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ABSTRACT: In our previous papers, seven structural genes (NQOI-7) of the energy-transducing NADH-
quinone (Q) oxidoreductase of Paracoccus denitrificans were characterized [Xu, X., Matsuno-Yagi, A.,
& Yagi, T.(1991a) Biochemistry 30,8678-8684; (1991b) Biochemistry 30, 6422—6428; (1992a) Biochemistry
31, 6925-6932; (1992b) Arch. Biochem. Biophys. 296, 40-48]. This paper reports the identification,
cloning, and sequencing of seven additional structural genes in the same gene cluster (P. denitrificans
enzyme complex). These seven genes, designated NQOS-14, are composed of 1038, 492, 603, 306, 2112,
1542, and 1500 base pairs, respectively. The polypeptides encoded by the NQO8-14 genes are homologous,
respectively, to the ND1 product, the 23-kDa polypeptide, and the ND6, ND4L, ND35, ND4, and ND2
products of the bovine NADH—-Q oxidoreductase. The order of the 14 structural genes of the Paracoccus
energy-transducing NADH-Q oxidoreductase in the gene cluster is NQO7, NQO6, NQOS5, NQO4, NQO2,
NQOI1, NQO3, NQO8, NQO9, NQO10, NQO!11, NQO12, NQO13, and NQO14. Downstream from the
NQO! 4 gene an open reading frame (designated URF240) was detected which encodes a predicted polypeptide
homologous to the biotin [acetyl-CoA—carboxylase] ligase of Escherichia coli. In addition, a putative
terminal sequence motif was observed downstream of the NQO!4 gene, suggesting that the structural gene
NQOI4 is the 3’-terminal gene of the Paracoccus NADH-Q oxidoreductase gene cluster. Nucleotide
sequencing of the entire gene cluster revealed the presence of three unidentified reading frames: one
between the NQO3 and NQO8 genes and other two between the NQO9 and NQOI0 genes. These are
designated URF4, URFS5, and URF6 and are composed of 768, 393, and 405 base pairs, respectively. The

possible functions of the putative proteins encoded by URF5 and URF®6 are discussed.

The NADH-quinone (Q)! oxidoreductases present in the
respiratory chain of various species of bacteria can be divided
into two groups depending on whether these enzyme complexes
bear an energy coupling site (Yagi, 1989, 1991, 1993; Yagi
etal., 1988, 1992). Those enzymes that bear the coupling site
are designated as NDH-1 and those that do not as NDH-2,
The bacterial NDH-1 enzyme complexes appear to be related
to the mammalian mitochondrial NADH-UQ oxidoreductase
(complex I) as judged by similarities in prosthetic groups,
polypeptide compositions, and specificinhibitors (Yagi, 1989,
1991, 1993; Yagi et al., 1992; Meinhardt et al., 1987).

Paracoccus denitrificans is a Gram-negative soil bacterium
(John & Whatley, 1975, 1977). Aerobically grown P.
denitrificans expresses a mammalian mitochondrial-type
respiratory chain (Stouthamer, 1980) which appears tocontain
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NDH-1 butnot NDH-2 (Yagi, 1986, 1991). This Paracoccus
NDH-1 contains noncovalently bound FMN and 4~ 5 EPR-
visible FeS clusters and appears to be composed of at least 10
unlike subunits (Yagi et al., 1992; Yagi, 1986; Meinhardt et
al., 1987). Immuno-cross-reactivity has been reported between
several of the Paracoccus NDH-1 and bovine complex I
subunits (Yagi, 1986; Xu & Yagi, 1991; George et al., 1986;
Yagi & Dinh, 1990; Xuet al., 1991a,b, 1992a,b). Inaddition,
both the Paracoccus NDH-1 and the bovine complex I are
inhibited by several of the same inhibitors (e.g., rotenone,
piericidin A, capsaicin, and DCCD; Yagi, 1987, 1990, 1991;
Yagi et al., 1992).

The NADH-binding subunit of the Paracoccus NDH-1
was previously identified in this laboratory using direct
photoaffinity labeling with [32P]NAD(H) (Yagi & Dinh,
1990). This subunit was purified and subjected to amino acid
sequence analysis. On the basis of partial amino acid sequence
information from this subunit, we succeeded in cloning the
18-kbp Paracoccus NDH-1 gene cluster. The DNA sequence
of the entire gene cluster was derived from three DNA
fragments of this gene cluster: 5.7-kbp EcoRI, 12-kbp Pstl,
and 3.4-kbp HindIII DNA fragments. The fragments are
designated pXT-1, pXT-2, and pXT-3, respectively (Yagi,
1993; Yagi et al.,, 1992). The arrangement of these DNA
fragments, from upstream, is pXT-3, pXT-1 and pXT-2. The
3’-terminal region of pXT-3 overlapped with the 5'-terminal
region of pXT-1 by 220 bp. The 3'-terminal region of pXT-1
and the 5’-terminal region of pXT-2 overlapped each other
by approximately 1.1 kbp. The DNA sequences of pXT-1

© 1993 American Chemical Society
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FIGURE 1: Gene map of the Paracoccus NDH-1 gene cluster. The gene map of the pXT-1, pXT-2, and pXT-3 DNA fragments is illustrated
together with the URF4, NQO8-10, URFS, URF6, NQOI11-14, and URF240 genes. The NQOI-7 genes are the structural genes encoding
the Paracoccus NDH-1 subunits homologous, respectively, to the 51-, 24-, 75-, 49-, 30-, and 20-kDa and the ND3 subunits of bovine complex
I. For comparison, the gene arrangements of liverwort mitochondrial DNA (Oda et al., 1992) and liverwort chloroplast DNA (Ohyama et
al., 1986) are shown. Gene arrangements similar to the liverwort chloroplast DNA have recently been reported in cyanobacterial DNA (K.
Steinmiller, unpublished results, GenBank/EMBL Accession Number X62517) (Takahashi et al., 1991). — and -~ indicate, respectively,

the noncoding region and the intron.

and pXT-3 have been published earlier (Xu et al., 1991a,b,
1992a,b).

This paper describes the nucleotide sequence of the
remaining 10.3 kbp of pXT-2. Thischromosomal DNA region
contains seven structural genes encoding subunits of the
ParacoccusNDH-1. These genes have beendesignated NQOS
(1038 bp), NQO9 (492 bp), NQO10 (603 bp), NQOI1 (306
bp), NQO12(2112bp), NQOI13 (1542 bp),and NQOI14 (1500
bp). In addition, three unidentified reading frames were
observed in this gene cluster. Furthermore, an open reading
frame (URF240) encoding a predicted polypeptide homol-
ogous to biotin [acetyl-CoA—carboxylase] ligase was detected
downstream of the NQOI4 gene. The identification of the

‘-terminus of the gene cluster bearing the Paracoccus NDH-1
has been discussed.

MATERIALS AND METHODS

DNASequencing Strategy. General DNA techniques were
carried out essentially according to Sambrook et al. (1989).
As described previously (Xu et al., 1992b), we have isolated
a plasmid, designated pXT-2, containing an approximately
12-kbp Pst] Paracoccus DNA fragment. pXT-2 was utilized
as template for DNA sequencing in this paper. The isolated
pXT-2insert was digested with EcoR1, Sall, Sacll,and Apal.
All the fragments thus produced were subcloned into the
pBluescript KS phagemid vector and amplified in Escherichia
coli IM109 as described previously (Xu et al., 1991b).

The DNA sequencing was performed by the dideoxynu-
cleotide method of Sanger et al. (1977) using the 7-deaza-
dGTP sequencing kit from Pharmacia. Deletion mutants for
nucleotide sequencing were created with the exo I11/mung
bean nuclease deletion kit from Stratagene and Takara. The

universal primers (T3, T7, and M13 reverse primers) and
unique internal primers (18 bases in length) were used in
these experiments. When compression regions were encoun-
tered, the dITP sequencing kit (Pharmacia) was used instead
of the 7-deaza-dGTP. Both complementary DNA strands
were sequenced at least three times. Sequenase version 2 was
used as polymerase for the DNA sequencing.

Analysis of Nucleotide and Protein Sequences. As de-
scribed previously (Xuetal., 1991a,b, 1992a,b), the University
of Wisconsin Genetic Computer Group’s software programs
were used to analyze the sequence data (Devereux et al., 1984),
The sequence was searched for open reading frames and
terminators by the CODONPREFERENCE and TERMI-
NATOR programs, respectively. A comparison of the
polypeptides was conducted with the BESTFIT and PILEUP
programs. The FASTA and PROFILESEARCH programs
were used to search the GenBank/EMBL sequence databases
for proteins having some homology to the polypeptides
predicted by the structural genes and the open reading frames.

Materials. Acrylamide, bisacrylamide,and SDS were from
Bio-Rad; 7-deaza-dGTP and dITP sequencing kits and
universal primers were from Pharmacia LKB; [a-35S]-thio-
dATP was from Amersham; Sequenase version 2 was from
U.S. Biochemical Corp.; deletion mutant kits, pBluescript,
and conventional restriction enzymes were from Stratagene;
A/HindIII DNA standard was from New England Biolabs;
and additional deletion mutant kits were from Takara.

RESULTS AND DISCUSSION

Sequence Analysis. As shown in Figure 1, we have
previously sequenced the P. denitrificans DNA fragments
pXT-1 and pXT-3. These fragments were obtained by
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Table I: Characteristics of the NQO8, NQO9, NQO10, NQO!1,
NQOI12, NQO13, NQO14, URF4, URFS5, URF6, and URF240 Genes
and Gene Products

characteristics of polypeptide® product

DNA no.of
length amino
gene (bp) acids MW  p/ homologue

NQO8 1038 345 38751 5.39 NDI product (HP)
NQO9 492 163 18959 6.49 23 kDa (HP)®
NQOI10 603 200 21819 6.53 ND6 product (HP?)*
NQOI11 306 101 10856 7.69 NDAL product (HP)?
NQO12 2112 703 77705 6.71 NDS5 product (HP?)?
NQO13 1542 513 56417 7.64 ND4 product (HP?)?
NQOl14 1500 499 52536 S5.42 ND2 product (HP)®
URF4 768 255 26869 9.67

URF5 393 130 13765 6.26 ~-carboxymuconolactone
decarboxylase®

URF6 405 134 15002 4.72 ~y-carboxymuconolactone
decarboxylase®

URF240 723 240 24375 5.38 biotin [acetyl-CoA-
carboxylase] ligased

2 Predicted from nucleotide sequence. ® Bovine mitochondria. ¢ 4.
calcoaceticus. ¢ E. coli,

digesting P. denitrificans genomic DNA with EcoRI and
HindIIl. The DNA fragments of interest (pXT-1, pXT-2,
and pXT-3) were isolated, amplified, and sequenced. The
pXT-1 and pXT-3 fragments were found to contain the
NQOI-7 genes, corresponding to several of the structural
genes of the Paracoccus NDH-1 enzyme complex (Xu et al,,
1991a,b, 1992a,b). These genes are arranged in the Para-
coccus DNA in the following order: NQO7, NQO6, NQOS,
NQO4, NQO2, NQO1, and NQO3. Unfortunately, because
the NQO3 gene was truncated at the 3’-terminus of pXT-1
it was not possible to obtain the complete sequence of this
gene from pXT-1. The remaining sequence of the NQO3
gene was detected in the PstI 12-kbp DNA fragment
designated pXT-2. Inaddition to completing the sequence of
NQO3, DNA sequencing downstream from the NQO3 gene
indicated the presence of polypeptides homologous toa number
of mtDNA gene products of bovine complex I (Xu et al.,
1992b). Complete DNA sequencing of pXT-2 revealed
(Figure 1) the presence of seven structural genes encoding
polypeptides homologous to polypeptides of bovine complex
I. These structural genes are located downstream from the
NQO3 gene and have been designated NQOS8-14 (see Figure
1). These genes encode homologues of the bovine complex
INDI product, 23-kDa polypeptide, and ND6, ND4L, NDS,
ND4, and ND2 products, respectively (see Table I).

We have shown in a previous paper that the NOQO7 gene
is the 5’-terminal structural gene of the Paracoccus NDH-1
gene cluster (Xu et al., 1992a). It was of interest to locate
the 3/-terminus of this gene cluster. This wasdone by searching
the sequences downstream from NQOI14 with the TERMI-
NATOR program from the Univeristy of Wisconsin Genetic
Computer Group. This program identified putative terminator
sequences downstream of the NQOI4 gene (see Figure 2),
suggesting that the NQOI4 gene may be the 3’-terminal
structural gene of the gene cluster encoding the Paracoccus
NDH-1. In addition to identifying the 3’-terminus of the
gene cluster, Figure 1 indicates that one open reading frame
(URF240), located downstream of the NQOI4 gene, was also
detected. When the putative amino acid sequence encoded
by the URF240 was compared with amino acid sequences
presentinthe GenBank/EMBL database, signifcant homology
was found (31%identity) between the gene product of URF240
and the region from residue 83 to the C-terminus of a
bifunctional protein encoded by the bir4 gene of E. coli

Xu et al.

(Howard etal., 1985) (data not shown). Accordingto Howard
et al. (1985), the regions corresponding to the residues 1-80
and 83-321 operate, respectively, as a biotin repressor and a
biotin [acetyl-CoA—carboxylase] ligase. With the exception
of the birA protein of E. coli, no polypeptides having any
significant similarity to the predicted polypeptide encoded by
URF240 were found in the GenBank/EMBL database. This
result appears to support that the NQOI4 gene is the 3'-
terminal structural gene of the Paracoccus NDH-1 gene
cluster.

As shown in Figure 2, the initiation codons of the NQOS-
14 genes were all found to be preceded by sequences resembling
the Shine-Dalgarno ribosome-binding site (Shine & Dalgarno,
1975). The G-C content of the NQO8 (61.8%), NQO9
(62.4%), NQO10(65.0%), NQO11 (57.2%), NQOI 2 (63.8%),
NQOI!3(63.7%),and NQOI14 genes (66.1%) and of URF240
(72.5%) was high. This has also been found to be the case
for other genes of P. denitrificans including not only these
that code for NDH-1 but also those that code for complex III,
cytochrome oxidase, methylamine dehydrogenase, etc. (Harms
et al., 1985, 1987; Van Spanning et al., 1990a,b; Xu et al,,
1991a,b, 1992a,b; Kurowski & Ludwig, 1987; Raitio et al.,
1987).

Three open reading frames were detected by the CODON-
PREFERENCE program. Oneis located between the NQO3
and NQOS8 genes and is designated URF4 [URFs 1-3 were
identified in pXT-1 and pXT-3 and are described in Xu et al.
(1991a,b)]. The other two are present between the NQO9
and NQOI0 genes and are designated URF5 and URFG6,
respectively (see Figure 1). The G-C content of URF4
(67.7%), URFS (68.2%), and URF6 (63.7%) was also high
as expected from other Paracoccus structural genes. Noopen
reading frames were evident on the complementary strand
(data not shown).

Characterization of the NQO8-14 Gene Products and
Comparison to Their Mammalian Complex I and Chloroplast
NDH-1 Counterparts. Bovine complex I can be resolved into
a water-soluble fraction and a water-insoluble fraction
(hydrophobic protein fraction, HP) by treatment with NaClO,
(Hatefietal., 1985; Hatefi, 1985). Thewater-soluble fraction
can be further resolved into two fractions by ammonium sulfate
fractionation (Ragan, 1987; Hatefiet al., 1985; Hatefi, 1985).
The two water-soluble fractions have been designated the
flavoprotein fraction (FP) and the iron-sulfur protein fraction
(IP). On the basis of results illustrating that when human
mitochondria were resolved by deoxycholate and ammonium
acetate fractionation, the polypeptides encoded by these genes
were present in a fraction accompanying the NADH dehy-
drogenase activity (Chomyn et al., 1985b), the seven mtDNA
ND gene products are believed to encode several of the
structural polypeptides of mammalian complex 1. The ND4L,
ND3, and ND1 gene products have been shown immu-
nochemically to be located in the bovine HP (Chomyn et al.,
1985a; Yagi & Hatefi, 1988). The ND2 product, which can
be extracted in highly purified form by chloroform—methanol
extraction from complex I, is also located in the bovine HP
(Yagi and Hatefi, unpublished results). However, with the
exception of the ND1 product, which has been identified as
the DCCD- and rotenone-binding subunit, the structural or
functional roles of these polypeptides remain to be clarified
(Yagi, 1987; Yagi & Hatefi, 1988; Earley et al., 1987).
Likewise, it also remains unclear as to whether all the ND
polypeptides are components of complex I or whether some
of them are only coprecipitating contaminants. Inanattempt
to clarify these issues, the deduced amino acid sequences of
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NQO3 . . URF4
1 TCGGCGATGGCCGCGGCCCGCAAGGCCCCGGCGCCGTTGGCGGCEEK-TGACGGGGATGCGGCCCCGCCTTGCCCTTCTGAGCGGTATCGGCGCCCTGGC
S AMAAARKXAPAPLAARAE®* M RPRLALLSGTIGATLA

101 CCTGCTGGCCGGCTGCGCCGAGACCAAGGATGCGCGCCCGCGECCCAAGCCGGCCGAACTGGGCGTGGCGATGCTGCAAAGTGACGCAGGCGCGCCGEAS
LLAGTCATETKDA ARTPRTPLKTPATELTGVYA AVLG GSDAGSGATPD

201 AAGAAGACGCTGACCAGGGGCCGGATCTCGACCAAATCCGGCGAGATCCTGATTCTCGAACCCGACGGTTCGGTCAGCGAGATGGCGCTGGACAGCCCEE
K KTLTRGRTISTI K ST GETZLTILTETPTDTEGSVSTETMALTDSTESTPE

301 AGGGCCGCGACGCCTTCGC&GTGACCGAG&CCGAGTTGAiGGCTCTGAA&GCGAATCTG&AGCTGGACC*GTCCGGCCTéCCAAACATGéCCCCGGTGCé
G RDAFAVTEAETLMALNANLTETLDIULSGLPNMAPVUVR

401 CAAGCGCGAGCCCACGGCGCAGGAAAAGGCGCTGGCTGCATTCTCGGCCCGTTCCCGECCATTGCGGCTGAACCTGCCCGTGAGTTTCGAGGCCGATCCE
KREPTAGOQETKATLAATFSARSTRPLT RLINLTPVYVSTFEATDSFP

501 CAGGATTTCCAGGGCGCGCAGGTCGCCGCGCTGGCCAGTTCGCGCAAGGGGGCGRACAGCCTGGTGGAAGT TACGGCAAACCT GCGCGGCGGGATGEACG
@ DFQGAG®GVAALASSRTEKTGADTSLVYEVTANLTERTEGEGVDA

601 CCGACACCGCCTTCGCCTATGCCACATGCGCGCTGGCCAGCTGGGCCGATGCGAAAGGGECGTCCTACGCCCGGCACATCCGEACGCTCCGAGACAAGEE
D TAFATYA ATTCA ALTATSMWATDATEKTGASYATRTHTIRTLPRDKR

701 CAACGGCAAGATGGTCGTCGGTTCGGTATTCACGCTTTCCGAGAAAAAACCGATGGGCCTGACGGTGATGACAACGAAACAGACCT TGCAGGAATGCAAG
N GKMVVGSVFTLSETKEKTPMGLTVMNTITKE@TL QETC K

. Neo8 .
801 GCACGCGGCATTCCCGCGGCGTGATGAG AGGGA CGAAAGATCATGGCTGAATTCTGGGCCTCGCCCTACGGTTTCGCGCTCAGCATGCTCTTGCAGGGTC
AR GTI P AA M AEF WASPYGFALSMLILAGGGL

901 TGGCGGTCATCGCCTTCGTCATGGGTTCGCTGATCTTCATGGTCTATGGCGACCGCAAGATCTGGGCAGCGGTGCAGATGCGCCGCGGCCCCAACGTGRT
AVIAFVMGSTLTITFMVYYGDTRTZEKTIMWAAVY QMRRTGPNLVYYV

1001 CGGCCCCTGGGGCTTGTTGCAGACCT TCGCCGACGCGCTGAAATACATCGTCAAGGAAAT CGTCATTCCGGCCGGCGCGGACAAGTTCGTCTATTTCCTG
G PWGLLOGTTFADALTEKTYTIVEKETLIVTIPAGADTEKTEVYF.L

1101 GCGCCCTTCCTGTCGATGATGCTGGCGCTGTTCGCCTTTGTGGTCATCCCCTTCGACGAAGGCTGGETGATGGCGAACATCAACGTGGGCATCCTGTTCA
APFLSMMLALTFATFVVYVTIPTFTDTETGMWYVMANTINVYVGTILF.]

1201 TCTTTGCCGCCTCCTCTCTCGAGGTCTACGGCGTCATCATGGGCGGCTGGGCCTCGAACTCGAAATATCCGTTCCTCGCCTCGTTGCGGTCGGCGGEACA
F AASGSLTETVYGVTIMGTG G®WATSNTSKTYPFLASLTERSAA A.-QQ

1301 GATGATCTCCTACGAGGTGTCGCTGGGGCTGATCATCATCGGGATCATCATCTCGACCGGCTCGATGAACCTGACCGCCATCGTCGAGGCGCACGGEGEE
M 1§YEVSLGLTITITIGTITITI1STGSMNTLTATILIVEA ATHTEGS?E

1401 GATTACGGGTTGCTGAACTGGTATTGGCTGCCGCACCTGCCGATGGTGGTGCTGTTCTTCGTCTCGGCGCTCGCCCAGTGCAACCGCCCACCCTTCGACE
DY GLLNGMYTYUWLPHTLPMYVLTFTFEFVSALATETCNTRTPPTFEFTDL

1501 TGGTCGAGGCCGAGTCCGAACTGGTCGCGGGCTTCATGACCGAATATTCGTCCACGCCCTACCTGCTGTTCATGGCGGGCGAATATATCGCCATGTATCT
VEATESTETLVAGTFMTETYSS STPYLLFMAGETYTIAMY.L

1601 GATGTGCGCGCTCCTGTCGCTGCTGTTCTTCGGCGGCTGACTGTCGCCGATGCCGTTCATCGCCGACGGCTGGTGGTGGATGGTCATCAAGATGTGGTTC
M CALLGSLTLTFTFGG GWLSPVPFTIADTGMWMWMWMVIKMEGMHSF

1701 TGGTTCTACATGTTCGCCATGGTCAAGGCGATCGTGCCGCGCTACCGCTACGACCAGCTGATGCGCAT CGGCTGGAAGGTGTTCCTGCCCCTGTCOETGE
WFOYMFAMVYVIKATIVPRTYRYDGSGLMRTIGMWKVYFLPLSLSGE

1801 GCTGGGTGG%GCTGGTGGC&ATCCTGGCCEGCTACGAAA;CCTGGGCGG&TTCTGGGCC&GCTTTGCGGTCGGAGGATAAGCCATGTATTCCAACAAGC%
WV VLV AL LARYTETLULGSGTFWARTFAVGEG *

1901 AGCCGAGGCATTTGCCAAAGCCAGTGAGACCGACAAGGTGGAGCTGGCGCATTTCCTCGCCAACAATCTGGACAGT GCGGAACAAGCGCAGGACGGCGER
; NGOS.

2001 CGCATTCGGGATTATGTCGCCGCGTTCGACCGTTTCGCGGCCCCCAGGGAAGG ECGTTTCTGATGGCCTTCGATTTCGCCCGTGCGACCAAATAT;T
M A FDFARATIKY

2101 CCTGATGTGGGATTTCATCAAGGGCTTCGGCCTGGGGATGCGCTATTTCATGTCGCCCAAGCCGACGCTGAACTACCCGCATGAAAAGGGCCCGCTGTCG
L MWDFTIKTEGEFTGLGMERYFVSPKPTLNTYPHET KTE EGPLS
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2201 CCGCGCTTCCGGGGCGAACACGCACTGCGCCGCTATCCCAACGGCGAGGAACGCTGCATCECCTGCAAGETGTGCGAGGCEGTCTGCCCGGCACAGGCCA
PR FRGETHATLTRPRYPNTGEGTETETRTCTIACKLTSECTEA AVYTCPAQGARA.T

2301 TCACCATCGACGCCGAACGCCGCGAGGACGGCTCACGCCGGACCACGCGCTACGACATCGACATGACGAAATGCATCTAT TGCGGCTTCT GCCAGGAAGE
T 1 DAERTRTETDTGSRPRTTRCYDTIDMTTEKTE ECTITYCGEFTC CG QEA

2401 CTGCCCGGTCGATGCCATCGTCGAGGGTCCGAACTTCGAATATGCGACCGAAACCCGCGAGGAGCTGT TCTACGACAAGCAGAAGCTGCTTGCGAACGGE
CPVDATIVETGSPNTFTETYATETRTETETLTFTYDEKG EEKTLTLANSGE

. . . . URF5 . . . . .
2501 GAACGCTGGGAGGCCGAGATCGCCCGCAACCTGCAACTGGATGCGCCCTACAGATGACCGCTGACGCCGCATATCAGCGCGGCCGCGCCCTGGCCGAGCA
ERWEA AETIARNLOQLDAPYR™
M T ADAAY @R GRALATEHH

2601 TCTCAATCCGGGGATGGAGGTGGCCCTGCGCGACCGCTATGGCCGCTGGCTGCCCGATGCGGTGACCGAAACGGTCGTGGGTCACGOGATGGGCEAGRTE
L NPGMEVWA ATLT RTDTRYTGRMWLPDAVYVAETVVYGHTEGMEGE.V

2701 TATGCGCGCGAGGGGCTGGATCTGAAGACCCGGCTGCTGGTCACCGTCGGCGCATTGECGGCEATGGGCGEGCAGACCCEGCCGCAGCTCAAGGTGAACS
YAREGLODTLEKTRLLVYVTVGALAAMGEG G QTURPGLEKVNYVY

2801 TGGCCTCGGCCCTGCGCGCGGGCGCAAGCGCOCEGGAAATCTGCGAGGCGATCTTCCAGATGCACCTCTATGGCGGGATGCCGECGGCCATCAACGCGTT
ASALGRAGA ASATRTETITCTEA ATITFGO QMHLYGGMEPAATINA.L

. . . . URF6 . . . . . .

2901 GAACGCCGCCATCGAGGTTTTCGAAGCGGAAGGAACAAGTCCATGACCGATGCCTTCCAGAAGCTGTTCCAGCAGATGCTGCAATCCGGCCAGGAGATGG
N AAIl EV FEAEGTSP *

M TDATFQ@KULTFQQMLQSGQQEMA

3001 CGCGCGCCTTCAACCCGGCGCTCGAGCATTTCGACATGCGCGCCATGGAAAAGCTGGTGCCGACCATTCCTGCCGACATGCTGGAAATGTGGT TCGGCAA
R AFNPALTETHTFDMRAMETKLVYVPTTIPADMLETHMTGMNETEGK

3101 GACCTTCAACCGCGAGGGGCTGGACGCCAAGACGCGCCTGCTTCTCACCATCGGCGCGATCACCATTCAGGGCGLGCTGGCCGAGCCGCAACTGCGCATG
TFNRETGLTODAKTRLLLTTIGATITVOQ@GALATETPG GLTERHM

3201 ACCGTCCGTCAGGCGCTGGCGGCCEECGCCACCAAACGCGAGATCGCCGAGACGATCTTTCAGATGAGCATGT TCGGCGGGCTGCCCGCGATGCAGAAGE
TVRAGALAATEGATTEKTRTETEA AETTITFO QMSMEFTGGLSPAMS EKRA

. . . . NQO10 . . . . . .
3301 CGCTGGAAATCGCCCAGAGCGTCTATGCCGAGGAGGACGAGGAATGATGACCTTCGCTTTCTACCTGTTCGCGATCAGCGCCTGCGTCGCCGGGTTCATS
LEI AQ@Q S VYA ATETETDTETE *
M MTFAFYLFAI SACVAGTFNM

3401 GTCGTGATCGGCCGCAACCCGGTGCATTCGGTGTTGTGGCTGATCCTGGCCTTCCTGTCCGCAGCGGEGCTATTCETGCTGCAAGGCGCEEAGTTCETCS
VVIGRNPVEHSVLMWLELETILATFLSAAGLTFVLO GGAETFLUVA

3501 CCATGCTGCTGGTCGTGGTCTATGTCGGCGCCGTGGCGGTGCTGTTCCTGTTCGTCGTCATGATGCTGGACGTGGAT TTCGCCGAGCTGAAGGGCGAACT
MLLVVVYVGAVAVLFLTFVYVVYMMLDVDTFATETLTKTSETE.L

3601 GGCGCGCTACCTGCCGCTGGCGCTGETGATTGGCGTCGTGCTGCTGACGCAACTGGGCATCGCCTTCTCAGGETGGACGECCTCGGACCAGGCCGARAGE
ARYLPLALVYVTIGVVLLAGLTGTIATFSGMWTOPSDOGATES

3701 CTGCGCGCCGCTCCGGTGGATGCGGCGGTCGAGAACACCCTGGGCCTCGGCCTCATGCTTTACGACCGCTATGTGCTGATGTTCCAGCTTGCCGRELTEE
LRAAPVDA AAVENTLGLGLVYLYDRYVLMEFOQLAGLYV

3801 TGCTGCTGGTGGCGATGATCGGGGCGATCGTGCTGACCATGCGCCACCGCAAGGACGTCAAGCGCCAGAACGT GCTGGAACAGATGTGGCGCGACCCAGE
L LV AMTIGATIVLTMRTEHETRTEKGDVYVTEKR RS GEGNVYTLTET EMGUWRDP A

3901 CAAGACGAT&GAATTGAAG&ACGTGAAGC&GGGGCAGGG&CTTTGAACGéGGCAGGCTGéACCGCGATAGCCATCGGGATCGTCACGGCGGTCCTAGTAG
K TMELKDVK?PGQGL *

. . . . NGO11 . . . . .
4001 CAAACGGATATTTCAACGGGTGAACGACCCGGAGGGACCAGGACGATGATCGGATTGACTCATTATCTTGTTGTGGGGGCGATATTGTTCGTCACCGGCA
M1 G LTHY LVVGATILTFVTG!I

4101 TTTTCGGGAiCTTCGTGAA&CGAAAGAAC&TCATCGTCA%CCTGATGTC&ATCGAACTGATGCTGCTGGEGGTGAACATCAACTTCGTCGCCTTCTCGAC
F 6G!I FVNRIKNVIVILMSIETLMLLAVNINEFVATFST

4201 CCATCTGGGCGATCTGGCCGGGCAGGTCTTCACCATGTTCGTGCTGACCATCGCCGCCGCCGAGGCCGCCATCGGCCTGGCGATCCTGGTGETCTTCTTC
WL GDTLATGG® @@VYTFTMFVLTVAAGA ATEA AATLGLATLLVVEFSF
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. . . . . NQO12 . . . .
4301 CGCAACCGCGGCACCATCGCGGTGGAAGACGTCAACGTGATGAAGGGATAAGCGGCCATGGAAAAATTCGTCCTCTTTGCGCCGCTCATCGCGTCGCTGA
R NRGTI! AVEDVNVMKEG?™ M EKFVLFAPLTILIASILI

4401 TCGCCGGGCTGGECTGGCEGGCGATCGGCOAGAAGGCAGCGCAATACCTGACCACGGGCGTGETGTTCCTCAGCTGCCTGATCAGCTGGTACCTGTTTET
AGLGWRATILITGETEKAAS®GYLTTGVLTFLSCLTISWYTLEFL

4501 GTCCTTCGACGGCGTGCCGCGGCATATCCCOGTGCTCGACTGGGTCATGACCGGCGATTTCCATGCCGAATGGGCGATCCGGCTGGACCGGCTGACCGEG
S FDGVPRTHTIPVLDMWYVTCGDTFTHATETHWATITRLTGDTE RLTA

4601 ATCATGCTGATCGTCGTGACCACCGTTTCGGCGCTCGTGCACATGTATTCGCTGGGCTACATGGCCCAT GACGACAACT GGACGCATGACGAGCACTACA
I M LI1IVVTTVSALVHMYSLGYMATHRKDTDIHNTMWTIUHDTETHTYK

4701 AGGCCCGCTICTTCGCCTATCTCTCATTCTTCACCTTCGCCATGCTGATGCTGGTGACGGCGGACAACCTGTTGCAGATGTTCTTCOGCT GAGAGGGCGT
ARFTEATYLTSTETFEFTTEAMLMLVYTADANLLTG GMTFTFTGWETG.V

4801 GGGCGTCGCCTCCTACCTACTGATCGGATTCTACTACAAGAAGGCCAGCGCCAATGCCGCGGCGATGAAGGCGTTCATCATCAACCGGGTCGGCGACTTC
6 VASYLLTIGFYYEKTKASANAAAMEKATFTIVNRVYTGEGDF

4901 GGCTTCCTGCTGGGTATCTTCGGCATCTACTGGCTGACCGGCTCGGTCCAGTTCGACGAGATCTTCCGCCAGETGCCGCAGCTCGCGCAGACCGAGATCG
G FELGTITFGTIVYWLTGSVAQaFDETLTFRGOGQVPAQLAGGTTETD

5001 ATTTCCTGTGGCGCGACTGGAACGCCGCGAACCTGCTGGATTTCCTGETGTTCATCOGCECCATGGGCAAGTCGGCGCAGCTCTTGCTGCACACCTGGET
FLWRDMWENAAANTLLTSEGTFLTLTFVGAMGTEKSA AR QLTULLHTMWL

5101 GCCGGACGCGATGGAAGGCCCGACCCCGGTTTCGECGCTGATCCATGCCACGACCATGGTGACGGCCGGCGTETTCCTGGTCTGCCGCATGTCGCCGETT
PDAMETGGPTPVSALTI®HAATMVYTAGVYTFLVCRMSFEP.L

5201 TACGAATTCGCGCCGGATGCCAAGAACTTCATCGTCATCATCGGCGCCACCACCGCCTTCTTCACCGCGACCGTCGGCCT GGTGCAGAACGACATCAAGE
YEFAPDATEKANTETIVTIIGATTAFTFAATVGLVAQaNDTITKTH

5301 GCGTCATCGCCTATTCGACCTGTTCGCAGTTGGGCTACATGTTCGTGGCOGCGEGTGTCOGCGTCTATTCGECGGCCATGTTCCACCTGCTGACGCACGE
VIAYSTCSOQLGYMFVYVAAGVGVYSAAMEFTHLTLTTHA

5401 TTTCTTCAAGGCCATGCTGTTCCTGGGCGECEECTCGRTGATCEATGCCATGCACCATGAACAGGACATGCGGAACTATGGCGGGCTGCGGAAGAAGATC
F FKAMLTFLTGATGSVTITHAMHTHET GDMPRINTYG GG GLT RTEKK.!I

5501 CCGCTGACCTTCTGGGCGATGATGATCGGCACCTTCGCCATCACCGGCGTCGGCATTCCGCTGACCCACCTGGGCTTTGCCGGTTTCCTGTCCAAGGACG
P LT FWAMMIGTTFATITCGVGIPLTHLGEFATGTFLSTKTD A

5601 CGATCATCGAAAGCGCCTATGCGGGCAGCGGCTATGCCTTCTGGCTGCTGGTCATCGCEGCCTGTTTCACCAGCTTCTACAGCTGGCGOCTGATCTTCLT
1 1ESAVYATGSTGYATFMWLLVYVTIAACFTSFYSWRLIFL

5701 GACCTTCTACGGCAAGCCGCGCGGCGACCATCACGCCCATGATCATGCGCATGAAAGCCCGCCGGTGATGACGATCCCGCT GGGCGTGCTGGCCATCAGE
T FYGKPRTGDTHTHA ATHTDTGHAGBRETSTPPVMTIDIPLGVLATILSG

5801 GCGGTCTTTGCCGGCATGGTCTGGTATGGTCCCTTCTTCOGCGACCATCACAAGGTCACGGAATATTTCCACATCGCCGGCGCGCATCACGAAGCGGELG
AVEATGMYMWYGEPETFGDTHTHTEKVYTETYTFTHTIATGATHTHTEA AATE

5901 AGGGCGAAGAAGCAGAGCACGCGACCGCCGAGGCTCCGGTGGAGCACGCCETCOECCATACCGCGACCGCCCAGGGCGAAGCGGCCGCCGAGGCCGAACA
G EEATETHA AT AETEA APVETHA AVATDTATA ATET GTEA A AGA ATEATEH

6001 TGCCGAGATCGCCGCOCCGATCAGCEETGCGATCTACATGCATCCCGACAACCACATCAT GGACGAGGCGCACCATGCGCCGGCCTGGGTGAAGGTCTCE
AET1AAPVGTGATIVYMHTPDNTHTIMDTEA ATHTHAGPAMWVEKVS

6101 CCCTTCGTCGCCATGGTGCTGGGGCTGATCACCGCCTGGACATTCTACATCGCCAACCCGTCGETGCCGCGGCGGCTGGCGGCGCACGAGCCGGCGCTGT
P FV AMVLGLTITAGMWTTFOYTI1ANPSTLPRTRLAATHTETPA ALY

6201 ATCGGTTCCTGCTCAACAAATGGTATTTCGACGAGATCTACGAGTTCATCTTCGTCCGCCCGECGAAATGGCTTGGCCGCGTGCTGTGGAAGGGCGGEGA
R FLLNEKMWYTFDETTYTETFTITFVRPAKEMLGRVYLTHYHEKTESG GHD

\

6301 CGGCGCCGTCATCGACGACACCATCAACGGGGTGGCCATGGGCT TGATCCCGCGOCTEACCCGCGCEGCEGTCCGGGTGCAATCGGGCTATCTGTTECAC
G AVIDGTTINTEGVAMGLTIPRLTRAAVRVQSGYTLEFH

. .NQO13 . . .
CGGGGCGCGCACTGACATGACGAACCTTCTTTCCATCATCACCTTC
R GAH* M TNLLSTITITEF

6401 TACGCCTTC&CGATGGTTCiGGGCATCGTéGGCTTGCTGATCTGGGTGATGATG
Y AFAMVLGI VGLLI WV MM
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6501 CTGCCGATCGTCGCCGCCATCATCATGGCGCTGTTCCTGCGCGECCAGGACGAGGCCECGGCGCGCAACGCCAAATGECT GGCGCTGCTGACCACCACSE
LPI1VAATILTLIMALTFTLR RGO EDTEA AAARNAEKUMWLALLTTITTIR

6601 CGACCTTCGTGATCTCGCTTTTCGTGCTGTTCCGETTCGACCCGACGAACACCGGCTTCCAGTTCGTCAAGGAT CACGCCT GGATCATGEGCGTCTGCTA
T FVISLFVLFRTFDPANTGEG GFVTETDTHATUWNTIMEVYTC.Y

6701 CAAGATGGGCGTGGACGGCATCTCGGTGCTGTTCGTGCTGCTGACCACCTTCATGATGECGCTGACCATCCTTTCGACCT GGCAGGTCCAGGACAAGGTE
KM GVDGTISVLFVLLTTFMMPLTILSTHWHOEVEDEKYV

6801 AAGGAATACATGATCGCCTTCCTGGTGCTGGAAGGGCTGATGATCGGCGTCTTCACCGCGETCGATCTGRTGCTGTTCTACCTGTTCT TCGAGGCGGGGE
KEYMTIATFLVLTETGLMTICGYTFTALDLVYVLTETYTLTFTFTETR RT E.TL

6901 TGATCCCGATGTTCCTGATCATCGGCATCTGGGGCGGCAAGGACCGCATCTATGCGTCCTTCAAGTTCTTCCTCTACACCTTCCTCGGCTCGGTGCTGAT
1 PMFLITIGI WOGGKODTRTIYASTETEKTFTE ELYTTFLGSVLHM

7001 GCTGGTGGCGATGATCGCCATGTATCGCATGGCGGGCACCACCGACATCCCGACGCTGCTGACCTTCGACTTCCCGTCCAAGAACT TCCACCTCTTGEEE
LVAMTIAMYRMAGTTDTIPTLLTFDFPSENTFRLL.SG

7101 ATGACCGTGGTCGGCGGCATGCAGATGCTGCTGTTCCTGGCCTTCTTTGCCAGCTTCGCGGTCAAGATGCCGATGTGGCCGETCCATACCTGECTGECCS
M TVVGGMGOGa@MLTLFTLATFTFASTFEAVEKHMSPMUWPVHTITMWLPUD

7201 ACGCGCACGTCCAGGCGCCGACCGCCGGCTCGGTCCTGCTGGCCGCGGTGCTGCTGAAGATGGGCGGCTACGGCT TCCTGCGCTTCTCACTGCCRATETT
AHVQAPTAGSVLLAAVLLTEKMGEGTEGYEGEFLRTFSTLPHMSE

7301 CCCGGTCGCCAGCGGCGTGGCCCAGCCCTATGTCTTCTGACTGTCGGCCATCGCCATCGTCTACACTTCGCTGATGGCGET GGCGCAGTCGGACATGAAG
PV ASGVAGQPYVFWLSATIATILIVYTS SLVALAR GSTDHMK

7401 AAGGTCATCGCCTATTCCTCGGTCGCCCATATGGGCTACGTGACCATGGGCATCTTTGCCGCGAACCAGATCGGCGTCGACGGCGCGATCTTCCAGATGE
KV 1IAYSSVAHMGYVTMGVYVTFAANG ETITEVDGATITF QML

7501 TGTCGCACGGCTTTATCTCGGGCGCCTGTTCCTGTGEGTCOGCATGATCTACGACCGCATGEACACGCGCGAGATCGACGCCTAT GGCOGETTGGTGAA
S HG6G F1S6GALTFLCVGVYTIYDRMHTRETITDA ALY GG GLUVN

7601 CCGGATGCCGGCCTATGCGGCGGTGTTCATGTTCTTCACCATGGCGAACGTGGCCTGCCEEECACCTCAGETTTCGTGGECGAGTTCCT GACGCTGATS
RMPAVYA AAVYVTFMEFFTMANVYGLGPGTSGFVGETFLTLHM

7701 GGGGTCTTCCGCGTCGATACCTGGGTGGCGCTGGTCGCCACCTCOGGGGTGATCCTGTCAGCGGCCTATGCGCTCTGGCTGTATCGCCEGGTGACGETGE
GVFRVDTWYVALVATSGVTILSAAYALWLYRRVTITLSGSE

7801 GCCAGCTCATCAAGGAAAGCCTCAAGTCGATCACCGACATGACCCCGCGCGAACGCTGGGTGTTCATCCCGCTGATCGCCATGACGCTGATCCTGGECET
@ L1 KEGSLZKSTITDMTPRETRMYTFIPLTIAMTLILGYV

7901 CTATCCGCGGCTCGTCACCGACGTGACCGRCCCOGCGGTCOCAGCACTCGTGCAAGACTACAACCAGAGCCAGCCGGCGGCACCCETCGCCACGGCCCAA
YPRLVTDVYTGPAVAALVGO E@DTYN ZSOQEPAAPVATA A.Q

. . NQO14 . . . . . . . .
8001 GCCAGCCACTAGGGGACGGACATGACCTCGCTCGATTTCTCGACCATTCTGCCCGAGGTGGTGCTGGCCGGTTACGCCCTTGCCGECCTGATGGCGEGGE
A S H * M T S LDF STI1TLPEVVYLAGYA ALAALMARGA

8101 CCTATCTCGGCAAGGACAGGCTGGCCCGGACGCTGCTTTGGETCACGGTCOCEGCCTTCCTGGTCGTCGCGGCCATGGTGGGCCTCGRCAACCATGTCGA
YL GKDRTLARTLL®WWVTITVAAFLVYVVYAAMYGLTEGNTHVUVD

8201 CGGCGCCGCCTTCCACGGCATGTTCATCGACGACGGCTTCTCOCGETTTGCCAAGGTGGTGACGCTGGTCRCCGCCACCGECaTGCTGGCGATGAGEEEE
G AAFHGMTFTIDDTGTFTSPRFEFAKVYVTLVYAAAGVLAMSA

8301 GATTACATGCAGCGCCGCAACATGCTGCGCTTCGAGTTCCCGATCATCGTTGCACTGGCGGTGCTGOGCATCATGTTCATGGTCTCGGCCGGCGACCTGE
D YMQRRNMLPRTEFTETFTPTITIVALAVLTGHMMEMVYSA AGDTL.L

8401 TGACGCTCTACATGGGGCTGGAGTTGCAATCGCTGGCGCTTTACGTCATCGCCOECATGCOCCGEGACTCGGTGCGCTCGTCCGAGGCGGGETTGAAATA
T LYMGTLTET LG Q@S STLALTYVVAAMRTERTDTSVRSSETA ATG GLEK.Y

8501 CTTCGTGCTGGGATCGCTTTCCTCGGGCCTGCTGCTCTATGGCECCTCAETGETCTACGETTTTGCCGGCACCACCAGGT TCAAGGGCATCATCTCGACE
FVLGSLSSGLLLYGASLVYGFAGTTEGEFEGTITIST

8601 ATCGAGGCCGGCCACCTGTCCCTGAGCGTGCTGTTCGGCCTGETATTCATGCTGGTGRGCCTETCETTCAAGGTTTCGGECETGCCCTTCCACATETGRA
1 EAGHLSLGVLTFGLVTFMLVYVGLSTETEKVYVSAVPEHMUT
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870

8801

8901

9001

9101

9201

9301

9401

9501

9601

9701

9801

9901

10001

10101

10201

10301

10401

CGCCCGACGTCTACGAGGGCTCGCCGACGCCGGTCACCGCCTTCTTCGCCACCGCGCCCAAGGTCGCGGCCATGGCGCTGATCGCACGGETGATCTTCGA
PDVYEGSPTPVTATFFATAPTEKTVYVAAMALTIARLVYVTED

CGCCTTCGGCCATGTCATCGGCGACT GGAGCCAGATCGTCGCGGCGCTGGCGGTGATGTCOATGTTCCTGGGCTCOATCGCCGGEATCGGCCAGACCAAC
AFGHVIGDIMWSAQTIVAALAVMSMEFLTGSGSTIAGTIGS aTAN

ATCAAGCGGETGATGGCCTATTCCTCGATéGCGCATATGéGCTTTGCCC%TGTCGGCCTiGCCGCCGGCACCGCCATCG&CGTGCAGAAéATGCTGCTTi
I KR L MAY S ST AHMGFALVGLAAGTAIGVQNWMLILY

ACATGACCATCTATGCGGTGATGAACATCGGCACCTTCGCCTTCATCCTGTCGATGGAGCGCGACGGCET GCCGGTGACCGACETTGCCGCGCTGAACCE
M T I1YAVMNTIGTTFATFTILSMETRTDTSGVPVTIDLAALRNRTE

CTTTGCCTGGACCGATCCGGTCAAGGCGCT GGCGATGCTGGTCCTGATGTTCAGCCTTGCAGGCATGCCACCGACGCTGRGCTTCTTTGCCAAGTTCGGE
FAMTDGPVKALAMLVYLMEFSLAGVYVPPTLGTFTFEA ATKSTFG

GTGCTGACGGCGGCGGTCGATGCCGGCATGGGCTGGCTGACGGTGCTGGGCGTGATCGCCTCGGTCATCGGCGCCTTCTATTACCTGCGCATCGTCTATT
VLTAAVDA ATGMGWTLAVLGVTIASVYTIGATFYTYLRTIVY.Y

ACATGTATTTCGGCGGCGAGTCCGAGGGCATGACCTCGCGCATGGGCGCGGTGCAATACCTGGCGCTGATGATGCCERCGCTGGCCATGCTGETGGGTGE
M YFGGTETSTET GMTSRMGAVYVG® QGYTLALMYGPALAMLLYGESGA

GATCAGCATGTTCGGCGTCGATTCCACCGCCGGCCOCGCCGCCGAGACCETGGTCGGTCCGGTGGCCGCCATCOAGCAGECCGCCGAAGCCGCGCAAGEE
1 S MFGUVDSAAGTRTAATETTLVGPVAATITET@ GSPATETA AAS QA

« Susascesed ,buceseed URF240 .
GAGCCCGTGCAAGGTGAGTGACGCCTGGCCCG:GG CGTGGCCCGCCATGTGCTGGCCCGCACCGACAGCACCAATGCCGAGGCGCTGAAGCTGGCGCCC
E P V QG * VL ARTDSTNAEALIKILATWP

['§ F

. - [ § d L] - - - L]
GGCCTTTCCGGTTCTGCCTGGGTGCTGGCCCGCGAGCAATTCGCGGGCCGTGGCCGTCGCGGGCGCGAATGGGTCATGCCGGCCGGAAACTTTGCCGGCA
G L S GS AWVLAREU® QFAGRTGRIRTGRTEWVMPAGNTFAGT

CGCTGGTTCTGCGGCCCCAGGGAGGGGCGCTGRCGRCGGCGCAACTGTCETTCGTCGECGCACTGRCGCTCTACGATGEGCTTGETCTGEECTGCEGECE
LVLRPO QGG GA ALA AAA AOQLTGSTFEFVAALALTYDALGLATCTEGSF®P

GGCCGCGCGECTGGCGATCAAATGGCCGAACGACGTGCTGCTGAACGGCEACAAGGT GECGGGCATCCTGCTGGAAAGCT CGGGCT CCGGECCCGEEaTG
AARLATICKMWPNTGDUVLTLANTGTGEKVYVAGTILLTETSTSEGSGEGEPSGV

CAGGCCGTCGCGGTCGGCATCGGCGTCAACCTGGCCGECACGCCCEATGCCGGCGCAGTCGAGCCCGGTGCCACCCCGCCGGTTTCCGTGCAAGGCGAGA
@ AVAVGTIGVNTLAGATPLDA AGAVETPGATPPVSVOGQGET

CTGGCCACGCCGTCGATCCCGAGGAATTCCTGGACCTGETGGCGCCGECCTTTGCACGCT GGCAGGCGCAACTCGACACCTATGGCT TCGCGCCGATCEG
G HAVDGPETETFLDLTLAFPATFA ARGME@ARQLTDTLYGEFATPTIR

CAATGCCTGGCTGGCCCGCGEEECCCGEET GGGCGAGCCGATCATCGCCCGCACCGGCACTGCCGAAAGCCACGGCATCT TCGAGGGCATCGACGACAGE
N AWLATRAARLTGETPTITIARTGTATETSTHTCGTITFETGTITDTDS

GGCGCGCTGATCCTGCGCGGCCCGGCGGGGCGGCAGGTCATTCCCGCCGCCGAAGTCTTTTTCGGAGGCTAGGCCATGCTGCTTTGCATCGACACCGGCA
G ALILRGPAGRU® @V I PAAEVTFTFGSEG

ACACCAACACGGTCTTTTCCGTCTGGEACGGCGAGAAATTCGTGGGCCTCTGGCGCATCTCGACCGACCACCGGCGCACGGCGGACGAGTATTTCGTCTG

GCTATCCAC&CTGATTTCC&TGCAG 10425
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FIGURE 2: Nucleotide and predicted amino acid sequences of URF4, NQO8, NQO9, URF3, URF6, NQO10-14, and URF240. The putative
Shine-Dalgarno sequences are doubly overlined. The putative terminator sequences are marked by dashed lines.

the Paracoccus NQO8-14 gene products were used to search
the GenBank/EMBL database. Significant similarities were
found between these gene products and the ND1, 23-kDa
(homologue of ndhl of chloroplast DNA and cyanobacteria),
ND6, ND4L, ND5, ND4, and ND2 polypeptides of bovine
complex I (Anderson et al., 1982). The fact that these
structural genes encoding the homologues of the seven ND
products and the HP 23-kDa polypeptide are located in the
gene cluster encoding the Paracoccus NDH-1 strongly support
both the hypothesis of Chomyn et al. (1985b, 1986) that the

seven ND products are subunits of complex I and also the
speculation that the 23-kDa polypeptide is a subunit of the
mammalian NADH dehydrogenase complex (Dupuis et al.,
1991).

Hydropathy plots of the polypeptides encoded by the NQO?7,
NQOS8, and NQO10-14 genes show that these polypeptides
contain membrane-spanning regions similar to their bovine
counterparts (data not shown). In addition, although the
hydropathy plot of the NQO9 polypeptide does not appear to
contain any membrane-spanning regions, since the bovine 23-
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Table II: Comparison Matrices for the NQO8, NQO9, NQO10, NQO!1, NQOI2, NQO13, and NQOI4 Subunits of the Energy-Transducing

NADH-Quinone Oxidoreductase from Various Species

% identity
subunit source (1) 2 3) (4) (5) (6) Q)
NQO8 (1) P. denitrificans 100 771 38.7 479 35.6 33.8 31.5
(2) R. capsulatus 100 40.6 524 37.1 34.8 32.5
(3) bovine mit? 100 48.4 343 35.2 324
(4) liverwort mit 100 36.9 39.0 39.3
(5) Synechocystis 100 59.8 56.6
(6) liverwort chit® 100 69.3
(7) rice chlt 100
NQO9 (1) P. denitrificans 100 88.7 72.0 274 28.1 28.1
(2) R. capsulatus 100 72.4 27.6 27.6 28.2
(3) bovine mit 100 25.6 26.7 30.0
(4) Synechocystis 100 66.7 57.3
(5) liverwort chlt 100 73.0
(6) rice chlt 100
NQoOI0 (1) P. denirrificans 100 13.7 422 244 23.6 19.9
(2) bovine mit 100 13.1 12.0 13.1 11.4
(3) liverwort mit 100 21.6 27.8 24.4
(4) Synechocystis 100 41.4 41.5
(5) liverwort chlt 100 55.7
(6) rice chit 100
NQO11 (1) P. denitrificans 100 23.5 66.0 47.1 43.0 376
(2) bovine mit 100 22.5 214 214 23.5
(3) liverwort mit 100 48.0 38.0 38.0
(4) Synechocystis 100 66.0 52.5
(5) liverwort chit 100 66.0
(6) rice chlt 100
NQOI12 (1) P. denitrificans 100 325 414 32.1 33.2
(2) bovine mit 100 327 28.4 274
(3) liverwort mit 100 31.1 31.8
(4) liverwort chlt 100 61.6
(5) rice chlt 100
NQOI13 (1) P. denitrificans 100 29.2 47.7 34.1 325 320
(2) bovine mit 100 29.4 26.4 25.9 25.7
(3) liverwort mit 100 33.1 315 303
(4) Synechocystis 100 58.7 52,6
(5) liverwort chlt 100 71.3
(6) rice chit 100
NQOI4 (1) P. denitrificans 100 23.6 36.0 31.8 29.4 28.6
(2) bovine mit 100 20.5 22.5 24.5 22.8
(3) liverwort mit 100 28.6 30.5 29.5
(4) Synechococcus 100 50.3 47.3
(5) liverwort chlt 100 66.5
(6) rice chit 100

4 mit, mitochondrial subunit. & chlt, chloroplast subunit.

kDa polypeptide is present in the HP fraction (Dupuis et al.,
1991) it seems possible that its homologue, the NQO9
polypeptide, may also be located in the membrane sector.
Additional support for the hypothesis that the NQO7-14-
encoded polypeptides constitute the membrane sector of the
Paracoccus NDH-1 is found in the discovery that when
Neurospora crassa was grown in the presence of chloram-
phenicol, an inhibitor of mitochondrial protein synthesis, the
large membrane-embedded domain, the rotenone sensitivity,
and the high-potential FeS cluster N2 signal of complex I
were all lost (Tuschen et al., 1990; Weiss et al., 1991). Taken
together, these data suggest that the polypeptides encoded by
NQO7-14 constitute the membrane sector of the Paracoccus
NDH-1.

Kikuno and Miyata (1985), on the basis of amino acid
sequence homologies among the ND gene products, have
hypothesized that the ND2, ND4, and ND5 genes evolved
from a single ancestral gene by a series of gene duplications.
The amino acid sequence similarities among these Paracoccus
NDH-1 subunits encoded by the NQOI 2, NQOI1 3,and NQO14
genes have been analyzed by means of dot matrices (data not
shown). These analyses showed similarity among these

Paracoccus NDH-1 subunits and appear to lend support to
the hypothesis of Kikuno and Miyata. If their hypothesis
concerning the evolutionary relationship among the ND2,
ND4, and NDS5 genes is correct, these results suggest that the
gene duplications might have occurred before the endosym-
biosis. Nevertheless, we must also consider the possibility
that the observed homology among the ND2, ND4, and ND5
products reflect only the inclusion of those structural motifs
essential for the functioning of NDH-1 (e.g., FeS cluster
binding site) and not their evolutionary relationship. Clar-
ification of this issue may require the identification of the
ancestral genes of ND2, ND4, and ND5.

A comparison of the aminoacid sequences of the Paracoccus
subunits with those of their mitochondrial, chloroplast, and
bacterial counterparts is illustrated in Table II. Although
only two structural genes encoding Rhodobacter capsulatus
NDH-1 have been determined at the present time (Dupuis,
1992), the Paracoccus NQO8 and NQO9 gene products have
significant similarities to their R. capsulatus counterparts.
These results support the hypothesis that R. capsulatus may
be closely related, evolutionally, to P. denitrificans (Xu et al.,
1991b; Stouthamer, 1992). With respect to the NQO8 and
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NQOI10-14 products, the Paracoccus NDH-1 subunits have
greater sequence similarity to their liverwort mitochondrial
counterparts than to their mammalian mitochondrial and
chloroplast homologues. Furthermore, a similar trend has
been observed for the Paracoccus NQO7 product (Xu et al.,
1992a). Inlight of these results, the Paracoccus NDH-1 may
have a closer evolutionary relationship to plant mitochondrial
complex I than to mammalian mitochondrial complex I. This
appears to be particularly true for the hydrophobic subunits.
Unfortunately, at the present time, liverwort is the only plant
species for which the complete ND gene sequence is available.
In order to justify this speculation, it will be necessary to
accumulate complete ND gene sequences from several other
plant species.

In a previous report we compared the primary structures
of the NQO4, NQOS5, and NQO6 products from the respiratory
NDH-1 complexes to those of the putative chloroplast NDH-
1-type enzymes (Xu et al., 1992a). In the present study we
have conducted a similar comparison for the NQOS8—14 gene
products and their homologues in both the respiratory and
chloroplast systems. As seen in Figure 3, unique differences
have been detected in individual amino acid residues of the
NQO8-14 homologues of the respiratory NDH-1 and the
putative NDH-1 of chloroplasts. In addition, among the
NQO9 homologues, the mitochondrial subunits contain three
stretches of amino acids (M;sWDFI g, Es;HALRss, and L4;-
xNG 44) which are absent in the chloroplast subunits. On the
other hand, the chloroplast NQO9 homologues bear a stretch
of approximately 20 amino acid residues at the C-terminal
region which is not found in the respiratory NDH-1 (or
complex I) subunits. Furthermore, the NQOI2 homologues
of the respiratory NDH-1 lack the sequences (xxQQI and
EPxVGYxP) which are found in the chloroplast subunits.
Interestingly, the subunits of the cyanobacterium Syne-
chocystis NDH-1 type enzyme appear to be considerably more
similar to their chloroplast NDH-1-type enzyme homologues
than to their respiratory NDH-1 counterparts, at least in terms
of the NQO8-11 and NQOI3 homologues. Similar trends
were also observed in the NQO4, NQOS, and NQO6 homo-
logues (Xu et al., 1992a). These data suggest that the
Synechocystis NDH-1-type enzyme is more closely related to
the putative NDH-1-type enzymes of chloroplasts than to the
respiratory NDH-1.

Iron-Sulfur Clusters. Analysisofthe NQO8-14 sequences
revealed that only the NQO9 gene product contains the two
structural motifs typically associated with the tetranuclear
iron-sulfur clusters found in ferredoxins of either bacteria or
chloroplasts (Yasunobu & Tanaka, 1980). These are the
sequences c64XXC67XXC7oXXXC74P75 and C)ogXXCmsXXC}og-
xxxCi13P114. According to the available literature (Hatefi et
al., 1985; Ohnishi et al., 1985), the bovine complex I HP is
believed to contain one or two binuclear and one tetranuclear
FeS cluster. The tetranuclear cluster has been provisionally
designated as cluster N2 as this component exhibits a
phospholipid-dependent midpoint potential and is the likely
electron donor to quinone in the lipid-phase membrane. As
described above, the bovine 23-kDa polypeptide, which is
homologous to the Paracoccus NQO9 polypeptide, is present
in HP. Taken together, these data suggest not only that one
of the putative iron—sulfur binding sites in the bovine complex
I may involve the 23-kDa polypeptide but also that this may
be the binding site of the high-potential cluster N2. A high-
potential cluster resembling N2 has also been detected in the
Paracoccus NDH-1 (Meinhardt et al., 1987). These data
suggest that its binding site may involve the NQO9 gene
product. This hypothesis is supported by the finding that
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other polypeptides composing the membrane sector of the
Paracoccus NDH-1 do not bear any putative FeS cluster
binding sites. However, this assignment must be verified by
direct experiment.

Characterization of the URF4, URFS5, and URF6 Polypep-
tides. Nosignificant homology was found between the URF4
and any of the sequences in the GenBank/EMBL database.
Nor was any significant relationship found between URF4
and the known amino acid sequences of any of the other
NADH-UQ oxidoreductase proteins. Assuming that the
putative polypeptide encoded by URF4 is synthesized, it is a
basic polypeptide (see Table I) and contains a hydrophobic
stretch long enough to span the membrane.

On the basis of the hydropathy plots of their respective
polypeptides, URFs 5 and 6 appear to code for peripheral
proteins. As shown in Figure 4, the putative polypeptides
encoded by URFs 5 and 6 are similar to each other, especially
in the region of residues 50-120. This region is also similar
to the primary structure of the +y-carboxymuconolactone
decarboxylase of Acinetobacter calcoaceticus (Hartnett et
al., 1990; Yeh et al., 1980; Parke, 1979). This enzyme is
involved in the metabolism of 3-ketoadipate and catalyzes the
decarboxylation of -carboxymuconolactone to produce §-ke-
toadipate enol lactone (Hartnett et al., 1990; Yeh et al., 1980;
Parke, 1979). Both quinone and lactone have been reported
to induce expression of the FMN-dependent NAD(P)H-
diaphorase in E. coli (Hayashi et al., 1990; Unemoto et al.,
1992). It could be speculated, therefore, that the URFS and
URF6 products might be related to the regulation of NDH-1
biosynthesis.

Gene Arrangement. Asshown in Figure 1, the Paracoccus
NDH-1 structural genes encoding homologues of the bovine
IP polypeptides are arranged in such a way that they surround
the structural genes encoding the homologues of the bovine
FP polypeptides. On the other hand, the structural genes
encoding the Paracoccus NDH-1 homologues of the bovine
HP polypeptides constitute a single cluster. The one exception
is the NQO7 gene. Although the NQO7 gene encodes the
Paracoccus counterpart of a bovine HP subunit, this gene is
located at the 5’-terminus of the Paracoccus NDH-1 gene
cluster rather than with the other HP-like subunit genes. As
described previously (Xu et al., 1992a), the arrangement of
the NQO7, NQO6, and NQOS genes in Paracoccus is the
same as that detected in Synechocystis and chloroplast DNA
(Ohyama et al., 1986; Steinmiiller et al., 1989). In thisstudy,
the ordering of the NQO8—11 genes was also identical to that
found in chloroplast and cyanobacterial DNA (Ohyama et
al., 1986; Takahashi et al., 1991). Recently, the complete
DNA sequence of liverwort mitochondria was published (Oda
et al.,, 1992). We compared the gene arrangements of the
liverwort mitochondrial DNA with that of the Paracoccus
NDH-1 gene cluster and found that the arrangement of the
NQOI2,NQOI3,and NQO! 4 genesisidentical in the liverwort
mitochondrial DNA and the Paracoccus gene cluster (see
Figure 1). Preliminary results of DNA sequencing of the
gene cluster encoding the E. coli and R, capsulatus NDH-1
also suggest that their gene arrangements are similar to that
of Paracoccus NDH-1 (Weidner et al., 1992; Dupuis, 1992).
Such similarities will provide useful information for inves-
tigating the evolutionary relationship of NDH-1, the mito-
chondrial complex I, and the putative chloroplast complex I
type enzyme.

Paracoccus NDH-1 as a Model for the Study of Mito-
chondrial Diseases. Human mitochondrial DN A is composed
of 16.5 kbp and encodes 13 polypeptides. Seven of these genes
(designated asND1,2, 3,4,4L, 5, and 6) code for polypeptides



978 Biochemistry, Vol. 32, No. 3, 1993 Xu et al.

NQOS8 subunit
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P.denitr ......eccceees. .MAEFWASPYGFALSMLLQGLAVIAFVMGSLIFMVYGDRKIWAAVQMRRGPNVVGPWGLLATFADALKY IVKE IVIPAGADKFVYFLAPFLSMMLALFAFVVIPF
R.capsul ..... ssceanases MADFWATSLGOTLILLAQGLGITAFVMIGLLLLVWGDRKIWAAVQMRKGPNVVGAFGLLQSVADAAKYVFKEIVVPAGVDKPVYFLAPMLSLVLALLAWVVVPF

Bovine sranssavsasessanerasssescMFMINI. ... LMLEIPILLAVAFLTLVERKVLGYMQLRKGPNVVGPYGLLQPIADAIKLFIKEPLRPATSSASMFILAPIMALGLALTMWIPLPM
Live mit ...ecevincronennnvessdMRIYLIGLVAKMLGIMMPLLLGVAFLVLAERKVMASMQRRKGPNVVGILGLLGPLADGLKLMMKEPILPSSANTFIFLMAPVLTFTLALCAWAVIPF
Synechoc MTSGIDLQNSFLQSLQGFGLPPGLAKLFWIPLPSILMIIGATVGVLVVVWLERKISAAAQQRIGPEYAGPLGVLAPVADGIKLVFKEDVVPAKADPUL FTLGPVLVVLPVFLSYLIVPF
Live chl .MISNINLEDKFFSFFFTLGFSKEFFNFLWITIFSILILMLGVTIGVLVLVWLERKISAAIQQRIGPEYAGPLGI IQALADGIKLFLKED [VPAQGDVWLFNIGPILVLIPVFLSYLVIPF
Rice chl MIIDRVQVEA..INSFSNLELLKEVYGLIW.ILPILTLLLGITIEVLVIVWLEREISASIQQRIGPEYAGPLGLLQATADGTKLLFKEDILPSRGDIPLFSIGPSIAVISILLSFLVIPL
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b.denitr DEGWVMANINVGILFIFAASSLEVYGVIMGGWASNSKYPFLASLRSAAQMISYEVSLGLIIIGIIISTGSMNLTAIVEAHGGDYGLLNWYWLPHLPMVVLFFVSALAECNRPPFDLVEAE
R.capsul NEGWVMAD INVAVLFVFAVSSLEVYGVIMGGWASNSKYPFLGSLRSAAQMISYEVSMGL I IVGVIISTGSMNLSAIVEAQRGD FGLLNWYWLPHLPMVAL FFISALAETNRPPFDLPEAE
Bovine PYPLI. .NMNLGVLFMLAMSSLAVYSILWSGWASNSKYALIGALRAVAQTISYEVTLAIILLSVLLMSGSFTLSTLITTQEQ. ... .MWLILPAWPLAMMWFISTLAETNRAPFDLTEGE
Live mit DYGMVFSDLNIGVLYLFAMSSLGVYGIITAGWASNSKYAFLGALRSAAQMVSYEVSMGLLLMSVMLCAGSCNFSEIVLAQTR. ... .MWFVFPLFPVFLMFFISCLAETNRAPFOLPEAE
Synechoc GQNLVITDINVGIFLWIALSSIAPIGLLMSGYASNNKYSLLGGLRAAAQSISYEIPLSLAVLAIVMMSNSLSTIDIVDQQSG. YGILGWNIWRQPVGFLIFWIAALAECERLPFDLPEAE
Live chl EYNVILANFSIGVFFWIAVSSVVPLGLLMAGYGSNNKYSFLGGLRAAAQSISYEIPLALSVLSIALLSNSLSTVDIVEAQSK. YGFLSWNLWRQPIGF IVFFIASLAECERLPFDLPEAE
Rice chl GYRFVLADLSIGVFLWIAISSIAPIGLLMAGYSSNNKYSFSGGLRAAAQSISYEIPLTFCVLAISLLSNSSSTVDIVEAQSK. YGFFGWNLWRQPIGFLVFLISSLAECERLPFDLPEAE
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P.denitr SELVAGFMTEYSSTPYLLFMAGEYIAMYLMCALLSLLUFFGGW..ceaaesoucaeens LS. oo . PVPFIADGWWWMY IKMWFWFYMFAMVKAIVPRYRYDQLMRIGWKVFLPLSLGWVV
R.capsul SELVAGFMVEYSSTPYLLFMAGEY IAVWLMCALTSVLFFGGW. LS....PIPGVPDGVLWMVAKMAAVFFVFAMVKAIVPRYRYDQLMR I GWKVFLPLSLAWVY
Bovine SELVSGFNVEYAAGPFALFFMAEYANI IMMNIFTAILFLGTS... «o»-HNPHMPELY. ... . TINFTIKSLLLTMSFLWIRASYPRFRYDQGLMHLLWKNFLPLTLALCM
Live mit AELVAGYNVEYSSMGFALFFLGEYANMILMSSLCTLLFLGGW...vveennveaaass LPILDIPIFQVIPGS IWFSMKVLFFLFVYMWVRAAFPRYRYDQLMRLGWKVFLPLSLAWVV
Synechoc EELVAGYQTEYAGMKFALFYLGSYVNLVLSALVFSVLYLGGWDFPIPLENVANWLGVAP.TTSWLQVLMAALGI TMTVLKSYFLIFIAILLRWTVPRVRIDQLLNLGWKFLLPVALANLL
Live chl EELVAGYQTEYSGMKFAFFYLASYLNLLVSSLFVTILYLGGWHFSIPFFSLFKNFEWNLMSNGISEVISIIIGIVITLVKSYLFLFISIMTRWTLPRIRIDQLLNLGWKFLLPIALGNLL
Rice chl EELVAGYQTEYSGIKYGLFYLVSYLNLLVSSLFVTVLYLGGWNLSIPYISFFGFFQMNKM. .. .VGILEMTMSIFITLTKAYLFLFISITIRWTLPRMRMDQLLNLGWKFLLPISLGNLL

P.denitr LVAILARYEILGGFWARFAVGG
R.capsul VVAFLAKFEVLGGFWARWSIGA
Bovine WHVSLP...ILTSGIPPQT,..
Live mit FVSGVL...VAFEWLP......
Synechoc ITAALKLTFP..ceveeannas
Live chl LTTSFALFLL.esscvevnsas
Rice chl LTTSSALVSL..eccveonass

NQO9 subunit
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P.denitr ....v.e......MAFDFARATKYFLMWOFIKGFGLGMRYFVSPKPTLNYPHEKGPLSPRFRGEHALRRYPNGEERCIACKLCEAVCPAQAL Y IDAERREDGSRRT . TRYDIDMTKCIYC
R.capsul  ....cevaaes..MAFDYVRAAKYFVLWOF IKGFALGMKYFVAPKPTLNYPHEKGPLSPRFRGEHALRRYPSGEERCIACKLCEAICPAQAITIDAEPRODGSRRT . TRYD IDMTKCIYC
Bovine TYKYVNLREPSMDMKSVTDRAAQTLLWTEL IRGLGMTLSYLFREPATINYPFEKGPLSPRFRGEHALRRYPSGEERCIACKLCEAVCPAQAITIEAEPRADGSRRT . TRYDIDMTKCIYC
Synechoc ..MFNNILKQVGDYAKESLQAAKYIG.....QGLAVTFDHMSRRPITVQYPYEKLIPSERFRG. ....RIHFEFDKCIACEVCVRVCP INLPVVDWE FNKAVKKKELKHYSIDFGVCIFC
Live chl ...MFSIINGLKNYNQQAIQAARYIG.....QGFLVTLDHMNRLPTTIQYPYEKLIPSERFRG. ... .RIHFEFDKCIACEVCVRVCPINLPVVDWELKKTIKKKQLKNYSIDFGVCIFC
Rice chl ...MFPMVTGFM..GQQTIRAARYIG.....QSFIITLSHTNRLPITIHYPYEKSITSERFRG..... RIHFEFDKCIACEVCVRVCPIDLPLVDWRFEKD IKRKQLLNYSIDFGVCIFC
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P.denitr GFCQEACPVDAIVEGPNFEYATETREELFYDKQKLLANGERWEAEIARNLALDAPYR. . c.ceuverrosrananananansnsonen
R.capsul GYCQEACPVODAIVEGPNFEYATETREELFYTKEKLLENGARWEAEIARNIEMDAPYR. .. .cvieeceocnesearnnnn cenesan .
Bovine GFCOEACPVDAlVEGPNFEFSTETHEELLYNKEKLLNNGDKUEAEIAANIQADYLYR............... ....... vesenvuns

Synechoc GNCVEYCPTNCLSHTEEYELAAYDRHDLNYDNVAL....GRLPYKVTEDPMVTPLRELGYLPKGVIEPHNLPKGSQRAGQHPEDLVKAE
Live chl GNCVEYCPTNCLSMTEEYELSTYNRHELNYDQIAL... . GRLPISIIEDSTIENIFNLTSLPKGKIEGHIYSRNITNIVN.........
Rice chl GNCVEYCPTNCLSMTEEYELSTYDRHELNYNQIAL....SRLPISIMGDYTIQTIRNST.QSKIDEEKSWNSRTITDY...0vuuunns

NQOI10 subunit
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P.denitr ......MMTFAFYLFAISACVAGFMVVIGRNPVHSVLWLILAFLSAAGLFVLQGAEFVAMLLVVVYVGAVAVLFLFVVMMLDVDFAELKGELARYLPLALVIGVVLLAQLGIAFSGWTPS
Bovine veees MMLYIVFILSVIFVMGFVGFSSKPSPIYGGLGL IVSGGVGCGIVLNFGGSFLGLMVFLIYLGGMMVVFGYTTAMATEQYPE IWLSNKAVLGAFVTGLLMEFFMVYYVLKDKEVE
Live mit ........MMLFYVFVVLALVSGAMVMRAKNPVHSVLFLILVFCNTSGLLVLLGLDFFAMIFLVVYVGAIAVLFLFVVMMLHMRMEE ITHENVLRYLPVGGI IGLIFLLEIFLMVDNDYIP
Synechoc VNLAEGVQYISFLILAFLVIGAALGVVLLSNIVYSAFLLGGVFLSISGIYILLNADFVAAAQVLVYVGAVSVLILFAIMLVN. . .KREDFSKIPGRWLRNVSTALVCTGIFALLSTHVLI
Live ch( MKLPESFYETIFLFLESGLILGSLGVILLTNIVYSALFLGFVFVCISLLYLLLNADFVAAAQILIYVGAVNVLIIFAVMLIN. . .KKQYSNFFVYWTIGDGITLTLCTSIFLLLNNFISN
Rice chl MDLPGPIHEILVLFGGFVLLLGGLGVVLLTNPTFSAFSLGLVLVCISLFYILLNSYFVAVAQLLIYVGAINVLIIFAVMFVN. ..GSEWSKDKNFWTIGDGFTSLVCITIPFSLMTTIPD
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P.denitr DQAESLRAAPVDAAV........ENTLGLGLVLYDRYVLMFQLAGLVLLVAMIGAIVLTMRHRKDVKRQNVLEQMWRDPAKTMELKDVKPGQGL .
Bovine VVFEFNGLGDWVIYDTGDSGFFSEEAMGIAALYSYGTWLY] .VTGWSLLIGVVVIMEITRGN..cvuunerennnrnancsevcancansacnnn
Live mit MLPTKLSATYLTYTVYAGKMHSWTNLETLGNLLYTTYFFLFLVSSLILLVALIGAMVLTMHKTTKVKRQDVFMQNAMDFONT. . IKKVR......
Synechoc TPW..........QINETGPFVENTLVTIGKHFFSDYLLPFELASVLLLMAMVGAIILARPGLNSRIVRGKQNRHGPD FARASPGVNLRFQIDAA
Live chl TSWSKIFLMTKPNLVVKDIILI.NTVRHIGSELLTEFLLPFELMSIILLVALIGAITLARREKKIELEKNDFFNF. . .uvuuuennnns enne
Rice chl TSWYGILWTTRSNQIVEQ.GLI.NNVQQIGIHLATDFYLPFELISIILLVSLIGAITMARG. .cvuureervnnrennnnneanrsrnacasenee

NQO11 subunit
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P.denitr .MIGLTHYLVVGAILFVTGIFGIFVNRKNVIVILMSIELMLLAVNINFVAFSTHLG. .DLAGQVFTMFVLTVAAAEAA]IGLAILVVFFRNRGT IAVEDVNVMKG
Bovine oo cMSMVYMNIMMAFTVSLYGLLMYRSHLMSSLLCLEGMM. .LSLFVMAALTILNSHFTLASMMP I ILLVFAACEAALGLSLLVMVSNTYGTDYVANLNLLQC
Live mit ..MOLVKYLTFSMILFLLGIWGIFLNRKNILIMLMSIELMLLAVNLNFLVFSVYLD. .DMMGQLFALFVLTVAAAESAIGLAILVITFRIRGTIAVEFINCMKG
Synechoc MHLQLQYCLILAAALFCIGIYGLITSR.NAVRVLMSIELLLNAVNLNLMGFSNYLDPSNIRGQVFAIFVITIAAAEAAVGLAIVLAIYRNRETTOMEQFNLLKW
Live chl ... MLEHILYLSAFLFCIGVFGLITSR.NMVRALMCLELIFNAVNINLVAFSNFLDSSQIKGEIFSIFIIAIAAAEATIGLAIVLAIYRNRKSTRIDGFNLLKW
Rice chl ..MMFEHVLFLSVYLFSIGIYGLITSR.NMVRALICLELILNSINLNLVTFSDLFDSRQLKGDIFAIFVIALAAAEAAIGLSILSSIHRNRKSTRINQSNFLNN

NQOI2 subunit
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P.denitr ..MEKF....VLFAPLIASLIAGLGWRAIGEKAAQYLTTGVLFLSCLISWYLF. .LSF.....DGVPRHIPVLOWVVTGDFHAEWAIRLDRLTAIMLIVVTTVSALVHMYSLGYMAHDDN
Bovine « »MNMFSSLSLVTLLLLTMP IMMMSFNTYKPSNYPLYVKTAISYAFITSMIPTMMFIH. . ... SGQEL I ISNWHWLTIQTLKLSLSFKMDYFSMMF IPVAL FVTWS IMEF SMWYMYSDPN
Live mit ..MYLL....MVILPLIGSFAAGFFGRFLGSRGVAVVTTTCVSLSSIFSCIAFYEVAL.....CASACYMKIAPWIFSELFDAAWGFLFDSLTVILLLVVTIVSSLVHIYSISYMSEDPH
Live chl MELIFONVWFVPLFPFLASILLGIGLFFFPNSIKKFRRLSSFISIMFLNIAMLLSFHFFWAQITGSPIHRYLWSWVLYKNFVLEIGYLLDPLTSIMLVLVTTVAVNVMIYSDSYMFYDEG
Rice chl MEHTYQYAWVIPLLPLPVIMSMGFGLFLVPTATKNLRRIWAFPSVLLLSIAMVFSVHLSIQQINGSSIYQYLWSWTVNNDFSLEFGYLIDPLTSIMLILITTVGILVLIYSDDYMSHDEG
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P.denitr
Bovine

Live mit
Live chl
Rice chl

P.denitr
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Live mit
Live chl
Rice chl

P.denitr
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Live mit
‘Live chl
Rice chl

P.denitr
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Live mit
Live chl
Rice chl

P.denitr
Bovine

Live mit
Live chl
Rice chl

P.denitr
Bovine

Live mit
Live chl
Rice chl
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S.vueee.PRFFCYLSIFTFFMLMLVTGONFIQLFLGWEGVGLASYLLMNFWFTRIQANKAAIKAMLMNRVGD FGLALGIMGCFTIFQTVOFST I FACASAFSEPHHYFLFCNMGFHAMT
Yl..ooo. . KFFCYLSLFTASMLGLVLSPNLIQVYIFWELVGMCSYLLIGFWFTRPSAANACQKAFVTNRIGDFGLLLGILGFYWITGSFOFQQLSKRFFEL......LSYNQINLVFAT
Yleeeeo. .RFFVYISFFNTSMLGLVTSSNLIQIYFFWELVGMCSYLLIGFWFTRPIAASACQKAFVTNRVGDFGLLLGILGFFWITGSLEFRDLFKIANNW......IPNNEINSLLT!
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LLGFLLFVGAMGKSAQLLLHTWLPDAMEGPTPVSAL IHAATMVTAGVFLVCRMSPLYEFAPDAKNFIVIIGATTAFFAATVGLVAND IKRVIAYSTCSQLGYMFVAAGVGVYSAAMFHLL
LIGLAL. .AATGKSAQFGLHPWLPSAMEGPTPVSALLHSSTMVVAGIFLLIRFYPLTENNKYIQSITLCLGAITTLFTAMCALTOND IKKI1AFSTSSQLGLMMVTIGINQPYLAFLHIC
VICILVFIGAVGKSAQIGLHTWLPDAMEGPTPVSAL IHAATMVTAGVFMMARCSPLFEYSPNALIVITFVGAMTSFFAATTGMLAONDLKRVMAYSTCSQLGYMI FACGISNYSVSVFHLM
LCALFLFLGPVAKSAQFPLHIWLPDAMEGPTP1SAL IHAATMVAAGI FLVARMFPLFQMLPFVMST ISWTGAITALLGATIALAQKDLKKGLAYSTMSQLGYMMLALGIGSYKAGLFHLI
LCAFLLFLGAVAKSAQFPLHVWLPDAMEGPTP I SALTHATTMVAAGI FLIARLLPLFISLPLIMSFISLIGTLTLFLGATLALAQRDIKRSLAYSTMSQLGYMMLALGIGSYQAALFHL]
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THAFFKAMLFLGAGSVIHAM. . ......HHEQDMRNYGGLRKKIPLTFWAMMIGTFAITGVGIPLTHLGFAGFLSKDAI IESAYA. .. .GSGYAFWLLVIAACFTSFYSWRLIFLTFYGK
THAFFKAMLFMCSGSIIHSL........NDEQDIRKMGGLFKAMPFTTTALIVGSLALTGMPF......LTGFYSKDLIIEAANKSYT. . NAWALLMTLIATSFTAIYSTRIIFFALLGQ
NHACFKALLFLSAGSVIHAM........SDEQDMRKMGGLASLLPFTYAMMLMGSLSL. . IGFPF... . LTGFYSKDVILELAYTKYTISGNFAFWLGSVSVFFTSYYSFRLLFLTFLAP
THAYSKALLFLGSGSVIHSMEPIVGYHPNKSQNMIFMGGLRQYMPITAITFLFGTLSLCGIP...... PFACFWSKDEILVNSWLHFPILGSIAFF....TAGLTAFYMFRIYFLTFEGD
THAYSKALLFLGSGSVIHSMEPLVGYSPDKSQNMVLMGGLRKYIPITRTCFLWGTLSLCGIP, ... . .PLACFWSKDEILSNSWLYSPFFGIIASF....TAGLTAFYMFRIYLLTFDGY
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AGYSSMVYYLLIYLFMNLGGFACVILFSLRTGTDQISEYAGLYQ...KDPLVTLGLSLCLLSLGGIPPLAGFFGKLYLFWAGWQAGLYGLVLLALITSVISIYYYIRV. .. IKMMVVKEP
GYTSMTIYVFFYIFMNLGTFACIILYSLRTGTDNIRDYAGLY!I.. .KDPLLSFSLTLCLLSLGGLPPLTGFFGKLYLFWCGWASGFYLLVFIALITSVISLYYYLKI. .. IKLILTKKN
DGYASMITYMLFYISMNLGTFACIVLFGLRTGTDNIRDYAGLYT.. . KDPFLALSLALCLLSLGGLPPLAGFFGKLYLFWCGWQAGLYFLVSIGLLTSVLSIYYYLKI.. . VKLLMTGRN

SE .GMTSRMGAVQYLALMVPALAMLVGAI SMFGVDSAAGRAAETLVGPVAATEQPAEAAQAEPVQGE . .
NNMKMKWQFPUMKKMT FLPTMVVLSTMMLPL . v vvvo v o J TPMLSVLE s vvuvencecncccnnraanes teacsesenna
KTWVLYKPMDREKSLLLAITVF. . FITFFFLY.oueos «PSPLFLVTHAMALCLCL. . evcvevvanacrooasanansronss
QEMSESVRNYPETNWNLPGMQPLRAGLVVCVIATAVAGILSNPLFNLASASVSGSSFLGLAPAAEVVTTTATPVALSEPPAAS
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FiGURE 3: Comparison of the amino acid sequences of the Paracoccus NQOS8—14 subunits with their homologues from various organisms.
The comparison was conducted by the PILEUP program. Asterisks indicates amino acid residues conserved in all listed organisms. ¢ indicates
those amino acid residues which are conserved within the respiratory NDH-1 and within the predicted NDH-1 of chloroplasts but not between
the respiratory and chloroplast sequences. The amino acid sequences cited are from the indicated references: R. capsulatus homologues
(Dupuis, 1992), bovine mitochondrial homologues (Anderson et al., 1982; Dupuis et al., 1991), liverwort mitochondrial homologues (Oda et
al., 1992), Synechocystis homologues (K. Steinmiiller, unpublished results, GenBank/EMBL Accession Number X62517; U. Ellersiek & K.
Steinmiiller, unpublished results, GenBank/EMBL Accession Number X65170), Synechococcus homologue (A. Kaplan, unpublished results,
GenBank/EMBL Accession Number X65027), liverwort chloroplast homologues (Ohyama et al., 1986), and rice chloroplast homologues
(Hiratsuka et al., 1989).

homologues of all seven human ND genes but also because
of the ease with which bacterial genes can be manipulated,
would appear to be a useful model system for conducting
biochemical studies of mitochondrial diseases resulting from
deletions of these ND genes. Leber’s hereditary optic
neuropathy is a maternally inherited disease associated with
the late onset of bilateral loss of central vision. Wallace et
al. (1988) found that in most Leber’s disease patients a single
nucleotide mutation at position 11778 of mtDNA is present.
This mutation converts the 340th amino acid of the ND4 gene
product from an arginine to a histidine. Asshown below, this
arginine is conserved in the Paracoccus NQO! 3 gene product
(ND4 homologue). Inaddition, the following mutations have
been reported in some Leber’s disease patients: ND1 product
(alanines, — threonine and leucine,ss — proline), ND2 product
(glycineysy — serine), and NDS product (alaninesss —
threonine) (Huoponen et al., 1991; Howell et al., 1991; Johns
& Berman, 1991; Brown et al., 1992; Wallace et al., 1991).

100 e L

URF6

50 - L

[

o

o
1
T

Human ND1 47 QPFADAMKLF 56 281 RYDQLMHLLW 290
* *

decarboxylase
g
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Paracoccus NQO8 60 QTFADALKYI 6%

254 LPPLTGFLPK 263
*

382 VPPTLGFFAK 391
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Human ND2

Carboxymuconolactone

Paracoccus NQO14

0 . T . r
° 50 100

URF5

Human ND4 335 DRTHSRIMIL 344
*

Paracoccus NQO13 362 ERMHTREIDA 371

FIGURE 4: Homology between the putative URFS and URF6
polypeptides (upper panel) and between the putative URFS polypep-
tide and the y-carboxymuconolactone decarboxylase of A. calcoace-
ticus (lower panel) as illustrated by dot matrix analyses. The
calculations were conducted using the COMPARE program with a
window of 21 and a stringency of 14.

of complex I (Yagietal., 1992). Morgan-Hughes’ group has
reported that patients with the Kearn—Sayre syndrome have
mitochondria containing large mtDNA deletions (Holt et al.,
1988). The Paracoccus NDH-1, not only because it contains

Human NDS 453 PIKGLAAGSLF 463

*
Paracoccus NQOl2 474 PLGVLAIGAVF 484

These wild-type residues are also conserved in the ND
homologues of the Paracoccus NDH-1 as shown in the
alignments above. In each alignment, the asterisk indicates
the position of mutation in Leber’s hereditary optic neuropathy.
The limited amount of material available from patient tissues
coupled with the mtDNA heteroplasmy observed in these
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tissues presents a serious impediment to biochemical research
in mitochondrial diseases. The use of bacterial model systems
would alleviate this difficulty. Therefore, the Paracoccus
NDH-1 represents an attractive model system for the
investigation of mitochondrial diseases caused not only by the
deletion of ND genes but also by point mutations within the
ND gene products.
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