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ABSTRACT: In our previous papers, seven structural genes (NQO1-7) 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 30,64226428; (1 992a) Biochemistry 
31, 69256932; (1992b) Arch. Biochem. Biophys. 296, 40-481. This paper reports the identification, 
cloning, and sequencing of seven additional structural genes in the same gene cluster (P. denitrifcans 
enzyme complex). These seven genes, designated NQO8-14, 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 N D l  product, the 23-kDa polypeptide, and the ND6, ND4L, ND5, 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 NQ07,  NQO6, NQ05 ,  NQ04 ,  NQ02 ,  
NQOl ,  NQ03, NQ08 ,  NQO9, NQ010,  NQOl1,  NQ012,  NQ013,  and NQ014.  Downstream from the 
NQOl4gene an open reading frame (designated URF240) was detected which encodes a predicted polypeptide 
homologous to the biotin [acetyl-CoA+arboxylase] ligase of Escherichia coli. In addition, a putative 
terminal sequence motif was observed downstream of the NQ014 gene, suggesting that the structural gene 
NQ014 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 N Q 0 3  and NQO8 genes and other two between the NQO9 and NQOlO genes. These are 
designated URF4, URF5, and URF6 and are composed of 768,393, and 405 base pairs, respectively. The 
possible functions of the putative proteins encoded by URF5 and URF6 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 
et al., 1988,1992). Those enzymes that bear thecoupling 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, 
polypeptidecompositions, 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 butnotNDH-2 (Yagi, 1986,1991). ThisParacoccus 
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 PstI, 
and 3.4-kbp Hind111 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 
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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. This chromosomal DNAregion 
contains seven structural genes encoding subunits of the 
Paracoccus NDH- 1. These genes have been designated NQ08 
(1038 bp), NQ09 (492 bp), NQOlO (603 bp), NQOll  (306 
bp), NQOl2 (21 12 bp), NQOl3 (1542 bp), and NQ014 (1 500 
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 NQ014 gene. The identification of the 
3’4erminus of the gene cluster bearing the Paracoccus NDH- 1 
has been discussed. 

MATERIALS AND METHODS 
DNA SequencingStrategy. 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 PstI Paracoccus DNA fragment. pXT-2 was utilized 
as template for DNA sequencing in this paper. The isolated 
pXT-2 insert was digested with EcoRI, SalI, SacII, and ApaI. 
All the fragments thus produced were subcloned into the 
pBluescript KS phagemid vector and amplified in Escherichia 
coli JM109 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 III/mung 
bean nuclease deletion kit from Stratagene and Takara. The 

universal primers (T3, T7, and M13 reverse primers) and 
unique internal primers (1 8 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- 
scribedpreviously (Xu et al., 1991a,b, 1992a,b), theuniversity 
of Wisconsin Genetic Computer Group’s software programs 
wereused toanalyze thesequencedata (Devereuxet 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 
wereused 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; 
XIHindIII 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. denitriflcans DNA fragments 
pXT-1 and pXT-3. These fragments were obtained by 
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(Howard et al., 1985) (data not shown). According to 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+arboxylase] 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 NQ014 gene is the 3’- 
terminal structural gene of the Paracoccus NDH-1 gene 
cluster. 

As shown in Figure 2, the initiation codons of the NQ08- 
1 4genes were all found to be preceded by sequences resembling 
the Shine-Dalgarno ribosomebinding site (Shine & Dalgarno, 
1975). The G-C content of the NQOS (61.8%), NQO9 
(62.494, NQO10(65.0%), NQOll(57.2%),NQOl2(63.8%), 
NQ013 (63.7%), and NQ014 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 111, 
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. One is located between the NQ03 
and N e 0 8  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 NQOlO genes and are designated URFS and URF6, 
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. No open 
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 NaC104 
(Hatefi et al., 1985; Hatefi, 1985). The water-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- 
drogenaseactivity (Chomyn et al., 1985b), theseven mtDNA 
ND gene products are believed to encode several of the 
structural polypeptides of mammalian complex I. 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. In an attempt 
to clarify these issues, the deduced amino acid sequences of 

Table I: Characteristics of the NQO8, NQO9, NQ010, NQOll ,  
NQOl2, NQOl3, NQOl4, URF4, URFS, URF6, and URF240 Genes 
and Gene Products 

characteristics of wlypeptidP product 
DNA &.Of 
length amino 

gene (bp) acids MW PI homologue 
NQ08 1038 345 38751 5.39 NDl  product(HP)b 
NQ09 492 163 18959 6.49 23kDa(HP)b 
NQOlO 603 200 21819 6.53 ND6pr0duct(HP?)~ 
NQOl1 306 101 10856 7.69 ND4Lproduct (HP)b 
NQOl2 2112 703 77705 6.71 ND5 product (HP?)b 
NQ013 1542 513 56417 7.64 ND4product (HP?)b 
NQ014 1500 499 52536 5.42 NDZpr~duct(HP)~ 
URF4 768 255 26869 9.67 
URF5 393 130 13765 6.26 y-carboxymuconolactone 

URF6 405 134 15002 4.72 y-carboxymuconolactone 

URF240 723 240 24375 5.38 biotin [acetyl-coA- 

decarboxylasec 

decarboxylase‘ 

carboxylase] ligased 
,I Predicted from nucleotide sequence. Bovine mitochondria. A.  

calcoaceticus. E.  coli. 

digesting P. denitrificans genomic DNA with EcoRI and 
HindIII. 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 
NQOl-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: NQ07, NQO6, NQOS, 
NQO4, NQ02, NQOl, and NQ03.  Unfortunately, because 
the NQ03 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. In addition to completing the sequence of 
NQ03, DNA sequencing downstream from the NQ03 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 
1. These structural genes are located downstream from the 
NQ03 gene and have been designated NQO8-14 (see Figure 
1). These genes encode homologues of the bovine complex 
I ND 1 product, 23-kDa polypeptide, and ND6, ND4L, ND5, 
ND4, and ND2 products, respectively (see Table I). 

We have shown in a previous paper that the NQ07 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 3’4erminus of this gene cluster. This was done by searching 
the sequences downstream from NQOl4 with the TERMI- 
NATOR program from the Univeristy of Wisconsin Genetic 
Computer Group. This program identified putative terminator 
sequences downstream of the NQ014 gene (see Figure 2), 
suggesting that the NQ014 gene may be the 3’4erminal 
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 NQOl4 gene, was also 
detected. When the putative amino acid sequence encoded 
by the URF240 was compared with amino acid sequences 
present in the GenBank/EMBL database, signifcant homology 
was found (3 1% identity) between the gene product of URF240 
and the region from residue 83 to the C-terminus of a 
bifunctional protein encoded by the birA gene of E. coli 



DNA Sequences of the NQ08-NQO14 Genes of Paracoccus NDH- 1 Biochemistry, Vol. 32, No. 3, 1993 971 

1 

101 

201 

301 

401 

5 0 1  

60 1 

70 1 

80 1 

90 1 

1 0 0 1  

1 1 0 1  

1201 

1 3 0 1  

1 4 0 1  

1 5 0 1  

1 6 0 1  

1 7 0 1  

1 8 0 1  

1 9 0 1  

2 0 0 1  

2101 

- NQ03 URF4 

S A M A A A R K A P A P L A A E *  M R P R L A L L S G I G A L A  
TCGGCGATGGCCGCGGCCCGCMGGCCCCGGCGCCGTTGGCGGC~TGACGGGGATGCGGCCCCGCC~TGCCCTTCTGAGCGGTATCGGCGCCCTGGC 

CCTGCTGGCCGGCTGCGCCGAGACCAAGGATGCGCGCCCGCGGCCCAAGCCGGCCGAACTGGGCGTGGCGGTGCTGCAAAGTGACGCAGGCGCGCCGGAC 
L L A G C A E T K D A R P R P K P A E L G V A V L Q S D A G A P D  

MGAAGACGCTGACCAGGGGCCGGATCTCGACCAAATCCGGCGAGATCCTGATTCTCGAACCCGACGGTTCGGTCAGCGAGATGGCGCTGGACAGCCCCG 
K K T L T R G R I S T K S G E I L I L E P D G S V S E M A L D S P E  

AGGGCCGCACGCCTTCGCEGTGACCGAGGCCGAGTTGA~GGCTCTGAACGCGAATCTGGAGCTGGACC~GTCCGGCCT~CCAAACATGGCCCCGGTGC~ 
G R D A F A V T E A E L H A L N A N L E L D L S G L P N M A P V R  

CAAGCGCGAGCCCACGGCGCAGGAAAAGGCGCTGGCTGCATTCTCGGCCCGTTCCCGCCCGTTGCGGCTGAACCTGCCCGTGAGTTTCGAGGCCGATCCC 
K R E P T A Q E K A L A A F S A R S R P L R L N L P V S F E A D P  

CAGGATTTCCAGGGCGCGCAGGTCGCCGCGCTGGCCAGTTCGCGCAAGGGGGCGGACAGCCTGGTGGAAGTTACGGCAAACCTGCGCGGCGGGGTGGACG 
Q D F Q G A Q V A A L A S S R K G A D S L V E V T A N L R G G V D A  

CCGACACCGCCTTCGCCTA~GCCACATGC~CGCTGGCCAGCTGGGCCGA~GC~GGGGCGTCCTACGCCCGGCACATCCGCACGCTCCGGGACAAGC~ 
D T A F A Y A T C A L A S U A D A K G A S Y A R H I R T L R D K R  

CAACGGCAAGATGGTCGTCGGTTCGGTATTCACGCTTTCCGAGAAAAAACCGATGGGCCTGACGGTGATGACAACGAAACAGACCTTGCAGGAATGCAAG 
N G K M V V G S V F T L S E K K P M G L T V M T T K Q T L Q E C K  

. NPO8 GCACGCGGC~TTCCCGCGGCGTGATGAGAGGGACGAAAGATCATCCCTCAATTCTGGGCCTCGCCCTACGGTTTCGCGC~CAGCATGCT~:TTGCAGGGTC 
A R G I P A A *  M A E F U A S P Y G F A L S M L L Q G L  

TGGCGGTCATCGCCTTCGTCATGGGTTCGCTGATCTTCATGGTCTATGGCGACCGCAAGATCTGGGCGGCGGTGCAGATGCGCCGCGGCCCGAACGTGGT 
A V I A F V M G S L I F M V Y G D R K I U A A V Q M R R G P N V V  

CGGCCCCTGGGGCTTGTTGCAGACCTTCGCCGACGCGCTGAAATACATCGTCAAGGAAATCGTCATTCCGGCCGGCGCGGACAAGTTCGTCTATTTCCTG 
G P U G L L Q T F A D A L K Y I V K E I V I P A G A D K F V Y F L  

GCGCCCTTCCTGTCGATGATGCTGGCGCTGTTCGCCTTTGTGGTCATCCCCTTCGAC~GGCTGGGTGATGGCGAACATCAACGTGGGCATCCTGTTCA 
A P F L S M M L A L F A F V V I P F D E G U V M A N I N V G I L F I  

TCTTTGCCGCCTCCTCTCTCGAGGTCTACGGCGTCATCATGGGCGGCTGGGCCTCGAACTCGAAATATCCGTTCCTCGCCTCGTTGCGGTCGGCGGCGCA 
F A A S S L E V Y G V I M G G U A S N S K Y P F L A S L R S A A Q  

GATGATCTCCTACGAGGTGTCGCTGGGGCTGATCATCATCGGGATCATCATCTCGACCGGCTCGATGAACCTGACCGCCATCGTCGAGGCGCACGGCGGC 
M I S Y E V S L G L I I I G I I I S T G S M N L T A I V E A H G G  

GATTACGGGTTGCTGAACTGGTATTGGCTGCCGCACCTGCCGATGGTGGTGCTGTTCTTCGTCTCGGCGCTCGCCGAGTGCAACCGCCCACCCTTCGACC 
D Y G L L N U Y U L P H L P M V V L F F V S A L A E C N R P P F D L  

TGGTCGAGGCCGAGTCCGAACTGGTCGCGGGCTTCATGACCGAATATTCGTCCACGCCCTACCTGCTGTTCATGGCGGGCGAATATATCGCCATGTATCT 
V E A E S E L V A G F H T E Y S S T P Y L L F H A G E Y I A M Y L  

GATGTGCGCGCTCCTGTCGCTGCTGTTCTTCGGCGGCTGGCTGTCGCCGGTGCCGTTCATCGCCGACGGCTGGTGGTGGATGGTCATCAAGATGTGGTTC 
M C A L L S L L F F G G U L S P V P F I A D G U U U M V I K M U F  

TGGTTCTACATGTTCGCCATGGTCAAGGCGATCGTGCCGCGCTACCGCTACGACCAGCTGATGCGCATCGGCTGGAAGGTGTTCCTGCCCCTGTCGCTGG 
U F Y M F A M V K A I V P R Y R Y D Q L M R I G U K V F L P L S L G  

G C T G G G T G G T G C T G G T G G C G A T C C T G G C C C G C T A C G A A A T G C T  
U V V L V A I L A R Y E I L G G F U A R F A V G G *  

AGCCGAGGCATTTGCCAAAGCCAGTGAGACCGACAAGGTGGAGCTGGCGCATTTCCTCGCCAACAATCTGGACAGTGCGGAACAAGCGCAGGACGGCGC~ 

NQOO. 

M A F D F A R A T K Y F  
CGCATTCGG~TTATGTCGCCGCGTTCGACCGTTTCGCGGCCCCCAGGCAAGG~CG~TTCT~~CCTTCGATTTCGCCCGTGCACCAAAT A T T ~  

CCTGATGTGGGATTTCATCAAGGGCTTCGGCCTGGGGATGCGCTATTTCGTGTCGCCCAAGCCGACGCT~CTACCCGCATGAAAAGGGCCCGCTGTCG 
L M U D F I K G F G L G M R Y F V S P K P T L N Y P H E K G P L S  
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2201 

2 3 0 1  

2 4 0 1  

2 5 0 1  

2 6 0 1  

2701 

2801 

2 9 0 1  

3001 

3101 

3201 

3301 

3401 

3 5 0 1  

360 1 

3701 

3 8 0 1  

3 9 0 1  

4 0 0 1  

4 1 0 1  

4 2 0 1  

CCGCGCTTCCGGGGCGMCACGCACTGCGCCGCTATCCCMCGGCGAGGAACGCTGCATCGCCTGCMGCTGTGCGAGGCGGTCTGCCCGGCACAGGCCA 
P R F R G E H A L R R Y P N G E E R C I A C K L C E A V C P A Q A I  

TCACCATCG;CGCCGMCGCCGCGAGGACGGCTCGCGCCGGACCACGCGCTACGACATCGACATGAC~TGCATCTA~TGCGGCTTC~GCCAGGMGC 
T I D A E R R E D G S R R T T R Y D I D M T K C I Y C G F C Q E A  

CTGCCCGGTCGATGCCATCCTCGAGGGTCCGAACTTCGMTATGCGACCGAAACCCGCG~GGAGCTGTTCTACGACMGCAGAAGCTGC~TGCGMCGGC 
C P V D A I V E G P N F E Y A T E T R E E L F Y D K Q K L L A N G  

URF5 . GMCGCTGG~GGCCGAGA~CGCCCGCMCCTGCMCTCGATCGCCCTACAGATGACCGCTGACGCCGCATATCAGCGCGGCCGCGCCCTGGCCGAGC; 
E R U E A E I A R N L Q L D A P Y R *  

M T A D A A Y Q R G R A L A E H  

TCTCMTCCGGGGATGGAGGTGGCCCTGCGCGACCGCTATGGCCGCTGGCTGCCCGATGCGGTGGCCGAMCGGTCGTGGGTCACGGGATGGGCGAGGTC 
L N P G M E V A L R D R Y G R U L P D A V A E T V V G H G M G E V  

TATGCGCGCGAGGGGCTGG~TCTGMGACCCGGCTGCTG~TCACCGTCGGCGCATTGGCGGCGATGGGCGGGCAGACCC~GCCGCAGCTCMGGTGMCG 
Y A R E G L D L K T R L L V T V G A L A A M G G Q T R P Q L K V N V  

TGGCCTCGGCCCTGCGCGCGGGCGCMGCGCGCGGGAAATCTGCGAGGCGATCTTCCAGATGCACCTCTATGGCGGGATGCCGGCGGCGATCMCGCGTT 
A S A L R A G A S A R E I C E A I F Q M H L Y G G M P A A I N A L  

. URF6 
GMCGCCGCCATCGAGGTT~TCGMGCGGM~MCMGTCCATGACCG;TGCCTTCCAGAAGCTGTTCCAGCAGATGC~GCMTCCGGCCAGGAGATGG 

N A A I E V F E A E G T S P *  
M T D A F Q K L F Q Q M L Q S G Q E M A  

CGCGCGCCTTCMCCCGGCGCTCGAGCATTTCGACATGCGCGCCATGGAAAAGCTGGTGCCGACCATTCCTGCCGACATGCTGGAAATGTGGTTCGGCM 
R A F N P A L E H F D M R A H E K L V P T I P A D M L E M U F G K  

GACCTTCMCCGCGAGGGGCTGGACGCCMGACGCGCCTGCTTCTCACCATCGGCGCGATCACCGTTCAGGGCGCGCTGGCCGAGCCGCMCTGCGCATG 
T F N R E G L D A K T R L L L T I G A I T V Q G A L A E P Q L R M  

ACCGTCCGTCAGGCGCTCGCGGCCGGCGCCACCAAACGCGAGATCGCCGAGACGATCTTTCAGATGAGCATGTTCGGCGGGCTGCCCGCGATGCAGMGG 
T V R P A L A A G A T K R E I A E T I F Q M S M F G G L P A M Q K A  

NQOlO . CGCTGGAAA~CGCCCAGAGCGTCTATGCCGAGGAGGACGAGGAA~GACCTTCGCTT~CTACCTGTTCGCGATCAGCGCCTGCGTCGCCGGGTTCATG 
L E I A Q S V Y A E E D E E *  

M M T F A F Y L F A I S A C V A G F M  

GTCGTGATCGGCCGCMCCCGGTGCATTCGGTGTTGTGGCTGATCCTGGCCTTCCTGTCCGCGGCGGGGCTGTTCGTGCTGCMGGCGCGGAGTTCGTCG 
V V I G R N P V H S V L U L I L A F L S A A G L F V L Q G A E F V A  

CCATGCTGCTGGTCGTGGTCTATGTCGGCG~CGTGGCGGTGCTGTTCCTGTTCGTCGTCATGATGCTGGACGTGGATTTCGCCGAGCTGAAGGGCGMCT 
M L L V V V Y V G A V A V L F L F V V M M L D V D F A E L K G E L  

GGCGCGCTACCTGCCGCTGGCGCTGGTGA~TGGCGTCGTGCTGCTGGCGCMCTGGGCA~CGCCTTCTCGGGCTGGACG~CCTCGGACC~GGCCGAAAGC 
A R Y L P L A L V I G V V L L A P L G I A F S G U T P S D Q A E S  

CTGCGCGCC~CTCCGGTGG~TGCGGCGGTCGAGAACACCCTGGGCCTCGGCCTCGTGCT~TACGACCGC~ATGTGCTGA~GTTCCAGCT~GCCGGCCTGG 
L R A A P V D A A V E N T L G L G L V L Y D R Y V L M F Q L A G L V  

TGCTGCTGGTGGCGATGATCGGGGCGATCGTGCTGACCATGCGCCACCGCMGGACGTCMGCGCCAGAACGTGCTGGAACAGATGTGGCGCGACCCGGC 
L L V A M I G A I V L T M R H R K D V K R Q N V L E Q M U R D P A  

CAAGACGATGGMTTGMGGACGTGMGCCGGGGCAGGGGCTTTGMCGCGGCAGGCTGGACCGCGATAGCCATCGGGATCGTCACGGCGGTCCTAGTAG 
K T M E L K D V K P G Q G L *  

NQ011 

M I G L T H Y L V V G A I L F V T G I  
CAAACGGATATTTCMCGG~TGMCGACCCGG~CC~GGACGATCGGATTGAC~CATTATCTTGTTGTGGGGGCGATATTGTTCGTCACCGGC~ 

TTTTCGGGA~CTTCGTGMCCGAAAGAACCTCATCGTCA~CCTGATGTCGATCGAACTG~TGCTGCTGG~GGTGAACAT~MCTTCGTCGCCTTCTCGA~ 
F G I F V N R K N V I V I L M S I E L M L L A V N I N F V A F S T  

CCATCTGGGCGATCTGGCCGGGCAGGTCTTCACCATGTTCGTGCTGACCGTCGCCGCCGCCGAGGCCGCCATCGGCCTGGCGATCCTGGTGGTCTTCTTC 
H L G D L A G Q V F T M F V L T V A A A E A A I G L A I L V V F F  
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4301 

4401 

4501 

4601 

4701 

4801 

4901 

5001 

5101 

5201 

5301 

5401 

5501 

5601 

5701 

5801 

5901 

600 1 

6101 

6201 

6301 

6401 

NQ012 CGCAACCGCGGCACCATCG;:GGTGGAAGACGTCAACGTG~TGAA~TTMGCGGCCATGGAAAAATTC~TCCTCTTTGPIGCCGCTCATCGCGTCGCTG~ 
R N R G T I A V E D V N V H K G *  M E K F V L F A P L I A S L I  

TCGCCGGGCTGGGCTGGCGGGCGATCGGCGACAAGGCAGCGCAATACCTGACCACGGGCGTGCTGTTCCTCAGCTGCCTGATCAGCTGGTACCTGTTTCT 
A G L G U R A I G E K A A Q Y L T T G V L F L S C L I S U Y L F L  

GTCCTTCGACGGCGTGCCGCGGCATATCCCGGTGCTCGACTGGGTCGTGACCGGCGATTTCCATGCCGAATGGGCGATCCGGCTGGACCGGCTGACCGCG 
S F D G V P R H I P V L D U V V T G D F H A E U A I R L D R L T A  

ATCATGCTGATCGTCGTGACCACCGTTTCGGCGCTCGTGCACATGTATTCGCTGGGCTACATGGCCCATGACGACAACTGGACGCATGACGAGCACTACA 
I M L I V V T T V S A L V H M Y S L G Y M A H D D N U T H D E H Y K  

AGGCCCGCTTCTTCGCCTATCTCTCGTTCTTCACCTTCGCCATGCTGATGCTGGTGACGGCGGACAACCTGTTGCAGATGTTCTTCGGCTGG~GGGCGT 
A R F F A Y L S F F T F A H L H L V T A D N L L Q M F F G U E G V  

GGGCGTCGCCTCCTACCTACTGATCGGATTCTACTACAAGAAGGCCAGCGCCAATGCCGCGGCGATGAAGGCGTTCATCGTCAACCGGGTCGGCGACTTC 
G V A S Y L L I G F Y Y K K A S A N A A A M K A F I V N R V G D F  

GGCTTCCTGCTGGGTATCTTCGGCATCTACTGGCTGACCGGCTCGGTCCAGTTCGACGAGATCTTCCGCCAGGTGCCGCAGCTCGCGCAGACCGAGATCG 
G F t L G I F G I Y U L T G S V Q F D E I F R Q V P Q L A Q T E I D  

< .  
ATTTCCTGTGGCGCGACTGGAACGCCGCGAACCTGCTGGGTTTCCTGCTGTTCGTCGGCGCCATGGGCAAGTCGGCGCAGCTCTTGCTGCACACCTGGCT 

F L U R D U N A A N L L G F L L F V G A H G K S A Q L L L H T U L  

GCCGGACGCGATGGAAGGCCCGACCCCGGTTTCGGCGCTGATCCATGCCGCGACCATGGTGACGGCCGGCGTGTTCCTGGTCTGCCGCATGTCGCCGCTT 
P D A H E G P T P V S A L I H A A T M V T A G V F L V C R M S P L  

TACGAATTCGCGCCGGATGCCAAGAACTTCATCGTCATCATCGGCGCCACCACCGCCTTCTTCGCCGCGACCGTCGGCCTGGTGCAGAACGACATCAAGC 
Y E F A P D A K N F I V I I G A T T A F F A A T V G L V Q N D I K R  

GCGTCATCGCCTATTCGACCTGTTCGCAGTTGGGCTACATGTTCGTGGCGGCGGGTGTCGGCGTCTATTCGGCGGCCATGTTCCACCTGCTGACGCACGC 
V I A Y S T C S Q L G Y M F V A A G V G V Y S A A M F H L L T H A  

TTTCTTCAAGGCCATGCTG~TCCTGGGCGCCGGCTCGGT~ATC~ATGCC~TGCACCATGMCAGGACATGCGGAACTATGGCGGGCTGCGGAAGAAGATC 
F F K A M L F L G A G S V I H A M H H E Q D H R N Y G G L R K K I  

CCGCTGACCTTCTGGGCGATGATGATCGGCACCTTCGCCATCACCGGCGTCGGCATTCCGCTGACCCACCTGGGCTTTGCCGGTTTCCTGTCCAAGGACG 
P L T F U A M M I G T F A I T G V G I P L T H L G F A G F L S K D A  

CGATCATCGAAAGCGCCTATGCGGGCAGCGGCTATGCCTTCTGGCTGCTGGTCATCGCGGCCTGTTTCACCAGCTTCTACAGCTGGCGGCTGATCTTCCT 
I I E S A Y A G S G Y A F U L L V I A A C F T S F Y S U R L I F L  

CACCTTCTACGGCAAGCCGCGCGGCGACCATCACGCCCATGATCATGCGCATGAAAGCCCGCCGGTGATGACGATCCCGCTGGGCGTGCTGGCCATCGGC 
T F Y G K P R G D H H A H D H A H E S P P V M T P P L G V L A I G  

GCGGTCTTTGCCGGCATGGTCTGGTATGGTCCCTTCTTCGGCGACCATCACAAGGTCACGGAATATTTCCACATCGCCGGCGCGCATCACGAAGCGGCCG 
A V F A G M V U Y G P F F G D H H K V T E Y F H h A G A H H E A A E  

AGGGCGAAGAAGCAGAGCACGCGACCGCCGAGGCTCCGGT~GAGCACGCCGTCGCCG~TACCGCGACCGCCGAGGGCGAAGCGGCCGCCGAGGCCGAACA 
G E E A E H A T A E A P V E H A V A D T A T A E G E A A A E A E H  

~GCCGAGATCGCCGCGCCGGTCGGCGGTGCGATCTACATGCATCCCGACAACCACATCATGGACGAGGCGCACCATGCGCCGGCCTGGGTGAAGGTCTCG 
A E I A A P V G G A I Y M H P D N H I M D E A H H A P A U V K V S  

CCCTTCGTCGCCATGGTGCTGGGGCTGATCACCGCCTGGACATTCTACATCGCCAACCCGTCGCTGCCGCGGCGGCTGGCGGCGCACGAGCCGGCGCTGT 
P F V A H V L G L I T A U T F Y I A N P S L P R R L A A H E P A L Y  

ATCGGTTCC~GCTCAACAAATGGTATTTCGACGAGATCT~CGAGTTCATCTTCGTCCGCCCGGCGAAATGGCTTGGCCGCGTGCTGTGGMGGGCGGCG~ 
R F L L N K U Y F D E I Y E F I F V R P A K U L G R V L U K G G D  

i 

CGGCGCCGTCATCGACGGCACCATCAACGGGGTGGCCATGGGCTTGATCCCGCGGCTGACCCGCGCGGCGGTCCGGGTGCAATCGGGCTATCTGT~~CAC 
G A V I D G T I N G V A M G L I P R L T R A A V R V Q S G Y L F H  

.w . 
TACGCCTTCGCGATGGTTC~GGGCATCGT~GGCTTGCTGATCTGGGTCATGCGGGGCGCGCACTGACATGACGAACCTTCTTTCCA~CATCACCTTC 
Y A F A H V L G I V G L L I U V M M R G A H *  M T N L L S I I T F  
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6501 

6601 

670 1 

680 1 

690 1 

7001 

7101 

7201 

730 1 

7401 

7501 

760 1 

770 1 

780 1 

790 1 

8001 

8101 

8201 

830 1 

8401 

8501 

860 1 

CTGCCGATC;;TCGCCGCCATCATCATGGC~CTGTTCCTGCGCGGCCAGGACGAGGCCGCCGCGCGCMC~CCAAATGGC;GGCGCTGCT;;ACCACCACGG 
L P I V A A I I M A L F L R G Q D E A A A R N A K W L A L L T T T A  

CGACCTTCG;GATCTCGCT~TTCGTGCTG~TCCGCTTCGACCCGGCGAACACCGGCTTCCAGTTCGTCGAGGATCACGCCTGGATCATGCGCGTCTGCTA 
T F V I S L F V L F R F D P A N T G F Q F V E D H A W I M G V C Y  

C A A G A T G G G C G T G G A C G G C A T C T C G G T G C ~ G T T C G T G C T ~  
K M G V D G I S V L F V L L T T F H H P L T I L S T W Q V Q D K V  

MGGAATACATGATCGCCTTCCTGGTGCTGGMGGGCTGATGATCGGCGTCTTCACCGCGCTCGATCTGGTGCTGTTCTACCTGTTCTTCGAGGCGGGGC 
K E Y H I A F L V L E G L H I G V F T A L D L V L F Y L F F E A G L  

TGATCCCGA~GTTCCTGATCATCGGCATC;GGGGCGGCMGGACCGCAT~TATGCGTCC;TCMGTTCT;CCTCTACACCTTCCTCGGC~CGGTGCTGA; 
I P M F L I I G I W G G K D R I Y A S F K F F L Y T F L G S V L H  

GCTGGTGGCGATGATCGCCATGTATCGCA~GGCGGGCAC~ACCGACATCCCGACGCTGC;GACCTTCGA~TTCCCGTCC~AGMCTTCC~CCTCTTGGG~ 
L V A H I A H Y R M A G T T D I P T L L T F D F P S E N F R L L G  

ATGACCGTGGTCGGCGGCATGCAGATGCTGCTGTTCCTGGCCTTCTTTGCCAGCTTCGCGGTCMGATGCCGATGTGGCCGGTCCATACCTGGCTGCCCG 
H T V V G G H Q H L L F L A F F A S F A V K H P H U P V H T U L P D  

ACGCGCACG~CCAGGCGCC~ACCGCCGGC~CGGTCCTGC;GGCCGCGGT~CTGCTGMGATGGGCGGCTACGGCTTCCT~CGCTTCTCGCTGCCGATGT; 
A H V Q A P T A G S V L L A A V L L K H G G Y G F L R F S L P H F  

CCCGGTCGCCAGCGGCGTGCCCCAGCCCT A T G T C T T C T G C  
P V A S G V A Q P Y V F W L S A I A I V Y T S L V A L A Q S D H K  

MGGTCATC~CCTATTCCT~GGTCGCCCA~ATGGGCTACCTGACCATGG~CGTCTTTGCCGCGAACCAG~TCGGCGTCGACGGCGCGATCTTCCAGATG~ 
K V I A Y S S V A H H G Y V T H G V F A A N Q I G V D G A I F Q H L  

TGTCGCACG~~CTTTATCTC~~GGCGCGCTG~TCCTGTGCG;CGGCGTGAT~TACGACCGCATGCACACGC~CGAGATCGACGCCTATGGC~GGTTGGTGM 
S H G F I S G A L F L C V G V I Y D R H H T R E I D A Y G G L V N  

CCGGATGCCGGCCTATGCGGCGGTGTTCATGTTCTTCACCATGGCGAACGTGGGCCTGCCGGGCACCTCGGGTTTCGTGGGCGAGTTCCTGACGCTGATG 
R M P A Y A A V F H F F T H A N V G L P G T S G F V G E F L T L H  

G G G G T C T T C C G C G T C G A T A C C T G G G T G G C G C T G G T C G C C A G T G A C G C T G ~  
G V F R V D T V V A L V A T S G V I L S A A Y A L U L Y R R V T L G  

GCCAGCTCA~CMGGAAAGCCTCMGTCGATCACCGACA~GACCCCGCGCGAACGCTGGCTGTTCATCCCGCTGATCGCCATGACGCTG~TCCTGGGCG~ 

CTATCCGCG~CTCGTCACC~CGTGACCGCCCCGGCGGTCGCAGCACTCGTGCMGACTACMCCAGAGCCAGCCGGCG~CACCCGTCGCCACGGCCCM 
Y P R L V T D V T G P A V A A L V ~ D Y N ~ S ~ P A A P V A T A ~  

GCCAGCCAC~ACCCGACGGACGACCTC;~CTCGATTTC~CGACCATTC~GCCCGAGGTCGTGCTGGCC~GTTACGCCC;TGCCGCCCT~TGGCGGGG~ 

Q L I K E S L K S I T D H T P R E R W V F I P L I A M T L I L G V  

. NQ014 

A S H *  H T S L D F S T I L P E V V L A G Y A L A A L H A G A  

CCTATCTCGGCMGGACAGGCTGGCCCGGACGCTGCTTTGGGTCACGGTCGCGGCCTTCCTGGTCGTCGCGGCCATGGTGGGCCTCGGCMCCATGTCGA 
Y L G K D R L A R T L L W V T V A A F L V V A A H V G L G N H V D  

CGGCGCCGCCTTCCACGGCATGTTCATCGACCACGGCTTCTCGCGCTTTGCCMGGTGGTCACGCTGGTCGCCGCCGCCGGCGTGCTGGCGATGAGCGCC 
G A A F H G H F I D D G F S R F A K V V T L V A A A G V L A H S A  

GATTACATGCAGCGCCGCMCATGCTGCGCTTCGAGTTCCCGATCATCG~TGCACTGGCGGTGCTGGGC~TGATGTTCA~GGTCTCGGCCGGCGACCTGC 
D Y M Q R R N H L R F E F P I I V A L A V L G M M F M V S A G D L L  

TGACGCTCTACATGGGGCTCGAGTTGCM~CGCTGGCGC~TTACGTCGTCGCCGCCATGCGCCGCGACTCGGTGCGCTCCTCCGAGGCGGGGTTGAAATA 
T L Y H G L E L Q S L A L Y V V A A M R R D S V R S S E A G L K Y  

C T T C G T G C T C G G A T C G C T T ~ C C T C G G G C C ; G C T G C T C T A ~ A C C A C C G G G ; T C G A G G G C A ; C A T C T C G A C C  
F V L G S L S S G L L L Y G A S L V Y G F A G T T G F E G I I S T  

ATCGAGGCCCGCCACCTGTCCCTGGGCGTGCTGTTCGGCCTGGTGTTCA;GCTGGTGGGCCTGTCGTTCMGGTTTCGGCCGTGCCCTTCCACATGTGGA 
I E A G H L S L G V L F G L V F H L V G L S F K V S A V P F H M W T  
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870 1 

880 1 

8901 

9001 

9101 

9201 

9301 

9401 

9501 

9601 

970 1 

9801 

9901 

10001 

10101 

10201 

10301 

10401 

CGCCCGACG~CTACGAGGGCTCGCCGACGCCGGTCACCGCCTTCTTCGCCACCGCGCCCMGGTCGCGGCCATGGCGCT~ATCGCGCGGCTGGTCTTCGA 
P D V Y E G S P T P V T A F F A T A P K V A A M A L I A R L V F D  

CGCCTTCGGCCATGTCATCGGCGACTGGA~CCAGATCGT~GCGGCGCTGGCGGTGATGT~GATGTTCCTEGGCTCGATC~CCGGGATCG~CCAGACCMC 
A F G H V I G D W S Q I V A A L A V M S M F L G S I A G I G Q T N  

ATCMGCGGCTGATGGCCTATTCCTCGAT~GCGCATATG~GCTTTGCCC~TGTCGGCCT~GCCGCCGGCACCGCCATCG~CGTGCAGMCATGCTGCTT~ 
I K R L M A Y S S I A H M G F A L V G L A A G T A I G V Q N M L L Y  

ACATGACCA~CTATGCGGT~TGMCATC~GCACCTTCGCCTTCATCCT~TCGATGGAGCGCGACGGCG~GCCGGTGACCGACCTTGCCCCGCTGMCC~ 
M T I Y A V M N I G T F A F I L S M E R D G V P V T D L A A L N R  

C T T T G C C T G ~ A C C G A T C C G E T C M G G C G C ; G G C G A T G C T ~ G T T C G G C  
F A W T D P V K A L A M L V L M F S L A G V P P T L G F F A K F G  

GTGCTGACGGCGGCGGTCGATGCCGGCATGGGCTGGCTGGCGGTGCTGGGCGTGATCGCCTCGGTCATCGGCGCCTTCTATTACCTGCGCATCGTCTATT 
V L T A A V D A G W G U L A V L G V  I A S V  I G A  F Y Y L R  I V Y Y  

ACATGTATT~CGGCGGCGAGTCCGAGGGCATGACCTCGC~CATGGGCGC~GTGCMTACCTGGCGCTGA~GGTGCCGGC~CTGGCGATGCTGGTGGGTGC 
M Y F G G E S E G M T S R M G A V Q Y L A L M V P A L A M L V G A  

GATCAGCATGTTCGGCGTCGATTCCGCCGCCGGCCGCGCCGCCGAGACCCTGGTCGGTCCGGTGGCCGCCATCGAGCAGCCCGCCGMGCCGCGCMGCC 
I S M F G V D S A A G R A A E T L V G P V A A I E Q P A E A A Q A  

. ~"4 .L-.---.J URF240 
GAGCCCGTGCMGGTGAGTGACGCCTGGCCCG~CGTGGCCCGCCATGTGCTGGCCCGCACCGACAGCACCMTGCCGAGGCGCTGAAGCTGGCGCCC 
E P V Q G E *  V L A R T D S T N A E A L K L A P  

L-.---.---J .L---------J. GGCCTTTCC~GTTCTGCCT~GGTGCTGGCCCGCGAGCMTTCGCGGGCCGTGGCCGTCGCGGGCGCGAATGGGTCATGCCGGCCGGAAACTTTGCCGGCA 
G L S G S A W V L A R E Q F A G R G R R G R E U V M P A G N F A G T  

CGCTGGTTC~GCGGCCCCACGGAGGGGCGCTGGCGGCGGCGCMCTGTCCTTCGTCGCC~CGCTGGCGC~CTACGATGC~CTTGGTCTG~CCTGCGGCCC 
L V L R P Q G G A L A A A Q L S F V A A L A L Y D A L G L A C G P  

GGCCGCGCG~CTGGCGATCAAATGGCCGAACGACGTGCT~CTGMCGGC~GCMGGTGGCGGGCATCCT~CTGW\AAGC~CGGGCTCCG~CCCCGGCGTG 
A A R L A I K W P N D V L L N G G K V A G I L L E S S G S G P G V  

CAGGCCGTCGCGGTCGGCATCGGCGTCMCCTGGCCGGCGCGCCCGATGCCGGCGCGGTCGAGCCCGGTGCCACCCCGCCGGTTTCCGTGCMGGCGAGA 
Q A V A V G I G V N L A G A P D A G A V E P G A T P P V S V Q G E T  

CTGGCCACGCCGTCGATCCCGAGGMTTCCTGGACCTGCTGGCGCCGGCCTTTGCACGCTGGCAGGCGCMCTCGACACCTATGGCTTCGCGCCGATCCG 
G H A V D P E E F L D L L A P A F A R W Q A Q L D T Y G F A P I R  

CMTGCCTGGCTGGCCCGCGCGGCCCGGCTGGGCGAGCCGATCATCGCCCGCACCGGCACTGCCGAAAGCCACGGCATCTTCGAGGGCATCGACGACAGC 
N A W L A R A A R L G E P I I A R T G T A E S H G I F E G I D D S  

GGCGCGCTGATCCTGCGCGGCCCGGCGGGGCGGCAGGTCATTCCCGCCGCCGMGTCTTTTTCGGAGGCTAGGCCATGCTGCTTTGCATCGACACCGGCA 
G A L I L R G P A G R Q V I P A A E V F F G G *  

ACACCMCACGGTCTTTTCCGTCTGGGACGGCGAGAAATTCGTGGGCCTCTGGCGCATCTCGACCGACCACCGGCGCACGGCGGACGAGTATTTCGTCTG 

GCTATCCAC~CTGATTTCC~TGCAG 10425 

FIGURE 2: Nucleotide and predicted amino acid sequences of URF4, NQOS, NQ09 ,  URFS, URF6, NQOlO-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 NQ07, 
NQ08,  and NQOlO-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 11: Comparison Matrices for the NQ08, NQO9, NQOIO, NQO11, NQ012, NQ013, and NQ014 Subunits of the Energy-Transducing 
NADH-Quinone Oxidoreductase from Various Species 

5% identity 

subunit source (1) (2) (3) (4) ( 5 )  (6) (7) 
NQOS ( 1 I P. denitrificans 77.1 38.7 47.9 35.6 33.8 31.5 

NQO9 

NQOl 0 

NQOl1 

NQOl2 

NQOl3 

NQ014 

i 2 j  R. capsuiatus 
(3) bovine mit" 
(4) liverwort mit 
(5) Synechocystis 
(6) liverwort chltb 
(7) rice chlt 
(1 ) P .  denitrificans 
(2) R. capsulatus 
(3) bovine mit 
(4) Synechocystis 
(5) liverwort chlt 
(6) rice chlt 
(1) P .  denitrificans 
(2) bovine mit 
(3) liverwort mit 
(4) Synechocystis 
(5) liverwort chlt 
(6) rice chlt 
(1) P. denitrificans 
(2) bovine mit 
(3) liverwort mit 
(4) Synechocystis 
(5) liverwort chlt 
(6) rice chlt 
(1) P .  denitrificans 
(2) bovine mit 
(3) liverwort mit 
(4) liverwort chlt 
(5) rice chlt 
(1) P .  denitrificans 
(2) bovine mit 
(3) liverwort mit 
(4) Synechocystis 
(5) liverwort chlt 
(6) rice chlt 
(1) P .  denitrixcans 
(2) bovine mit 
(3) liverwort mit 
(4) Synechococcus 
(5) liverwort chlt 
16) rice chlt 

~ 

100 

100 

100 

100 

100 

100 

100 

100 

88.7 
100 

13.7 
100 

23.5 
100 

32.5 
100 

29.2 
100 

23.6 
100 

40.6 
100 

72.0 
72.4 

100 

42.2 
13.1 

100 

66.0 
22.5 

100 

41.4 
32.7 

100 

47.7 
29.4 

100 

36.0 
20.5 

100 

52.4 
48.4 

100 

27.4 
27.6 
25.6 

100 

24.4 
12.0 
21.6 

100 

47.1 
21.4 
48.0 

100 

32.1 
28.4 
31.1 

100 

34.1 
26.4 
33.1 

100 

31.8 
22.5 
28.6 

100 

37.1 
34.3 
36.9 

100 

28.1 
27.6 
26.7 
66.7 

100 

23.6 
13.1 
27.8 
41.4 

100 

43.0 
21.4 
38.0 
66.0 

100 

33.2 
27.4 
31.8 
61.6 

32.5 
25.9 
31.5 
58.7 

100 

100 

29.4 
24.5 
30.5 
50.3 

100 

34.8 32.5 
35.2 32.4 
39.0 39.3 
59.8 56.6 

100 69.3 
100 

28.1 
28.2 
30.0 
57.3 
73.0 

19.9 
11.4 
24.4 
41.5 
55.7 

37.6 
23.5 
38.0 
52.5 
66.0 

100 

100 

100 

32.0 
25.7 
30.3 
52.6 
71.3 

28.6 
22.8 
29.5 
47.3 
66.5 

100 

100 
\ I  

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 NQ09 
polypeptide, may also be located in the membrane sector. 
Additional support for the hypothesis that the NQ07-14- 
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 
wereall lost (Tuschen et al., 1990; Weisset al., 1991). Taken 
together, these data suggest that the polypeptides encoded by 
NQO7-14 constitute the membrane sector of the Paracoccus 

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 NQOl2, NQOl3, and NQOl4 
genes have been analyzed by means of dot matrices (data not 
shown). These analyses showed similarity among these 

NDH-1. 

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 ND5 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& 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 amino acid sequences of the Paracoccus 
subunits with those of their mitochondrial, chloroplast, and 
bacterial counterparts is illustrated in Table 11. Although 
only two structural genes encoding Rhodobacter capsulatus 
NDH-1 have been determined at the present time (Dupuis, 
1992), the Paracoccus NQOS 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. denitrifcans (Xu et al., 
1991b; Stouthamer, 1992). With respect to the NQ08 and 
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NQOl O-I 4 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 NQ07 product (Xu et al., 
1992a). In light 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 theNQO4, NQOS, and NQOdproducts 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 NQO8-I 4 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 
NQ09 homologues, the mitochondrial subunits contain three 
stretchesof aminoacids (MMWDFIIB, E~IHALRs, andL141- 
xNG144) which are absent in the chloroplast subunits. On the 
other hand, the chloroplast NQ09 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 NQOl2 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 NQ08-I1 and NQ013 homologues. Similar trends 
were also observed in the NQ04, NQO5, and NQ06 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. Analysis of the NQO8-I 4 sequences 
revealed that only the NQ09 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 C64XXC67XXC70XXXC74P75 and CIO~XXCI 06xxC109- 
xxxCl13P114. 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 NQ09 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 NQ09 gene 
product. This hypothesis is supported by the finding that 

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, URF.5, and URF6 Polypep- 
tides. No significant 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 8-ketoadipate and catalyzes the 
decarboxylation of y-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 URF5 and 
URF6 products might be related to the regulation of NDH-1 
biosynthesis. 

Gene Arrangement. As shown 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 NQ07 gene. Although the NQ07 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 NQ07, 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 this study, 
the ordering of the NQO8-I I 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 
NQOl2, NQOl3, and NQOl4 genes is identical 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-I as a Model for the Study of Mito- 
chondrial Diseases. Human mitochondrial DNA is composed 
of 16.5 kbp and encodes 13 polypeptides. Seven of these genes 
(designated as NDI, 2,3,4,4L, 5 ,  and 6) code for polypeptides 
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P .deni t r 
R.capsu1 
Bovine 
L i ve  m i t  
Synechoc 
L i ve  c h l  
Rice c h l  

C.denitr 
R.capsu1 
Bovine 
L i ve  m i t  
Synechoc 
L i ve  c h l  
Rice c h l  

P . deni  t r 
R.capsu1 
Bovine 
L i ve  m i t  
Synechoc 
L i ve  chl 
Rice c h l  

P .deni t r 
R. capsul 
Bovine 
L i ve  m i t  
Synechoc 
L i ve  c h l  
Rice ch l  

* * * *e**** * ** ** * ** Ne08 subunit * ................ lUIEFUASPYGFALSMLLPGLAV1AFVMGSLIFMWU)RKIUMVPnRRGPNWGPUGLLPTFADALKYIVKEIVIPA~KFVYFLAPFLS~LALFAFVV~PF ................ IIADFUATSLGPTLILLAPGLGIIAFVMIGLLLLVUGORKIUM~RKGPNWGAFGLL~SVADMKYVFKEIWPAGVDKPWFLAPMLSLVLALLAVWVPF ......................... MFMINI....LMLIIPILLAVAFLTLVERKVLGY~LRKGPNWGPYGLLPPIADAIKLFIKEPLRPATSSASMFILAPIlUILGLALTMUIPLPM ....................... M R I Y L I G L V A K n L G I ~ P L L L G V A F L V L A E R K V l U S l l Q I F I F L l U I P V L ~ F T L A L C A U A V I P F  
.MTSGIDLPNSFLPSLPGFGLPPGLAKLFUIPLPSILMI IGATVGVLWWLERKISAMP~RIGPEYAGPLGVLPPVADG(PULFTLGPVLWLPVFLSYLIVPF 
.MISNINLEDKFFSFFFTLGFSKEFFNFLU~IFSILILMLGVTIGVLVLVVLERKISMI~~RIGPEYAGPLGIIPALADGIKLFLKEDIVPAP~VVLFNIGPILVLIPVFLSYLVIPF 
MIIDRVPVEA..INSFSNLELLKEWGLIU.ILPILTLLLGITIEVLVIVVLEREISASIPQRIGPEYAGPLGLLPAIADGTKLLFKEDILPSR~IPLFSIGPSIAVISILLSFLVIPL 

* * * *  ** **e** ** ** **** e* * * *  *** e* **** * * 
DEG~NINVGILFIFMSSLEWGVIMGGUASNSKYPFLASLRSMPMISYEVSLGLIIIGIIISTGSMNLTAIVEAHGGDYGLLNVYYLPHLPMWLFFVSALAECNRPPFDLVEAE 
NEG~INVAVLFVFAVSSLE~GVIMGGUASNSKYPFLGSLRSM~ISYEVSMGL~IVGVIISTGSMNLSAIVEAPRGDFGLLNUYULPHLPMVALFFISALAETNRPPFDLPEAE 
PYPLI..NMNLGVLFMLAnSSLAWSILUSGUASNSKYALIGALRAVAPTISYEVTLAIILLSVLLMSGSFTLSTLITT~EP. .... MULILPAUPLAMnUFISTLAETNRAPFDLTEGE 
DYGMVFSDLNIGVLYLFAnSSLGWGIITAGUASNSKYAFLGALRSM~MVSYEVSMGLLLMSVMLCAGSCNFSEIVLAPTR.....MUFVFPLFPVFLMFFISCLAETNRAPFDLPEAE 
GPNLVITDINVGIFLUIALSSIAPIGLLMSGYASNNKYSLLGGLRAMPSISYEIPLSLAVLAI~SNSLSTIDIVDPPSG.YGILG~IURPPVGFLIFUIMLAECERLPFDLPEAE 
EYNVILANFSIGVFFUIAVSSWPLGLLlUIGYGSNNKYSFLGGL~PSISYEIPLALSVLSIALLSNSLST~IVEAPSK.YGFLSUNLURPPIGFIVFFIASLAECERLPFDLPEAE 
GYRFVLADLSIGVFLUIAISSIAPIGLLlUIGYSSNNKYSFSGGLRAMPSISYEIPLTFCVLAISLLSNSSSTVDIVEAPSK.YGFFGUNLURPP~GFLVFLISSLAECERLPFDLPEAE 

*** ** * ** * ** * * * ** * **I, ** **** * 
S E L V A G F M T E Y S S T P Y L L F M A G E Y I A M Y L M C A L L S L L F F G G U . . . . . . . . . . . . . . . . . L S . . . . P V P F I A D G ~ V I K M U F U F Y M F A M V K A I V P R Y R Y D P  
SELVAGFMVEYSSTPYLLFlGEYIAVVLMCALTSVLFFGGU.................LS....PIPGVPDGVLUnVAKMMVFFVFAMV~IVPRYRYDPLMRIGUKVFLPLSLA~ 
SELVSGFNVEYMGPFALFF~EYANIIMMNIFTAILFLGTS.................HNPHMPELY.....TINFTIKSLLLTMSFLUIRASYPRFRYDPLMHLLUKNFLPLTLALCM 
AELVAGYNVEYSSMGFALFFLGEYANMILMSSLCTLLFLGGU.................LPILDIPIFQVIPGSIWFSMKVLFFLFWM~RAAFPRYRYDPLMRLGWKVFLPLSLA~ 
E E L V A G Y P T E Y A G M K F A L F Y L G S Y V N L V L S A L V F S V L r L t L G I T M T V L K S Y F L I F I A I L L R U T V P R V R I D P L L N L G U K F L L P V A L A N L L  
EELVAGYPTEYSGMKFAFFYLASYLNLLVSSLFVTILYLGGUHFSIPFFSLFKNFE~LMSNGISEVISIIIGIVITLVKSYLFLFISIMTRUTLPRlRIDPLLNLGWKFLLPIALGNLL 
EELVAGYPTEYSGIKYGLFYLVSYLNLLVSSLFVTVLYLGG~LSIPYISFFGFFPMNKn....VGILEMTMSIFITLTKAYLFLFISITIRUTLPRMRHDPLLNLGUKFLLPlSLGNLL 

LVAILARYEILGGFUARFAVGG 
WAFLAKFEVLGGFUARUSIGA 
WHVSLP...ILTSGIPPQT... 
FVSGVL...VAFEULP...... 
ITMLKLTFP............ 
LTTSFQLFLL............ 
LTTSSPLVSL............ 

* t * ** ** e ****** *e* **e********** *** *+ * e ** e+ **+**we**** 
NQ09 subunit 

P.denitr ............. CUFDFARATKYFLMUDFIKGFGLCnRYFVSPKPTLNYPHEKGPLSPRFRGEHALRRYPNGEERCIACKLCEAVCPAPAITIDAERREDGSRRT.TRYDIDMTKC1YC 
R.capsu1 ............. lUIFDYVRMKYFVLUDFIKGFALGMKYFVAPKPTLNYPHEKGPLSPRFRGEHALRRYPSGEERCIACKLCEAICPAPAIT1DAEPRDDGSRRT.TRYDIDMTKCIYC 
Bovine TYKYVNLREPSMDMKSVTDRMPTLLUTEL I RGLGMTLSY LFREPAT INYPFEKGPLSPRFRGEHALRRYPSGEERCI ACKLCEAVCPAPAI T I EAEPRADGSRRT TRYD IDMTKC I Y C  
Synechoc .. MFNNILKPV~YAKESLQMKYIG.....PGLAVTFDHMSRRPITVPYPYEKLIPSERFRG.....RIHFEFDKCIACEVCVRVCPINLPWDVEFYKAVKKKELKHYSIDFGVCIFC 
L i v e  ch 1 .. .MFS I I NGLKNYNPPAIPMRY I G.. .. .PGFLVTLDHMNRLPTT IQYPYEKL IPSERFRG ..... R I HFEFDKCI ACEVCVRVCP I NLPWDUELKKT I KKKPLKNY SI DFGVCI FC 
Rice c h l  ... MFPMVTGFM..GPQTIRMRYIG.... .PSFIITLSHTNRLPITIHYPYEKSITSERFRG.... .RIHFEFDKCIACEVCVRVCPlDLPLMVRFEKDIKRKPLLNYSIDFGVCIFC 

* *******eeee+*ee** t+ * * * ** *e+* * e 
P.denitr GFCPEACPVDAIVEGPNFEYATETREELFYDKQKLLANGERWAEIARNLPLDAPYR................................ 
R.capsu1 GYCPEACPVDAIVEGPNFEYATETREELFYTKEKLLENGARUEAEIARNIE~APYR................................ 
Bovine GFCQEACPVDAIVEGPNFEFSTETHEELLYNKEKLLNNGDK~AEIMNIPADYLYR ................................ 
Synechoc GNCVEYCPTNCLSMTEEYELMYDRHDLNYDNVAL ... .GRLPYKVTEDPMVTPLRELGY LPKGVIEPHNLPKGSPRAGPHPEDLVKAE 
L i v e  chl GNCVEYCPTNCLSMTEEYELSTYNRHELNYDPIAL....GRLPISI~EDSTIENIFNLTSLPKGKIEGHIYSRNITNIVN......... 
Rice c h l  GNCVEYCPTNCLSMTEEYELS~YDRHELNYNP~AL....SRLPISIMGDYTIPTIRNST.PSKIDEEKSUNSRTITDY........... 

* ** * *  * *  
NQOlO subunit 
P.deni t r  ...... MMTFAFYLFAISACVAGFMWIGRNPVHSVLULILAFLSMGLFVLPGAEFVAnLL~YVGAVAVLFLFWnMLDVDFAELKGELARYLPLALVIGWLLAPLGIAFSGUTPS 
Bovine ..... .MMLY IVFILSVI FVMGFVGFSSKPSPIYGGLGLIVSGGVGCGIVLNFGGSFLGLMVFLIYLG~WFGYTTAlUITEPYPEIULSNKAVLGAFVTGLLMEFFMVYYVLKDKEVE 
L i v e  m i t  ........ WLFYVFWLALVSGAnVnRAKNPVHSVLFLILVFCWTSGLLVLLGLDFFAnIFLVWVCAIAVLFLFWnHLHMRMEEIHENVLRYLPVGGIIGLIFLLEIFLMVDNDYIP 
Synechoc VNLAEGVPYISFLILAFLVICAALGWLLSNIWSAFLLGGVFLSISGIYILLNADFVAMPVLVYVGAVSVLILFA~MLVN...KREDFSKIPGRULRNVSTALVCTG~FALLST~VLI 
L i v e  c h l  MKLPESFYETIFLFLESGLILGSLGVILLTNIWSALFLGFVFVCISLLYLLLNADFVAMPILIYVGAVNVLIIFAVIILIN...KKPYSNFFVYUTIGDGITLTLCTSIFLLLNNFlSN 
Rice c h l  MDLPGPIHEILVLFGGFVLLLGGLGWLLTNPTFSAFSLGLVLVCISLFYILLNSYFVAVAPLLIYV~INVLIIFAVIIFVN...GSEUSKDKNFUTIGDGFTSLVCITlPFSLMTTIPD 

P.denitr DPAESLRMPVDMV........ENTLGLGLVLYDRYVLMFPLAGLVLLVAnIGAIVLTMRHRKDVKRQNVLEPMURDPAKTMELKDVKPGPGL. 
Bovine WFEFNGLGDWIYDTGDSGFFSEEAMGIMLYSYGTULVI.VTGUSLLIGVWIMEITRGN.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L i v e  mi t MLPTKLSATYLTYTVYAGKMHSUTNLETLGNLLYTTYFFLFLVSSLILLVALicAnVLTMHKTTKVKRPDVFMPN~FPNT. . IKKVR.. .... 
Synechoc TPU.. ....... .PINETGPFVENTLVTIGKHFFSDYLLPFELASVLLLMAMVGAI ILARPGLNSRIVRGKPNRHGPDFARASPGVNLRFPIDM 
L i v e  ch 1 TSUSKI FLMTKPNLWKDI I L I  .NTVRHIGSELLTEFLLPFELMSI I LLVALI C A I  TLARREKKIELEKNDFFNF.. .................. 
Rice ch 1 TSUYGILUTTRSNPIVEQ .GL I .NNVQPIGI HLATDFYLPFELISI ILLVSLIGAITMARP.. ................................ 

** * 

NQOll  subunit 

P .deni t r .MI GLTHYLWGAI LFVTGI FG1 FVNRKNVIVI LMSIELMLLAVNINFVAFSTHLG. .DLAGPVFTMFVLTVAMEMIGLAI LWFFRNRGT IAVEDVNVMKG 
Bovine .... MSMWMNIlWAFTVSLVGLLMYRSHLMSSLLCLECnn..LSLF~LTILNSHFTLASllElPIILLVFMCEMLGLSLLVMVSN~YGTDYVPNLNLLPC 
L ive  m i t  . .~LVKYLTFSCIILFLLGIUGIFLNRKNILIMLMSlEL~LLA~LNFLVFSWLD..D~CPLFALFVLTVAAAESAIGLAILVITFRIRGTIAVEFIN~KG 
Synechoc MHL~LPYCLILAMLFCIGIYGLITSR.NAVVLMSIELLLNAVNLNLMGFSNYLDPSNIRCPVFAIFVITlAMEMVGLAIVLAIYRNRETTDMEPFNLLKU 
L ive  c h l  ... MLEHILTLSAFLFCIGVFGLITSR.NMV~LMCLELIFNAVNINLVAFSNFLDSSPIKGEIFSIFI IAI~EATIGLAIVLAIYRNRKSTRIDPFYLLKU 
Rice c h l  . .~FEHVLFLSWLFSIGIYGLITSR.NMVRALICLELILNSINLNLVTF~LFDSRPLKU)IFAIFVIALAMEMIGLSILSSIHRNRKSTRINPSNFLNN 

* * *  * * *  * *t * ** ** * * 

* * * *  * ** * NQ012 subunit 

P.denitr .. MEKF....VLFAPLIASLIAGLGURAIGEKMPYLTTGVLFLSCLIS~LF..LSF.....DGVPRHIPVLDVWTCDFHAEUAIRLDRLTAIMLIWTTVSALVHMYSLGYlUIHDDN 
Bovine . .MNMFSSLSLVTLLLLTMPIWSFNTYKPSNYPLYVKTAI SYAFI TSllIPTHMFI H.. ... SGPEL I ISNUHULT IPTLKLSLSFKMDY FWMF IPVALFVTUS IMEFSMWMYSDPN 
L i v e  m i  t . .MYLL.. . .MVILPLIGSFMGFFGRFLGSRGVAWTTTCVSLSSIFSCIAFYEVAL.. .. .CASACYMKIAPUIFSELFDMUGFLFDSLTVILLLWTIVSSLVHIYSISYMSEDPH 
L ive  c h l  MELIFPNVYFVPLFPFLASILLGIGLFFFPNSIKKFRRLSSFISIMFLNIAnLLSFHFF~ITGSPIHRYL~VVLYKNFVLEIGYLLDPLTSIMLVLVTTVAVMVMIYSDSYMFYDEG 
Rice c h l  MEHTYQYAVVIPLLPLPVIMSnCFGLFLVPTATKNLRRIUAFPSVLLLSIAnVFSVHLSIPPINGSSIYPYLUS~VNNDFSLEFGYLIDPLTSIMLILITTVGILVLIYSDDYMSHDEG 
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P .den i t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

P . deni t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

P. deni  t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

P . deni t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

P.deni t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

P . deni  t r 
Bovine 
L i ve  m i t  
L i ve  c h l  
Rice c h l  

** ** ** * * , ***,** * ** ** *, * ** ** * * 
UTHDEHYKARFFAYLSFFTFAnLMLVTADNLLPnFFGUEGVGVASYLLIGFYYKKASANAMnKAFIVNRVGDFGFLLGIFGIYULTGSVQFDEIFR~VPQLAPTEIDFLU..RDUNMN ....... INKFFKYLLLFLITMLlLVTANNLFPLFIGUEGVGIMSFLLIG~GR~ANTMLPAILYNRlGDIGFILAnAUFLTNLNT~LPQIFMLNPSDSN..............MP 
S.... . . .PRFFCYLSIFTFFMLMLVTGDYFlPLFLGUEGVGLASYLLMNFUFTRIQANKMI~LMNRV~FGLALGIMGCFTIFQTVDFSTIFACASAFSEPHHYFLFCNMGFH~T 
YI.......KFFCYLSLFTASMLGLVLSPNLIPVYIFUELVGMCSYLLIGFUFTRPSMNACQKAFVTNRIGDFGLLLGILGFYUITGSFDFPQLSKRFFEL......LSYNQINLVFAT 
YL.......RFFWISFFNTSMLGLVTSSNLIPIYFFUELVGMCSYLLIGFUFTRPIMSACPKAFVTNRV~FGLLLGILGFFUITGSLEFRDLFKIANNU......IPNNEINSLLTI 

,**** ** *** *******,*** *** ** * * ** * * , *  * * *  *******e * 
LLGFLLFVW\nGKSA~LLLHTULPDAnEGPTPVSALIHMTMVTAGVFLVCRMSPLYEFAPDAKNFIVIIWTTAFFMTVGLVQNDIKRVIAYSTCSQLGYMFVMGVCVFHLL 
LIGLAL..MTGKSAPFGLHPULPSAnEGPTPVSALLHSSTMWAGIFLLIRFYPLTENNKYI~SITLCLGAlTTLFTAnCALTQNDIKKIIAFSTSS~LGL~VTlGINQPYLAFLHIC 
VICILVFIGAVGKSAPIGLHTULPDAnEGPTPVSALIHMTMVTAGVFMHARCSPLFEYSPNALIVlTFV~TSFFMTTUILPNDLKR~YSTCSQLGYMIFACGISNYSVSVFHLM 
LCALFLFLGPVAKSAPFPLHIULPDAnEGPTPISALIHMTMVMGIFLVARMFPLFPnLPFVnSIISUTGAITALLGATIALA~KLKKGLAYSTMSQLGYMMLALGlGSYKAGLFHLI 
LCAFLLFLGAVAKSA~FPLHVVLPDAnEGPTPISALIHATTMVMGIFLIARLLPLFISLPLIMSFISLlGTLTLFLGATLALAPRDIKRSLAYSTMSQLGY~LALGIGSYQMLFHLI 

** ,** ** ** ** ,*, *** * * ,* *** * , * ** ** 
THAFFKAMLFLGAGSVIHAn........HHE~DMRNYGGLRKKIPLTFUAMMIGTFAITGVGIPLTHLGFAGFLSKAIIESAYA....GSGYAFULLVIMCFTSFYSMLIFLTFYGK 
THAFFKAMLFMCSGSIIHSL........NDEPDIRKnGGLFKAWPFTTTALIVGSLALTGMPF......LTGFYSKLIIEMNKSYT..NAUALLMTLIATSFTAIYSTRIIFFALLG~ 
NHACFKALLFLSAGSVIHAn........SDEQDMRKnGGLASLLPFTYAnnLnGSLSL..IGFPF....LTGFYSKVILELAYTKYTISGNFAFULGSVSVFFTSYYSFRLLFLTFLAP 
THAYSKALLFLGSGSVIHSMEPIVGYHPNKSPNMIFMGGLRQYMPITAITFLFGTLSLCGIP......PFACFUSKEILVNSULHFPILGSIAFF....TAGLTAFYMFRIYFLTFE~ 
THAYSKALLFLGSGSVIHSMEPLVGYSPDKSQNMVLMGGLRKYIPITRTCFLUGTLSLCGIP......PLACFUSKEILSNSULYSPFFGIIASF....TAGLTAFYMFRIYLLTFDGY 

PRGDHHAHDHAHESPPVnTIPLGVLAIGAVFAGMVVYGPFFGDHHKVTEYFHIAGAHHEMEGEEAEHATAEAPVEHAVADT...........ATAEGEAAAEAEHAEIMPVGGAIYMH 
PR..FPTLVNINENNPLLINSIKRLLIGSLFAGYI.....ISNNIPPTTI...................................................................... 
TNSFKRDLSRCHDAPILllAllPLILLAFGSIFVGYLAKMMIG...LGTNFU..............................................................ANSLFHL 
FRGHF..FDDVKK..LSSISIUG.......................SLEFNKE~FK...........LDKKSTL.YPKEANNIMLFPLIILTIPTVFIGFIGILFDEN~NM)SLSYULT 
LRVHFPNYSSTKEDSLYSISLUGKRISKGVNRDFVLSTAKSGVSFFSQNLSKIHVNTGNRIGSFSTSLGTKNTFWPHEPGNTMLFPLLILLLCTLFIGSIGIHFDNEIGELTILSKULT 

* ** + 
PDNHIMDEAHHA.PAVVK.....VSPFVAMVLGLITAUTF.YIANP.SLPRRLA......................AHEPALYRFLLNKUYFDEIYEFIFVRPAKULG.RVLVKGGDGAV ........ P~MTMPYYLK.....TTALIVTILGFILALEISNMTKNLKYHYPSN......................AF..KFSTLLG...YFPTIMHRLAPYMNLSnSQKSASSLLDLIU 
PKNEILAESEFATPTIIK.....LIPILFSTLGSFVAYSVNFWNPLIFALKTS......................TFGNRLYCFFNKRUFFDKFNDFLARSFLRFGYEVSF~LDKGA 
LSINSFNYS..NSEKFLEFLFNAIPSVSIAFFGILIAFYL..........YGPNFSFLKKEKKKLQLKSEIDIVLKSFSNFIYNUSYYRAYIDGFYSSFFIKGLRFLIKIVSF..IDRUI 
PSINFFQESSNSSINSYEFITNAISSVSLAIFGLFIGIYVLUICLLFFSEFDLINSFVKGGPKKY........FFHQLKKKIYSUSYNRGYIDIFYTRTFTLGIRGLTELTPF..FDKGV 

* *  
IDGTINGVAnGLIPRLTRMVRVPSGYLFHYAFAMVLG......IVGLLIVVnMRGAH............... 
LEAILPKTIS.LAQMKASTLVTNPKGLIKLYFLSFLITILISMILFNFHE....................... 
IEILGPYGISYTIRKClAPSKIQSGFWHYAF~LLGLTMFISVnGL~FISF~NRLYFIYMVSFLFINI 
IDGIIN.GIGIFSFFGGESLKYIEGGRISSYLFFII..FCMFLFFLYSYII...................... 
IDGITN.GVGLASFCIGEEIKYVGGGRISSYLFFFLCYVSVFLFFFLS......................... 

* *  ** , NQOl3 subunit 

P.denitr ....... MTNLLSIITFLPIVMIIHALFLRGPOEAAARNA~LALLTTTATFVISLFVL.FRFDPANTGFPFVEDHAUIM..GVCYKnGVDGISVLFVLLTTF~PLTILSTU.QVQD. 
Bovine .............. MLKYIIPTIMLMPLTULSKNNMIVVNSTAHSLLISFTSLLLMN..............~FCDNS.....LNFSLLFFSDSLSTPLLILTMULLPLMLHASQHHLSKE 
L ive  m i t  MLQVLAPFYSNLSGLILLPLLGSLI ILVIPNSR. .. .VRLMRGITIUTSLITFLYSLFFU.MRFENDTAKFQFVETIRULPYSNINFYM~GISLFFVILTTFLTPICILVGFYSVKS. 
Synechoc ..... MNTFPULTTIILLPIVMLFIPIIPDKG....KTVRWSLAVGLM)FAL1WAFYSGFDLSEPGLQLVESYTULPQIDL~SV~GLSMPLIILTGFITTLATIIAAU.PVTL. 
L ive  c h l  ..... MNHFPULTIIVLFPISAGLVIPFLPSTGN....KIIRWTLGVCLLEFLLITYIFCYHYPFNDHLIPLKEDYNUISFINFH~LGIDGFSIGLILLTGFITTLATLMU.PVTR. 
Rice c h l  ..... MSSFPULTILWLPIFAGSLIFFLPHRGN....KIVRWTMSICLLEFLLMTYAFCYHFQLEDPLIQLKEDS~IDVFNFH~LGIDGLSLGSILLTGFMTTLATLMU.PVTR. 

** 

t * *  *, ,* , ** * ** ** * , + 
P.denitr ... KKEYMIAFLVLEGLMIGVFTALDLVLFYLFFEAGLIPMFLIIGIUGGKDR.IYASFKFFLYTFLGSVLMLVAnIAnYR~G...TTDIPTLLTFDFPSENFRLLUITWGGMQMLL 
Bovine NLTRKKLFITMLISLPLFLIMTFTAnELILFYILFEATLVPTLIIITRUGN~TERLNAGLYFLFYTLAGSLPLLVALIYIQNTVGSLNFLMLQYVVPPVHNS............USNVFM 
L ive  m i t  ... YKKEY~FFICESFLIAVFCSLDLLIFYVFFESVLIPMFIIMGVUGSRPRKIKMYPFFLYTLMGSLFMLLAILFIFFPTG...TTDLPnLLTTEFS....... ..... ERRPILL 
Synechoc .. .KPKLFYFLMLLMYGGPIAVFAVQDlLLFFLVMLELVPWLILSIUGGKKR.LYMTKFILYTAGGSLFILLAGLTLAFY~VN.TFDMSAIMKIPVN. .......... .LQLLL 
L i ve  c h l  ... NPRLFYFLMLAnYSGPIGLFASQDILLFFFMUELELLPWLLLAnUGGKRR.LYMT~FILYTMGSLFILIGGLIHAFYNSNEFTFDFPFLINKKYPLE... ......... LEI11 
Rice c h l  ... NSRLFYFLMLAnYSGPIGLFSSRDLLLFFIMUELELIP~LLLSnUGGKRR.LYSATKFILYTAGGSIFFLIGVL~GLYGSNEPRLDLERLINPSYPAT............LEILF 

, ** * *** ,*, ** ,,, ** *** * * ,* * * *  ,* * , * ***** ** * 
P.denitr FLAFFASFAVKnP~VHTULPDAHVQAPTAGSVLLMVLLKnGGYGFLRFSLPMFPVASGVAQPYVFULSAIAIWTSLVALAQSDMKKVIAYSSVAHMGYVTMGVFMNQ1GM)WIF 
Bovine ULACWFMVKnPLYGLHLULPKAtIVEAPIAGSMVLMVLLKLGGYGMLRI TLI LNPMTDFHAYPF In. LSLUGMIMTSSI CLRQTDLKSL IAYSSVSHMALVIVAI LIPTPUSYMGATA 
L ive  m i t  UIAFFASFSVKVPMVPVHIULPEAHVEAPTAGSVILAGILLKLGTYGFLRFSIPMFPEATLYFTPFIYTLSVIAIMYTSLTTMRQIDLKKIIAYSSVAHMNFVTIUIFSLNMPGIEGSIL 
Synechoc YAGFLIAYGVKLPIFPLHTULPDAHGEATAPAHMLLAGILLKnGGYALLRMNVGMLPDAHAVFAPVLVILGWNIIYMFTSFAPRNLKRKIAYSSISHMGFVLIGLASFTDLGnSL 
L ive  c h l  YLSFLlAYAVKLPIIPFHTULPDTHGEAHYSTCMLLAGILLKnGAYGLIRINMELLPHAHSFFAPULVIVGAIPIWMLTSLSQRNLKRRIAYSSVSHMGFVLlGIGSITNLGLNGAIL 
Rice c h l  Y FGFLIAYAVKLPI I PLHTULPDTHGEAHYSTCMLLAGI LLKnGAYGLIRINMELLPHAHYLFSPULVI IWI IYMSTSLGPRNFKKRIAYSSVSHMGF I I IC1 GSITNIGLNGAI L 

P.denitr PMLSHGFISGALFLCVGVIYDRnHTREIDAYGGLVNRMPAYMVFMFFTHANVGLPGTSGFVGEFLTLMGVFRVDTU.......VALVATSGVILSMYALULYRRVTLG~LIKESLKS. 
Bovine LMIAHGLTSSnLFCLANSNYERIHSRTMILARGLQTLLPLHAT~LLASLTNLALPPTINLIGELF~STFSUSN.... . . . ITIILMGVNMVITALYSLYM ... LIMTQRGKYTYHIN 
L i ve  nit LMLSHGLVSSALFLCVGALYDRHKTRlVKYYGGLVSTMPIFSTIFLFFTLANMSLPGTSSFIGEFLILVGAFQRNSL... .... VATLMLGMILGMYSLULYNRWFGNFKPNFILK. 
Synechoc ~MISHGLIGASLFFMVGATYDRTHTLMLDEMGGIG~~KKGFAnUTACSLASLALPCnSGFVAELMVFVGFATSDAYNLVFRTIVWLMGVGVILTPIYLLSMLREMLYGPENEELVNHT 
L ive  c h l  PMISHGLIGASLFFLAGISYDRTRTLVLDQMGGIGNSMPKIFTLFTSCSHASLALPGMSGFIAELMIFLGVIDNPNYSSLFKIIIIIIQGIGIILTPIYLLSMLRQMFYGYKFSNTLEP. 
Rice ch 1 Q I  LSHGFI GATLFFLAGTACDRMRLVYLEELGGASI PMPKI FTMFSSFSHASLALPGMSGFVAELWFFGL ITSPKFLLMPKML 1 T F W A I  C W I  LTPIY LLSMLRQMFYGYKLFHVPNE . 
P.denitr .ITDMTPRERVVFIPLIAMTLILGVYPRLVTDVTGPAVMLVQDYNQSQPMPVATAPASH............ 
Bovine NISPSFTRENALMSLHILPLLLLTLNPKIILGPLY...................................... 
L ive  m i t  .FSDLNRREVLIFLPFIVGVIUnGWPEVFLECMHTSVSNLVQHGKFD......................... 
Synechoc NLVDVEPREVFIIGCLLVPIIGIGFYPKLITPIYDPTINPLVQTARRSVPSLVQQANLSPLEVTALRPPTIGF 
L ive  c h l  YFm)AGPREIFILICLFFPIISIGIYPNFVLSIUNSKVNFLLSNNFF.......................... 
Rice c h l  NFEDSGPRELFLLICIFLPVIGIGIYPDFVLSLSVDRVEALLSNYYPK......................... 

** , ** * * ** * ,* * + * *  

* ** * 

NQOl4 subunit 
P.denitr ........................... MTSLDFSTILPEWLAGYALAALMAGAYLGKDR.... . .LARTLLVVTVMFLWMMVGLGNH~GMF.HGMFIDDGFSRFAKWTLVAAA 
Bovine ........................................................................................................................ 
L ive  m i t  ........................... MFEHDFLALFPEIFLINATIILLIYGWFSTSKKYDYPPLVRNVGWLGLLSVLMTILLVAVGSPLAVANLVYNNLMMDNFTYFCQIFLLLSTA 
Synechoc ..................... MDFLTLAGQLNAGVILPEGIVIVTLLTVLVTDLILGR~S.... . . .LRLTPALAITGLSMIAVLTLQWNTS~NLAFLGGFNGDNLSIVFRGIVLLSM 
L ive  c h l  ................. MKLELDMFFLYG....STILPECILIFSLLIILIIDLTFPKKD.......TIULYFISLTSLLISIlILLFQYKTDPIISFLGSFQTDSFNRIFQSFIVFCSI 
Rice c h l  MIUHVQNENFILDSTRIFMKAFHLLLF~G....SFIFPECILIFGLILLLMIDLTSDQKD.......RPUFYFISSTSLVISITALLFRUREEPlISFSGNF~TNNFNElF~FLILLCST 
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P.denitr GVLAMSADYMPRRNMLRFEFPI1VALAVLGHnFMVSAGDLLTLYMGLELPSLALYW~RRDSVRSSEAGLKYFVLGSLSSGLLLYCASLVYGFAGT.TGFEGIISTIEAGHLSL .... 
Bovine .............. MNPIIFIIILLTIMLGTIIVMISSHULLVVIGFEMNMLAIIPI.MMKNHNPRATEASTKYFLTPSTASMLLMMAVIINLMFSGPUTVMKLFNP. ............ 
Live m i t  STMVMCLDYFKPESLNAFESIVLILLSTCSMLFMISAYDLI~YLAIELPSLCFYVIMSKRDSEFSTEAGLKYFILCAFSSGMLLFGCSMIYGFTGV.TNFEELAKIFTGYEMTLFGAP 
Synechoc VTILLSIRYVEPSGTSLGEFITILLTASLGGMFLSCANELVTIFVSLETLSISSYLLTGYMKRDPRSNEMLKYLLICAASSAIFLYGVSLLYGLAGGETQLPAIAEKLGEAPP....L. 
Live chl LCIPLSIEYIKCAKnAIPEFLIFILTATVGGMFLCCANDLVTIFVSLECLSLCSYLLCGYTKRDIRSNEMIKYLLIGGTSSSILAYGFSULYGLSGGETNIPKITNGLLNAET .... YN 
Rice ch 1 LCI PLSVEY I ECTEMAI TEFLLFVLTATLGGMFLCGANDL I T I FVAPECFSLCSYLLSGYTKRDLRSNEATMKY LLMGGASSSI LVHGFSULYGSSGGE I ELPE IVNGL I NTPM.. .. YN 

P.denitr ..GVLFGLVFMLVGLSFKVSAVPFHMUTPDVYEGSPTPVTAFFATAP~~ALIARLVFDAFGHVIGDUSPIVAALAVMSMFLGSIAGIGPTNIKRLIIAYSSIAHMGFALVGLAAGTAI 
Bovine ..... IIASMLMT~LAnKLGMAPFHFWVPEVTPGIPLSSGLILLTVQKLAPMSVLYPIF.......PSINLNLILTLSVLSILIGGUGGLNPTPLRKIHAYSSIAHMG~TAVLPYNPTM 
Live m i t  SSGIFMGILFIAVGFLFKITAVPFHMUAPDVYEGSPTMVTAFFSIAPKSILANMLRVFI..YSFYDPTVQPLFFFCSIASMILGALAAMA9NKVKRLLAYSSIGHVGYLLIGFSCGTME 
Synechoc ..ALLISLIFVIAGIAFKISAVPFHPUTPDVYEGSPTPIVAFLSVGS~GFALAIRLLVTAYPALTEPUHFVFTALAILSLVLGNWALAPTSMKRLLAYSSIAPAGFVMIGLIAGT.E 
Live chl SSGTFIAFICILVGLAFKLSLVPFH~UTPDIYEGSPTPWAFLSVTSKIAGLALATRILNILFSFSPNEUKIFLEILAILSMILGNLVAITPTSMKRMLAYSSISPIGYILIGLITGDLK 
Rice ch 1 SPGISIALI S I  TVGLGFKLSPAPFHQWTPDVYEGSPTPWAFLSVTSKVAASASATRI LDIPFYFSSNEUHLLLEI LA1 LSMI LGNLLAITPTSMKRMLAYSSI GPI GYVI  I C 1  IVGDSN 

P.denitr .GVPNMLLYMTIYAVMNIGTFA..FILSMERDGVPVTDLAALNRFAUTDPVKALAnLVLMFSLAGVPPTLGFFAKFGVLTAA~AGMGULAVLGVIASVIGAFYYLRI...VYYMYFGGE 

Live m i t  .GIPSLLIGIFIYVLMTVNVFA..MVLALRPN..RFKYCIADLGALAKTNPILAITLSITMFSYAGnPPLAGFCSKFYLFFMLGCCAYLLALMGWTSVISCFYYMRF...VKMHYFDTP 
Synechoc AGYSSMVYYLLIYLFMNLGGFACVILFSLRTGTDPISEYAGLYP...KDPLVTLGLSLCLLSLGGIPPLAGFFGKLYLFUAG~AGLYGLVLLALITSVISIYYYIRV... IKMMWKEP 
Live chl .GYTSMTIYVFFYIFMNLGTFACIILYSLRTGTDNIRDYAGLYI...KDPLLSFSLTLCLLSLGGLPPLTGFFGKLYLFUCGVPSGFYLLVFIALITSVISLYYYLKI...IKLILTKKN 
Rice chl DGYASMITYMLFYISMNLGTFACIVLFGLRTGTDNIRDYAGLYT ... KDPFLALSLALCLLSLGGLPPLAGFFGKLYLFUCG~AGLYFLVSIGLLTSVLSIYYYLKI...VKLLMTGRN 

* ** **, * * 

* * * * * *  * *  * * *  * ***** , * 

** * * * * * ** ** * * * *  
Bovine T... . .LLNLIIYIIMTSTMFTMFIIANSTTTT... . . . .LSLSHTWNKTPIMTVLILATLLSMGGLPPLSGFMP~IIQEMTKNNSIILPTFMAITALLNLYFYMRLTYSTTLTMFPST 

P.deni tr SE .GMTSRMGAVQYLALMVPALAMLVGAISMFG~SAAGRAAETLVGPVAAIEPPAEAAPAEPVPGE.. .............. 
Bovine NNMKnKWPFPLMKKMTFLPTMWLSTMMLPL..........TPMLSVLE.................................. 
L ive m i t  KTWVLYKPMDREKSLLLAITVF..FITFFFLY.......PSPLFLVTHPMALCLCL........................... 
Synechoc PEMSESVRNYPETNUNLPGMPPLRAGLWCVIATAVAGILSNPLFNLASASVSGSSFLGLAPAAEVVTTTATPVALSEPPAAS 
Live chl NEINPYIPAYIITSPTFFSKNPIEFVMIFCVLGSTFLGIIINPIFSFFPDSLSLSVFFIK....................... 
Rice chl PEITPYVRNY..RRSPLRSNNSIELSMTVCVIASTIPGISMNPILAIAQDTLF.............................. 

FIGURE 3: Comparison of the amino acid sequences of the Paracoccus NQO8-14 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 X625 17; U. Ellersiek & K. 
Steinmiiller, unpublished results, GenBank/EMBL Accession Number X65 170), 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). 

0 60 100 

URF5 
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. calcouce- 
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 (Yagi et al., 1992). Morgan-Hughes’ group has 
reported that patients with the KearnSayre syndrome have 
mitochondria containing large mtDNA deletions (Holt et al., 
1988). The Paracoccus NDH-1, not only because it contains 

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. As shown below, this 
arginine is conserved in the Paracoccus NQOl3 gene product 
(ND4 homologue). In addition, the following mutations have 
been reported in some Leber’s disease patients: ND 1 product 
(alanines2 - threonine and leucine285 -proline), ND2 product 
(glycine259 - serine), and ND5 product (alanine458 - 
threonine) (Huoponen et al., 1991; Howell et al., 1991; Johns 
& Berman, 1991; Brown et al., 1992; Wallace et al., 1991). 

Human ND1 47 QPFADAMKLF 56 281 RYDQLMHLLW 290 

Paracoccus N W S  60 QTFADALXYI 69 302 RYDQLMRIGW 311 

Human ND2 254 LPPLTGFLPK 263 

Paracoccus N W l 4  382 VPPTLGFFAK 391 

I l l *  I I l I I * I  I 

I I  * I  I 

Human ND4 335 DRTHSRIMIL 344 

Paracoccus NpOl3 362 ERMHTREIDA 371 
I I *  

Human ND5 453 PIKGLAAGSLF 463 

Paracoccus N W l Z  474 PLGVLAIGAVF 484 
I I * I  I 

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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