCR-2 became
separated during the course of evolution (12, 40). Figure
3 shows a phylogenetic tree including the nematode pro-
teins, which suggests that divergence of UCR-1 and b-MPP
occurred via a complicated process. The UCR-1 genes of
mammals seem to have branched after the separation of
nematodes and arthropods, while C. elegans F56D2.1 and
Bm-UCR-1 as well as the UCR-1 genes of S. cerevisiae and

Fig. 4. BN-PAGE and Western blotting of C. elegans mito-
chondria extracts. The complexes in the mitochondrial mem-
brane were separated by BN-PAGE under non-denaturing
conditions and then transferred to a PVDF membrane. Immuno-
staining was performed with specific antibodies raised against
each gene product and purified on a column of rProteinA Sepharose
Fast Flow. The band of complex III (UCR) was presumed based on
the result reported by Sanz et al. (35). (A) Western blotting after
SDS-PAGE of recombinant proteins (0.01, 0.1, and 1 mg) with their
specific antibodies (2 mg/ml). (B) Lane 1, BN-PAGE. Lanes 2–7,
Western blotting after BN-PAGE using 2 mg/ml antibodies for
the ZC410.2 protein (lane 2), the Y71G12B.24 protein (lane 3),
the F56D2.1 protein (lane 4), the T10B10.2 protein (lane 5), the
T24C4.1 protein (lane 6), and the VW06B3R.1 protein (lane 7).
Lanes 8–10, twice the amount of protein was used for BN-PAGE.
Lane 8, BN-PAGE. Lanes 9 and 10, Western blotting after
BN-PAGE using a 10-times higher concentration of antibodies
for the T10B10.2 protein (lane 9) and the T24C4.1 protein (lane 10).
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Euglena gracilis seem to have been derived from an ances-
tral gene before the separation of animals and fungi. Thus,
on the assumption that the phylogenetic tree shows the
course of molecular evolution, the divergence of UCR-1
and b-MPP is thought to have occurred at least twice dur-
ing the evolution.

The core complex of bovine UCR is known to have
MPP activity (27, 28), although the biological significance

of the activity is unclear. On the contrary, we could
not detect MPP activity after the association of the
UCR-1 and UCR-2 subunits of C. elegans. Although it
cannot be ruled out that the C. elegans UCR-1/UCR-2
complex has protease activity, it is possible that
C. elegans UCR-1 lost the potential protease activity
that its ancestral molecule should have possessed,
while bovine UCR-1, which diverged from b-MPP more

Fig. 5. Reconstitution of MPP activity from the recombinant
ZC410.2 and Y71G12B.24 proteins. (A–D) The ZC410.2 and
Y71G12B.24 proteins were expressed as soluble fusion proteins
with a (His)6-tag and a GST-tag, respectively. After each fusion
protein had been affinity-purified, the MPP activity toward the
synthetic peptides was assayed. (A, B) MDH1-21 was incubated
with the recombinant ZC410.2 (A) or Y71G12B.24 (B) protein for
24 h. (C, D) MDH1-21 was incubated with a mixture of the

ZC410.2 and Y71G12B.24 proteins for 2 h in the absence (C) and
presence (D) of 12.5 mM EDTA. The amino acid sequences of
fragments 1 and 2 in panel C were determined to be MLSALARPV-
GAALRRS and FSTSA, respectively, on MS spectrometry. (E, F)
The ZC410.2 and Y71G12B.24 proteins were co-expressed and incu-
bated with MDH1-21 for 4 h in the absence (E) and presence (F) of
12.5 mM EDTA.
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recently than C. elegans UCR-1, retains the potential
activity.

The mammalian UCR-1 proteins are thought to have
been derived from ancestral b-MPP or a bi-functional
b-MPP/UCR-1 protein, and one of the active site His
residues is thought to have become mutated during the
molecular evolution. Since the bovine core protein has pro-
tease activity, some mutations may be acceptable without
abolishing the protease activity. In this study, the HFLEH
motif of C. elegans b-MPP was mutated into YFLEH,
YFVEH, FFLEH, NFLEH, and HFLER, which are found
in the UCR-1 proteins of various organisms, but the MPP
activity was lost completely with all of these mutations.
These results suggest that the His residues in the metal-
binding motif are essential for the MPP activity. This is
consistent with the report by Kitada et al. (36) that Arg
mutations of the His residues of the HXXEH motif led to
the complete loss of the activity of rat b-MPP. On the other
hand, Striebel et al. (17) reported that Arg mutation of the
first His residue in rat b-MPP abolished the activity, but
that Gln mutation of the first His or Arg mutation of the
second His residue led to a loss of 95% of the activity. Thus,
some mutation of a His residue of the HXXEH motif might
not abolish the activity completely, and a certain unknown
structural factor(s) would be required for such a result.

In the case of S. cerevisiae, b-MPP is known to be
essential for cell viability (41), while the deletion mutant
of the UCR core protein-1 is viable (42). In the case of
C. elegans, the lethality caused by RNAi of the family
M16B genes and the inviability in homozygous animals
with the deletion allele ZC410.2 (tm1326) or F56D2.1
(tm1181) demonstrated the essentiality of both MPP and
the core protein of UCR for viability. The core protein is
much more abundant than MPP and is thought to be
present in the mitochondrial matrix before it is integrated
into UCR (37). The essentiality of b-MPP subunit ZC410.2
indicates that the core protein present in the mitochondria

matrix cannot compensate for the loss of ZC410.2. This fact
suggests that C. elegans UCR-1 does not have enough
activity to execute the role of MPP, consistent with the
fact that no peptidase activity was detected with the recom-
binant core protein. Thus, it does not seem to be a common
feature of the UCR core proteins that they possess pepti-
dase activity.

The nucleotide sequence data for Bm-MPP-b and Bm-UCR-1
are available in the DDBJ/EMBL/GenBank databases under
accession numbers AB163419 and AB163418, respectively.
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