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SUMMARY 

The nucleotide sequence determination of the genome of the Beaudette strain of the 
coronavirus avian infectious bronchitis virus (IBV) has been completed. The complete 
sequence has been obtained from 17 overlapping cDNA clones, the 5'-most of which 
contains the leader sequence (as determined by direct sequencing of the genome) and 
the 3'-most of which contains the poly(A) tail. Approximately 8 kilobases at the 3' end 
of this sequence have already been published. These contain the sequences of mRNAs 
A to E within which are the genes for the spike, the membrane and the nucleocapsid 
polypeptides: the main structural components of the virion. The remainder of the 
sequence, equivalent to the 'unique' region of mRNA F, is some 20 kilobases in length 
and is thought to code for a polymerase or polymerases which are involved in the 
replication of the genome and the production of the subgenomic messenger RNAs. 
This sequence contains two large open reading frames, potentially coding for 
polypeptides of molecular weights 441000 and 300000. Unlike other large open 
reading frames in the virus, the 300000 open reading frame appears to have no 
subgenomic RNA associated with it which would allow it to be at the 5' end of an 
mRNA species. Because of this, and because of the characteristics of the sequence in 
the region immediately upstream of its start codon, other mechanisms of translation, 
such as ribosome slippage, must be postulated. 

INTRODUCTION 

Avian infectious bronchitis virus (IBV) is the type species of the family Coronaviridae 
(Siddell et al., 1983a). Coronaviruses are enveloped, pleomorphic particles with a distinctive 
'corona' of club-shaped surface projections, and a large single-stranded RNA genome of positive 
polarity (Siddell et al., 1983b). In infected cells, in addition to genome-sized RNA, a number of 
subgenomic RNAs can be detected which have a common 3' terminus, but extend for different 
lengths in the 5' direction, forming a nested set (Stern & Kennedy, 1980a, b; Leibowitz et al., 
1981). In the case of IBV these are designated mRNAs A to F, mRNA A being the smallest and 
mRNA F being of genome length. In vitro translation studies have demonstrated that mRNAs 
A, C and E code for the nucleocapsid polypeptide, the membrane polypeptide and the precursor 
polypeptide to the spike or surface projection respectively (Stern & Sefton, 1984). These three 
polypeptides form the three known structural proteins of coronavirus virions (Cavanagh, 1981). 
Sequencing of cDNA clones derived from IBV genomic RNA has shown that, in the case of 
mRNAs A, C and E, only the 5' region of each mRNA which is not present in the next smallest 
mRNA is translated (Boursnell et al., 1985a, 1984; Binns et al., 1985b). This region is often 
referred to, for convenience, as the 'unique' region of the particular mRNA. For mRNAs B and 
D the situation is more complicated in that each mRNA has more than one open reading frame 
(ORF) and also has ORFs overlapping the next smallest mRNA (Boursnell & Brown, 1984; 
Boursnell et al., 1985b). 

The genome of IBV is infectious (Lomniczi, 1977) indicating that it has a messenger function. 
There is also no evidence for a virion-associated RNA polymerase (Schochetman et al., 1977). 
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On entry into the cell therefore the virion R N A  probably codes for a polymerase,  the gene for 
which must lie in the large 5' region of the genome, the 'unique '  region of  m R N A  F, which does 
not contain the genes for the structural polypeptides.  This polymerase would then be used to 
synthesize a negative-stranded template.  The negative strand could then be used by another  
polymerase, or a modified form of the same polymerase,  to produce the subgenomic m R N A s  
and virion R N A .  Both the negative strand and two dist inct  polymerase activities have been 
detected in cells infected with the coronavirus mouse hepati t is  virus (MHV) (Lai et  al., 1982; 
Brayton et al., 1982). Translat ion of M H V  virion R N A  in reticulocyte lysates produced three 
structurally related polypeptides of molecular weights greater than 200 000 (200K) (Leibowitz et 
al., 1982). 

In this paper  we present the nucleotide sequence, obtained from c D N A  clones, of  the 'unique '  
region of m R N A  F, the genome-sized m R N A .  The sequence of  approximately  8 kilobases from 
the 3' end of the genome, containing the genes for the major structural polypeptides,  has already 
been published (Boursnell & Brown, 1984; Boursnell et al., 1984, 1985a, b; Binns et al., 1985b). 
The 20 500 bases of sequence reported here complete the sequence of the IBV genome, which is, 
as far as we are aware, the first complete sequence of a coronavirus and the largest R N A  virus 
sequenced to date. 

METHODS 

cDNA cloning. Seventeen cDNA clones covering the T-most 27569 kb of the genome have been obtained. These 
are shown in Fig. 1. They have been derived from RNA isolated from gradient-purified virus of the Beaudette 
strain (Beaudette & Hudson, 1937; Brown & Boursnell, 1984). cDNA has been obtained by three methods: 
oligo(dT) priming (Brown & Boursnell, 1984), priming with specific oligonucleotides (Boursnell et al., 1984) and 
random priming with calf thymus DNA oligonucleotides (Binns et al., 1985a). The Southern blotting technique 
was used to identify overlapping clones (Southern, 1975). Specific cDNA clones were identified using "prime-cut' 
probes. These are made by synthesizing labelled DNA from selected M 13 clones using the normal sequencing 
primer, cutting with a restriction enzyme, and eluting the labelled, single-stranded probe from denaturing 
acrylamide gels (Biggin et al., 1984). 

Subcloning for M13 sequeneing. Random subclones of each cDNA clone were generated by sonication 
(Deininger, 1983) and subcloning into Sinai-cut, phosphatase-treated Ml3mpl0 (Amersham). Bacterial colonies 
containing MI3 with inserts were grown, transferred to nitrocellulose filters, and probed with nick-translated 
purified viral insert DNA from the cDNA clone. Single-stranded templates were prepared from M13 clones 
identified as viral in this way. 

DNA sequencing. Sequencing was carried out by the dideoxy method (Sanger et al., 1977; Bankier & Barrell, 
1983). [ct-35S]dATP was used in the sequencing reactions and the products were analysed on buffer gradient gels 
(Biggin et al., 1983). Additional sequencing information was obtained by reverse sequencing (Hong, 1981). For 
regions containing compressions due to DNA secondary structure, sequencing samples were run on hot (80 °C) 
gels or gels containing 42~ formamide. For some regions cytosine residues were modified by the method of 
Ambartsumyan & Mazo (1980) prior to separating on gels, to reduce GC base pairing. Deoxyinosine triphosphate 
(Bankier & Barrell, 1983) and deoxy-7-deazaguanosine triphosphate (Mizusawa et al., 1986) were used in place of 
deoxyguanosine triphosphate in some cases, again to reduce GC base pairing. For sequencing directly from the 
viral RNA the method used was essentially as described by Caton et al. (1982). 

Computer analysis of  the sequence data. Sequence data were read directly into a BBC microcomputer using a 
sonic digitizer (Graf/Bar, Science Accessories Corporation) and data were analysed on a VAX 11/750 using the 
programs of Staden (1982a, b, 1984a, b). Comparisons with the National Biomedical Research Foundation 
(NBRF) protein identification resource was made using the programs SEARCH and FASTP (George et al., 1986; 
Lipman & Pearson, 1985) and SEQHP (Kanehisa, 1982). 

RESULTS 

Selection o f  c D N A  clones 

The majori ty of the c D N A  clones which have been used to obtain the sequence of  the 'unique '  
region of m R N A  F were produced by a random priming method (Binns et al., 1985a). Clone 182 
was produced by priming with a specific oligonucleotide from existing sequence at the 5' end of  
m R N A  D. Clone 227 was identified as coming from the 5' end of  the genome by probing a 
random library with leader-specific probes. The randomly pr imed clones 217,216, 204, 210, 205, 
220 and 249 were mapped  by identifying overlaps using Southern blotting. The nine clones were 
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Fig. 1. Diagram showing the positions of all the cDNA clones used in obtaining the nucleotide 
sequence. The squares at the end of some of the clones show the positions of oligonucleotide primers 
used to prime synthesis of cDNA for adjacent clones. Above the clones are shown mRNAs A to F. 

not contiguous but formed four blocks, c D N A  clones in the region of  the three remaining gaps 
were obtained using specific oligonucleotide primers. Clones spanning the gaps were identified 
using either 'prime-cut'  probes (Biggin et al., 1984) made from M13 subclones of  c D N A  clones 
on either side of the gap or by using Southern blotting. Five clones, 256, 263, BP3, BP5 and BP8 
were identified in this way and the overlaps confirmed by sequencing. Fig. 1 shows the positions 
of all the c D N A  clones used in obtaining the complete sequence of the virus, and the positions of  
the oligonucleotide primers. 

DNA sequencing 

Fourteen c D N A  clones have been sequenced to obtain the complete sequence of  the 'unique'  
region of m R N A  F, the genome-sized messenger RNA.  The 20 500 bases of sequence presented 
here stretch from the 5' end of  the genome to an arbitrary position 190 bases T-wards of  the end 
of  the body of m R N A  E. The 39 nucleotides at the very 5' end of  the genome have not been 
obtained in c D N A  clones from the Beaudette strain, and the sequence here is derived from 
Maxam & Gilbert (1980) sequencing of primer-extended products from Beaudette virion R N A  
(Brown et al., 1986). Fig. 2 shows the D N A  sequence obained from the c D N A  clones, with a 
translation in single-letter amino acid code of the main ORFs. 

Sequence analysis 

Fig. 3 shows the positions of  ORFs  in this region. Most of  the sequence encodes two very large 
ORFs  which could code for polypeptides of  predicted molecular weights 441K and 300K. These 
two large ORFs have been designated F1 and F2. 

The first large ORF, F1, is not the first ORF  to occur after the homology region. At position 
131 there is an A U G  codon followed by a small ORF  which could code for a polypeptide of 11 
amino acids. This A U G  is the first initiation codon to occur on the genome. The second 
initiation codon is at the start of F I. Both the large ORFs  have a codon usage (Staden & 
McLachlan, 1982) very similar to that of  the genes for the structural polypeptides S, M and N. 
The small ORF also appears to have the same codon usage, insofar as that is significant for such 
a short sequence. After the end of the small ORF the reading frame is open, in the other two 
possible frames, for a further 232 or 73 bases but the codon usage of the predicted amino acids 
for these sections of  ORF is not similar to that previously found for IBV. The sequence context 
around the first A U G  codon is not similar to that used by most eukaryotic m R N A s  (Kozak, 
1983) in that it has a pyrimidine at position - 3 .  The context around the second A U G  on the 
other hand has a purine at - 3, in addition to a C at positions - 1 and - 4, both of which mean 
that it conforms well to the consensus for functional initiation codons. 
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I ACTTAAGATAGATATTAATATATATCTATTACACTAGCCTTGCGCTAGATTTTTAACTTAACAAAACGGACTTAAATACCTACAGCTGGTCCTCATAGGT 100 

M A P G H L 5 G F C Y * 

101 GTTCCATTGCAGTGCACTTTAGTGCCCTGGATGGCACCTGGCCACCTGTCAGGTTTTTGTTATTAAAATCTTATTGTTGCTGGTATCACTGCTTGTTTTG 200 

201 CCGTGTCTCACTTTATACATCTGTTGCTTGGGCT~CCT&GTGT~G~GTC~T~GGGCGTCGTGG~TGGTT~G~GTGCG~GG~C~ICIGGTTC~T~T~ 300 

301 GCGGTAGGCGGGTGTGTGGAAGTAGCACTT•AGACGTACCGGTTCTGTTGTGTGAAATA•GGGGTCACCTCCCCCCACATACCTCTAAGGGCTTTTGAGC 400 

401 CTAGCGTTGGGCTACGTTCTCGCATAAGGTCGGCTATACGACGTTTGTAGGGGGTAGTGCCAAACAACCCCTGAGGTGACAGGTTCTGGTGGTGTTTAGT 500 

M A S S L K Q G V 5 P K P R 0 V I L V S K D I P 

501 GAGCAGACATACAATAGACAGTGACAACATGGCTTCAAGCCTAAAACAGGGAGTATCTCCCAAACCA~GGGATGTCAT~CTTGTGTCCAAAGACATCC~T 600 

E Q L C D A L F F Y T 5 H N P K D Y A 0 A F A V R Q K F D R S L Q T 

601 GAACAACTTTGTGACGCT TTGTTTT TC r ATACGTCACATAACCCTAAGGAT T ACGCTGATGCT T T TGCAGT T AGGCAGAAGTTTGACCGTAGTCTCCAGA 700 

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

701 CTGGGAAACAGTTCAAATTTGAAACTGTGTGTG~TCTCITCCTCTTGAA~GGAGTTGACAAAATAACACCTGG~GTCCCAGCAAAAGTTTTAAAAGC~AC 800 

S K L A D L E D I F G V 5 P L A R K Y R E L L K T A C Q W S L T V 

801 TTCTAAGTTGGCAGATTTAGAAGACATCTTTGGTGTCTCTCCTTTAGCGCGGAAGT ACCGTGAAT TGT TGA~ARC&GCGTGTCRGTGGTCTCTT~CTGTR 900 

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

901 GAAGCACTGGA•GTTCGTGCACAAACTCTCGATGAAATTTTTGA•CCCA•TGAAATACTTTGGCTTCAGGTGGCTGCAAAAATTCATGTTTCATCTATGG 1000 

M R R L V G E V T A K V M D A L G S N L 5 A L F Q I V K Q Q I A R 

1001 CAATGCGCAGGCTTGTTGGAGAAGTAACTGCAAAAGTCATGGATGCTCTGGGCTCAAACTTGAGTGCTCTTTTTCAAATTGTTAAACAACAAATAGCCAG 1100 

I F Q K A L A I F E N V N E L P Q R I A A L K M ~ F ~ K C ~ R 6 I 

1 I01 AATCTTTCAAAAGGCACTGGCTATTTTTGAGAATGTGAATGAATTACCACAGCGTATTGCAGCACTTAAGATGG•TTTTGCCAAGTGTGCTAGGTCAATT 1200 

T V V V V E R T L V V K E F A G T C L A S I N G A V A K F F E E L P 

1201 ACTGTTGTGGTTGTTGAAAGAACTCTAGTTGTTAAAGAGTTCGCAGGAACTTGTCTTGCAAGCATTAATGGTGCTGTCGCAAAATTCTTTGAAGAGTTGC 1300 

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

1301 CAAACGGCTT•ATGGGTTCTAAGATTTTCACAACACTTGCCTTCTTTAAAGAGGCAGCTGTGAGAGTTGTGGAGAACATACCAAATGCACCGAGAGGTAC 1400 

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

1401 TAAGGGATTTGAAGTTGTTGGCAATGCCAAAGGCACACAGGTAGTTGTGCGCGGCATGCGAAATGACTTAACATTGCTTGACCAAAAAGCTGATATTCCT 1500 

V E P E G W S A I L D G H L C Y V F R S G D R F Y A A P L S G N F A 

1501 GTTGAACCAGAAGGTTGGT•TGCAATTTTGGATGGACATCTTTGCTATGT•TTTAGGAGTGGTGATCGCTTTTATGCTGCACCTCTTTCAGGAAATTTTG 1600 

L S D V H C C E R V V C L S 0 G V T P E I N 0 G L I L A A I Y 5 S 

1601 CTTTGAGTGATGTTCATTGCTGTGAGCGTGTAGTCTGTCTATCTGATGGTGTAACACCGGAGATAAATGATGGACTCATTCTAGCTGCAATCTACTCTTC 1700 

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

1701 TTTTAGTGTCTCTGAGCTTGTAACAGCTCTTAAAAAGGGTGAACCATTCAAGTTCTTGGGCCATAAATTCGTGTATGCGAAGGATGCAGCAGTGTCTTTT 1800 

T L A K A A T I A D V L R L F Q S A R V I A E O V W S S F T E K S F 

1801 ACTTTAGCGAAGGCTGCCACTATTGCAGATGTCTTGAGGCTGTTTCAATCAGCTCGTGTGATAGCAGAAGATGTTTGGTCTTCATTTACT•AAAAGTCTT 1900 

E F W K L A Y G K V R N L E E F V K T Y V C K A Q M S I V I L A 

1901 TTGAATTCTGGAAGCTTGCATATGGAAAAGTGCGCAACCTTGAAGAATTTGTGAAGACCTATGTTTGTAAGGCTCAAATGTCGATTGTGATTCTAG•AGC 2000 

V L G E 0 I W H L V S Q V I Y K L G V L F I K V V 0 F C 0 K H W K 

2001 AGTGCT TGGAGAGGACATTTGGCATCTTGTCTCACAAGTCATCTATAAAT TADGTGTTCTTTTTACTAAAGTCGTTGACTTTT~T~ACAAACACTGGAAA 2100 

G F C V Q L K R A K L I V T E T F C V L K G V A Q H C F Q L L L D A 

2101 GGTTTTTGTGTACAGTTGAAAAGAGCTAAG•TCATTGTCACCGAAACCTTCTGTGTTTTAAAAGGAGTT••A•AGCATTGTTTT•AA•TG•TGCTAGAT• 2200 

I H S L Y K S F K K C A L G R I H G D L L F W K G G V H K I V Q D 

2201 CAATACACTCTTTGTACAAGAGTTTTAAGAAGTGTGCACTTGGTAGAAT•CATGGAGATTTGCTCTTCTGGAAAGGAGGTGTGCATAAAATTGTTCAAGA 2300 

G D E I W F D A I 0 S V D V E D L G V V Q E K S I D F E V C D D V 

2301 TGGCGATGAAATATGGTTTGACGCCATTGATAGTGTTGATGTTGAAGATCTGGGTGTTGTTCAGGAAAAATCGATTGATTTTGAGGTTTGCGATGACGTG 2400 

T L P E N Q P G H M V Q I E D D G K N Y M F F R F K K D E N I Y Y T 
2401 ACACTTC•AGAAAACCAA•CTGGTCATATGGTTCAAATAGAGGATGATGGTAAGAACTACATGTTCTTCCGTTTTAAAAAGGATGAGAACATTTATTATA 2500 
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P M S Q L G A I N V V C K A G G K T V T F G E T T V Q E I P P P D 

2501 CACCAATGTCTCA~TTGG~GCTATTAATGTGGT~CAAAGCAGGCGGTAAGACTGTCACC~TGGAGAAACT~AGT~A~ATACCACC~CTGA 2600 

V V P I K V S I E C C G E P W N T I F K K A Y K E P I E V D T O L  

2601 TGTCGTGCCTATTAAGGTTAGCATAGAATGTTGTGGTGAACCATGGAATACGATCTTCAAGAAGGCTTATAAAGAGCCTATAGAAGTAGATACAGACCTC 2700 

T V E Q L L S V I Y E K M C D D L K L F P E A P E P P P F E N V A L 

2701 ACAGTAGAACAATTGCTCTCTGTGATCTA~AGAAAATGTGTGACGACCTTAAATTGTTTCCAGAGGCACCAGAGCCTCCACCATTTGAGAATGTCGCAC ~00 

V D K N G K D L D C I K S C H L I Y R D Y E S D 0 D I E E E D A E 

2801 TTGTTGATAAGAACGGTAAAGATTTGGATTGTATAAAATCTTGCCATTTGATCTATCGTGACTATGAGAGCGATGATGACATCGAGGA~AAGATGCTGA 2900 

E C D T D S 6 E A E E C D T N S E C E E E 0 E D T K V L A L I Q D 

2901 GGAGTGTGACACAGACTCAGGTGAAGCTGAGGAGTGTGACACTAATTCAGAATGTGAAGAAGAGGATGAGGATACTAAAGTGTTGGCTCTTATACAAGAC 3000 

P A S I K Y P L P L D E D Y S V X N G C I V H K D A L D V V N L P 8 

3001 CCGGCAAGTATTAAATACCCTCTGCCTCTTGATGAAGATTATAGCGTCTATAATGGATGTATTGTACACAAGGACGCTCTTGATGTTGTGAATTTACCAT 3100 

G E E T F V V N N C F E G A V K P L P Q K V V D V L G D W G E A V 

3101 CTGGT~AAGAAACTTTTGTTGTCAATAACTGTTTTGAGGGAGCTGTTAAACCACTTCCACAGAAGGTAGTTGATGTTCTTGGTGACTGGGGAGAGGCTGT 3200 

D A Q E Q L C Q Q E P L Q H T F E E P V E N S T G S S K T M T E Q 

3201 TGATG•GCAAGAACAACTGTGTCAACAAGAGCCTCTGCAACATACCTTTGAAGAACCAGTCGAAAATTCTACTGGTAGTTCTAAGACAATGACTGAACAA 3300 

V V V E 0 Q E L P V V E Q 0 Q D V V V Y T P T D L E V A K E T A E E 

3301 GTCGTTGTAGAAGATCAAGAACTACCTGTTGTTGAACAAGATCAGGATGTAGTTGTTTATACACCTACAGATCTTGAAGTTGCAAAAGAAACAGCAGAA• 3400 

V D E F I L I F A V P K E E V V S Q K D G A Q I K Q E P I Q V V K 

3401 AGGTTGATGAGTTTATTCTCATTTTTGCTGTTCCTAAAGAAGAAGTTGTGTCCCAGAAAGAT~GGCACAGATTAAACAAGAGCCTATTCAAGTTGTTAA 3500 

P Q R E K K A K K F K V K P A T C E K P K F L E Y K T C V G D L T 

3501 ACCACAACGTGAGAAGAAGGCTAAAAAGTTCAAAGTTAAACCA~CACATGTGAGAA~CTAAATTTTTGGAGTATAAAACATGTGTGGGTGATTTGACT 3600 

V V I A K A L D E F K E F C I V N A A N E H M T H G S G V A K A I A 

3601 GTTGTAATTGCCAAAGCATTGGATGAGTTTAAAGAGTTCTGCATTGTAAATGCTGCAAATGAGCATATGACTCATGGTAGTGGCGTTGCAAAGGCAATTG 3700 

D F C G L 0 F V E Y C E D Y V K K H G P Q Q R L V T P S F V K G I 

3701 CAGACTTTTGT~ACTGGATTTTGTTGAATATTGTGAGGACTATGTTAAGAAACATGGGCCACAACAGAGACTTGTTACACCTTCGTTTGTCAAAGGCAT 3800 

Q C V N N V V G P R H G D N N L H E K L V A A Y K N V L V D G V V 

3801 TCAATGTGTGAATAATGTTGT~G~CCCGCCATGGAG~A~A~TTGCATGA~CTTGT~TGCCT~AAGAATGTGCTTGTA~TGGCGT~TC 3900 

N Y V V P V L S L G I F G V D F K M S I D A M R E A F E G C T I R V  

3901 AATTATGTTGTGCCAGTTCTTTCATTAGGAATTTTTGGTGTAGATTTTAAAATGT~AAT~ACGCAATGCGTGAAGCTTTTGAAGGTTGC~CATACGCG 4000 

L L F S L 5 Q E H I D Y F D V T C K Q K T I Y L T E D G V K Y R S 

4001 TTCTTTTGTTTTCTCTGA~CAAGAACACATCGATTATTTCGATGTAACTTGCAAACAGAAGACAATTTATCTTACGGAGGATGGTGTTAAATACC~TC 4100 

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

4101 CATTGTTCTAAAACCTGGTGACTCATTGGGTCAATTTGGACAGGTTTATGCTAAAAACAAGATAGTTTTTACAGCCGATGATGTTGAGGACAAAGAAATT 4200 

L Y V P T T D K 5 I L E Y Y G L D A Q K Y V I Y L Q T L A Q K W N V 

~+201 CTCTACGTCCCCAC~ACTGATAAAAGCATTCTTGAATACTATG~TTT~ATGCGC~A~TATGTAATATATTT~AA~GCTTGCGCAGAAATGGAATG 4300 

Q Y R D N F L I L E W R D G N C W I S S A I V L L Q A A K I R F K  

4301 TCCAATATAGGGA~AATTTTCTTATACTAGAGTGGCGCGATGGAAATTGTTGGATTAGTTCAGCAATAGlTCTCCTTCAAGCTGCTAAAATTAGGTTTAA 4400 

G F L T E A W A K L L G G 0 P T D F V A W C Y A S C T A K V G D F 

4401 AGGTTTTCTAACAGAAGCGTGGGCTAAACTGTTAGGTGGAGATCCTACAGACTTTGTTGCCTGGTGTTATGCAAGTTGTACTGCTAAAGTAGGTGATTTC 4500 

S D A N W L L A N L A E H F D A D Y T N A F L K K R V S C N C G I K 

4501 TCAGATGCTAATTGGCTTTTAGCGAATTTAGCAGAACATTTTGACGCAGATTA•ACAAATGCGTTTCTTAAGAAGCGCGTTTCGTGTAACTGTGGTATTA 4600 

8 Y E L R G L E A C I Q P V R A T N L L H F K T Q Y 5 N C P T C G 

4601 AGAGCTATGAGCTTAGAG~CTTGAAGCTTGTATTCAGCCAGTTCGGGCAACTAATCTGCTACATTTTAAGACGCAATATTCAAATT~CCAAC~TGTGG 4700 

A N N T D E V I E A S L P Y L L L F A T D 0 P A T V D C D E 0 A V 

4701 CGCAAATAATACGGATGAAGTAATAGAAGCTTCGTTACCGTACTTATTGCTTTTTGCTACTGATGGTCCTGCTACAGTTGATTGTGATGAAGATGCTGTG 4800 

G T V V F V G S T N S G H C Y T Q A A G Q A F D N L A K O R K F G K  

4801 GGGACTGTCGTGTTTGTTGGTTCTACTAATAGTGGCCATTGTTATACACAAGCTGCAGGGCAAGCTTTTGATAATCTTGCTAAAGATAGAAAATTTGGAA 4900 
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K 5 P Y I T A M Y T R F A F K N E T 5 L P V A K Q 5 K G K 5 K S V 
4901 AGAAGTCGCCTTACATTACTGCAATGTATACGCGATTCGC TTTTAAGAATGAAACCTCTTTGCCTGTTGCTAAACAGAGCAAGGGTAAGTCTAAGTEGGT 5000 

K E D V 5 N L A T 5 5 K A S F D N L T D F E Q W Y D 5 N I Y E 5 L 

5001 AAAGGAAGATGTTTCTAACCTTGCTACTAGTTCTAAGGCCAGTTTTGATAATCTTACTGACTTCGAACAGTGGTATGATAGTAACATCTATGAAAGTCTT 5100 

K V Q E S P D N F 0 K Y V 5 F T T K E D 5 K L P L T L K V R G I K 5 

5101 AAAGTGCAGGAATCACCTGATAACTTTGATAAATATGTGTCATTCACAACAAAGGAAGATTCTAAGTTGCCAT TGACACTTAAGGTTAGAGGTATTAAAT 5200 

V V D F R 5 K D G F I Y K L T P D T D E N S K A P V Y Y P V L 0 A 
5201 CAGTTGTTGACTTTAGATCGAAGGATGGTTTTATTTATAAGTTAACACCTG~T~CTGATGA~ATTC~gAAGCACCAGTCT ACTACCCAGTCTTGGACGC 5300 

I S L K A I W V E G N A N F V V G H P N Y Y 5 K S L H I P T F W E 

5301 TATTAGTCTTAAGGCAATATGGGTGGAAGGTAATGCTAACTTTGTTGTTGGTCATCCAAATTATTATAGTAAGTCTCTTCATATTCCTACTTTTTGGGAA 5400 

N A E N F V K M G D K I P" G V T M G L W R A E H L N K P N L E R I F 

5401 AATGCTGAGAATTTTGTTAAAATGGGTGATAAAATTGGTGGTGTAACTATGGGACTTTGGCG TGCAGAACACCTTAATAAACCTAATTTGGAGAGAATTT 5500 

N I A K K A I V G 5 S V V T T Q C G K L I G K A A T F I A D K V G 
5501 TCAACATTGCTAAGAAAGCCATTGTTGGATCTAGTGTTGTTACTACACAATGCGGTAAATTAAT AGGTAAAGCAGCTACATTCATTGCTGATAAAGT AGG 5600 

G G V V R N I T 0 5 I K G L C G I T R G H F E R K M 5 P Q F L K T 

5601 TGGTGGTGT AGTTCGCAATATTACAGATAGCATTAAGGGTCTTTGTGGAATTACACGAGGGCATTTTGAAAGAAAAATGTCTCCACAATTCCTAAAGACG 5700 

L M F F L F Y F L K A 5 V K S V V A 5 Y K T V L C K V V L A T L L I 

5701 CTTAT•TTCTTTTTATTCTATTTCTTGAAGGCTA•TGTTAAGAGT•TTGTCGCTAGCTATAAGACCGTGTTAT•TAAGGT•GTACTTGCTACTTTACTTA 5800 

V W F V Y T S N P V M F T G I R V L D F L F E G 5 L C G P Y K D Y 
5801 TAGTT TGGTTTGTCTACACAAGTAACCCAGTAATGTTTACA•GAATACGTGTGTTAGATTTTCTATT•GAGGGTTCTTTGTGTG•TCCTTAT AAAGACT A 5900 

G K D 5 F D V L R Y C A D 0 F I C R V C L H D K D 5 L H L Y K H A 

5901 TGGTAAAGATTCTTTTp`ATGTGTTACGATATTGTGCAGATGATTTTATTTGTCGTGTGTGTTTACATGACAAAGATTCACTTCATTT•TACAAACACGCT 6000 

Y S V E Q V Y K D A A 5 G F I F N W N W L Y L V F L I L F V K P V A 

6001 TATAGTGTAGA•CAGGTCTATAAAGATGCA•CTTCT•GTTTTATTTTTAATT•GAATTGGCTTTATTTGGTCTTTCTAATATTATTTGTTAAACCAGTGG 6100 

G F V I I C Y C V K Y L V L N S T V L Q T G V C F L D W F V Q T V 

6101 CAGGTTTTGTTATTATTTGCTATTGTGTTAAGTATTTGGTATTGAATTCAACTGTGCTGCAAACTGGTGTTTGT TTTTTAGATTGGTTTGTACAAACAGT 6200 

F S H F N F M G A G F Y F W L F Y K I Y I Q V H H I L Y C K D V T 

6201 TTTTAGTCACTTTAATTTTAT•GGAGCAGGGTTTTATTTCTGGCTCTTTTACAAGATATATATACAGGT•CATCATATACTGTATTGTAAGGATGTAACA 6300 

C E V C K R V A R S N R Q E V 5 V V V G G R K Q I V H V Y T N 5 G Y 

6301 TGTGAA•TGTGCAAAA•GGTT•CACGCAGCAACAGGCAAGAGGTTAGCGTGGTTGTT•GTGGACGCAAGCAGATAGTGCATGTTTACACTAACTCTGGCT 6400 

N F C K R H N W Y C R N C D 0 Y G H Q N T F M 5 P E V A G E L 5 E 

6401 ATAACTTTTGTAAGAGACATAATTGGTATTGTA•AAATTGTGATGATTATGGTCACCAAAATACATTTATGTCTCCTGAAGTTGCT•GCGA•CTCTCTGA 6500 

K L K R H V K P T A Y A Y H V V D E A C L V D D F V N L K Y K A A 
6501 AAAGCTTAA••GCCATGTTAAACCTACAGCATACGCTTACCACGTTGTGGATGAG•CATGCTTAGTTGATGATTTTGTCAATTTAAAATATAAA•CT•CA 6600 

T P G K 0 S A S S A V K C F S V T D F L K K A V F L K E A L K C E Q 

6601 ACTCCTGGTAAG•ATAGTGCATCTTCAGCTGTTAAGTGTTTCAGTGTTACAGATTTCTTGAAGAAAGCTGTTTTTCTTAA•GAAGCACTGAAATGTGAAC 6700 

I 5 N D G F I V C N T {~ S A H A L E E A K N A A I Y Y A Q Y L C K 

6701 AAATATCTAATGATGGTTTTATAGTGTGTAATACA~AGAGTGCTCATGCATTAGA~AAGCAAAGAATGCAGCCATCTATTATGCGCAATATCTGTGTAA 6800 

P I L I L 0 Q A L Y E Q L V V E P V 5 g 5 V I D K V C S I L 5 5 I 

5801 GCCAATACTTATACTT~ACCAGGCACTTTATGAGCAATTAGTAGTAGAGCCTGT~TCTAAGAGTGTTATAGATAAAGTGTGTAGCATTTT~TCTA~TATA 6900 

I S V D T A A L N Y K A G T L R D A L L 5 I T K D E E A V 0 M A I F 
6901 gTATCTGTAGATACTGCAGCTTTAAATTAT AAGGCAGGCACACTTCGTGATGCTCTGCTTTCTATTACT AAAGACGAAGAGC-CCGTAGATATGGCTATAT 7000 

C H N H D V D Y T G 0 G F T N V I P 5 Y G I D T G K L T P R 0 R G 

7001 TCTGTCATAATCATGATGTGGATTACACTGGTGATGGTTTTACTAATGTGATACCGTCATAT•GTATAGACACTGGCAAGTTAACACCTC•TGATAGAGG 7100 

F L I N A D A S I A N L R V K N A P P V V W K F 5 E L I K L 5 0 S 

7101 GTTTTTGATAAATGCAGATGCTTCTATTGCTAACTTAAGAGTTAAAAATGCTCCGCCGGTAGTATGGAAGTTTTCTGAGCTTATTAAGTTGTCTGACA•T 7200 

C L K Y L I S A T V K S G V R F F I T K S G A K Q V I A C H T Q K L 

7201 TGTCTTAAATATTTAATTTCGGCTACTGTTAAGTCAGGTGTTCGTTTCTTTATAACAAAGTCTGGTGCTAAACAAGTTATT•CTTGTCATACACAGAAGT 7300 
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L V E K K A G G I V S G T F K C F K S Y F K W L L I F Y I L F T A  

7301 T•TTAGTAGAGAAAAAGGCAGGTGGTATTGTTAGCG•CACCTTTAAGTGTTTTAAGAGTTATTTTAAATGGCTCTTGATCTTTTACATACTTTTTACAGC 7400 

C C 5 G Y Y Y M E V S K S F V H P M Y 0 V N 5 T L H V E G F K V I 

~01 ATGTTGTTCGGGTTATTACTATATGGAGGTGAGTAAAAGTTTTGTTCA~CCATGTATGATGTAAACTCC~ACTGCATGTTGAAGGTTTTAAAGTTATA 7500 

D K G V L R E I V P E D T C F S N K F V N F D A F W G R P Y D N S R  

7501 GATAAAGGTGTTCTTAGGGAAATTGTACCAGAAGATACATGTTTCTCTAATAAATTTGTTAATTTTGATGCTTTTTGGGGCAGACCATATGATAATAGTA 7600 

N C P I V T A V I D G D G T V A T G V P G F V S W V M D G V M F I 

7601 GAAACTGTCCAATTGTCACAGCTGTTATAGATGGTGATGGGACAGTAGCTACAGGTGTTCCTGGTTTTGTGTCCTGGGTTATGGATGGTGTTAT•TTTAT 7700 

H M T Q T E R K P W Y I P T W F N R E I V G Y T Q D S I I T E G S  

~01 ACATATGACACAGACTGAGAGAAAACCGTGGTACATTCCTACTTGGTTTAATAGAGAAATTGTCGGTTACACTCAGGATTCAATTATTACTGAGGGTAGT 7800 

F Y T S I A L F S A R C L Y L T A S N T P Q L Y C F N G O N D A P G  

7801 TTTTATACATCTATAGCGTTATTTTCCGCTAGGTGTTTATATTTAACA~C~CAATAC~CTCAATTGTATTGCTTTAATGGTGATAATGATGCACCTG 7900 

A L P F G 5 I I P H R V Y F Q P N G V R L I V P Q Q I L H T P Y V 

7901 ~GCTTTGCCATTTGGTAGTATTATTCCTCATAGAGTTTATTTCCAACCCAATGGTGTTAGGCTTATAGTT~ACAACAAAT~TGCAC~ACCCTACGT 8000 

V K F V S D S Y C R G S V C E Y T R P G Y C V S L N P Q W V L F N  

8001 AGTAAAGTTTGTATCAGACAGCTATTGTAGGGGTAGTGT~TGTGAGTACACT~ACCAGGTT~CTGTGTGTCATTAAACCCACAATGGGTTTTGTTTAAT 8100 

0 E Y T 5 K P G V F C G S T U R E L M F S M V S T F F T G V N P N I 

8101 GACGAATACACAAGTAAACCCGG•GTTTTCTGTGGTTCTACTGTTAGAGAACTTATGTTTAGTATGGTTAGTACATTCTTTACTGGTGTTAACCCCAATA 8200 

Y M Q L A T M F L I L V V V V L I F A M V I K F Q G V F K A Y A T  

8201 TCTATATGCAATTAGCAACTATGTTTTTAATACTAGTTGTTGTTGTATTAATCTTTGCAATGGTTATAAAGTTTCAAGGTGTTTTTAAAGCTTATGCAAC 8300 

T V F I T M L V W V I N A F I L C V H S Y N S V L A V I L L V L Y  

8301 CACTGTTTTTATAACAATGTTAGTTTGGGTAATTAACGCATTTATTTTGTGTGTACATAGTTACAACAGTGTTTTAGCTGTTATATTACTAGTACTCTAT 8400 

C Y A S L V T S R N T V I I M H C W L V F T F G L I V P T W L A C C  

8401 T~CTATG~TCATTGGTTACAAGTCGCAATACTGTTATAATAA~CATTGTTGG~TTGTTTTTACCTTTGGTTTAATAGTACCCACATGGTTGGCTTGTT 8500 

Y L G F I I Y M Y T P L F L W C Y G T T K N T R K L Y D G N E F V 

8501 GCTACCT~GATTTATTATTTATATGTATACACCGTTGTTTTTATGGTGTTATGGTACTACAAAAAACACTCGTAAGCTGTATGATGGCAATGAGTTTGT 8600 

G N Y 0 L A A K S T F V I R G S E F V K L T N E I G 0 K F E A Y L 

8601 TGGTAATTATGATCTTGCTGCGAAGAGCACTTTTGTTATTCGCGGCTCTGAATTTGTTAAGCTTACTAATGAGATAGGTGATAAATTTGAGGCCTACCTT 8700 

S A Y A R L K Y Y S G T G S E Q D Y L Q A C R A W L A Y A L 0 Q Y R 

8701 TCAGCGTATGCTAGATTAAAGTACTATTCAGGCACTGGCAGTGAACAAGATTATTTGCAAGCTTGTCGTGCATGGTTAGCTTATGCTTTGGACCAATATA 8800 

N S G V E I V Y T P P R Y S I G V S R L Q 5 G F K K L V S P S S A 

8801 GAAAT~TGGTGTGGAAATTGTTTATACTCCGCCACGTTACTCTATTGGTGTTAGTAGATTACAATCTGGTTTTAAGAAACTGGTTTCTCCTAGTAGTGC 8900 

V E K C I V 5 V S Y R G N N L N G L W L G D T I Y C P R H V L G K 

8901 TGT~AAAAGTGCATTGTTAGTGTCTCTTATAGAGGTAATAATCTTAATG~ACTGTGGCTAGGTGACACTATCTACTG~CTCGTCATGTATTGGGTAAG 9000 

F S G D Q W N D V L N L A N N H E F E V T T Q H G V T L N V V S R R 

9001 TTTTCAGGTGACCAATGGAATGATGTACTTAATCTTGCTAATAATCA~GAGTTTGAAGTTACAACTCAACATGGTGTTACTTTGAATGTTGTCAGTAGGC 9100 

L K G A V L I L Q T A V A N A E T P K Y K F I K A N C G 0 S F T I 

9101 GTTTAAAAGGTGCAGTTTTAATTTTACAAACTGCTGTTGCTAATGCTGAAACTCCAAAGTATAA•TTTATTAAAGCTAATTGTGGTGATAGTTTCACTAT 9200 

A C A Y G G T V V G L Y P V T M R S N G T I R A S F L A G A C G S 

9201 AGCTTGTGCTTATGGTGGTACAGTTGTAGGACTCTACCCTGTTACTATGCGTTCTAATGGTACTATTAGAGCATCTTTTCTTGCGGGAGCCTGTGGTTCA 9300 

V G F N I E K G V V N F F Y M H H L E L P N A L H T G T 0 L M G E F 

9301 GTTGGTTTTAATATAGAAAAGGGTGTAGTTAATTTCTTTTATATGCACCATCTTGAGTT~CTAATGCATTACACACTGGAACTGACCTAATGGGTGAAT 9400 

Y G G Y V 0 E E V A Q R V P P D N L V T N N I V A W L Y A A I I 5 

~01 TCTATGGTGGTTA~TTGA~AAGAG~TTGCACAAAGAGTGCC~CAGATAATTTAGTTACTAACAATATTGTAGCATGGCTCTATGCGGCAATTATTAG 9500 

V K E 5 S F S L P K W L E S T T V S V 0 D Y N K W A G D N G F T P 

9501 TGTTAAGGAGAGTAGTTTCTCGCTGCCTAAATGGTTGGAGAGTACTACTGTTAGTGTTGATGATTATAATAAGTG•GCTGGTGACAATGGTTTTACACCA 9600 

F S T S T A I T K L S A I T G V O V C K L L R T I M V K N S Q W G G  

9601 TTTTCTACTAGT~C~CTATTACTAAATTAAGTGCTATAACTGGAGTTGATGTTTGTAAGCTCCTTCGCACTATTATGGTAAAAAATAGCCAGTGGGGTG 9700 
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D P I L G Q Y N F E D E L T P E S V F N Q I G G V R L Q S S F V R 

9701 GTGACCCCATTTTAGGGCAATATAATTTTGAAGATGAAT TGACACCGGAGTCTGTATTTAAICAGATTGGTGGTGTTAGATTACAATCTTCT TTTGTAAG 9800 

K A T S w F W S R C V L A C F L F V L C A I V L F T A V P L K F Y 

9801 AAAAGCTACATCTTGGTTTTGGAGTAGATGTGTGTTAGCTTGCTTCTTATTTGTGTTGTGTGCTATTGTCTTGT TT~CGGCAGTGCCACTTAAATTTTAT 9900 

V Y A A V I L L M A V L F I 5 F T V K H V M A Y M 0 T F L L P T L I 

9901 GTATATGCAGCTGI TATTTTGTTAATGGCTGTACTTTTTATTTCTTTTACTGTTAAACATGTTATGGCATATATGGATACTTTTCIAT TGCCAACATTGA 10000 

T V I I G V C A E V P F I Y N T L I S Q V V I F L S Q W Y D P V V 

10001 TTACAGTTATTATTGGAGTTTGTG~IGAAGTGCCTTTCAT~TACAATACTCTAATTAG~CAAGTTGTTATTTTCTTAAGTCAATGGTATGA~CCA~TAGT 10100 

F 0 T M V P W M F L P L V L Y T A F K C V Q G C Y M N 5 F N T S L 

10101 CTTTGATACTATGGTACCATGGATGTTCTTGCCACTAGTGTTGTATACTGCTTTTAAGTGTGTACAAGGTTGCTATATGAATTCTTTCAATACTTCTTTG 10200 

L M L Y {] F V K L G F V I Y T S 5 N T L T A Y T E G N W E L F F E L 

10201 T TAATGCTG TATCAGTT TGTGAAGTTAGGTTTTGT TATTTACACCTCTTCTAATACTCTTAC TGCATACACAGAAGGTAATTGGGAGTTATTCTTCGAGT 10300 

V H T T V L A N V S 5 N 5 L I G L F V F K C A K W M L Y ¥ C N R T 

10301 TG•TGCACACTACT•TGTTGGCTAATGTTAGTAGTAATTCTTTAATTGGTTTATTTGTTTTTAAGTGTGCTAAATGGATGTTGTATTATTGTAATGCAAC 10400 

Y L N N Y V L M A V M V N C I G W L C T C Y F G L Y W W V N K V F 

10401 ATAC TTAAACAAI TATGTAE TAATGGCAGT TATGGTTAACTGCATTGGCTGGCTCTGCACT TGTTACTTTGGGTTGTAT TGGTGGGTTAATAAGGTTT TT 10500 

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

10501 GGTT TAACCTTAGGTAAATACAATT TTAAAGTTTCAGTAGATCAATATAGGTATATGTGTTTGCACAAGATAAACCCACCTAAAACTGTGTGGGAAGTCT 10600 

5 T N I L I Q G I G G 0 R V L P I A T V Q A K L S 0 V K C T T V V 

10601 T T TCGACAAATATACTTATACAAGGAAT TGGTGGTGACCGTGTGTTGCCTATTGCTACAGTTCAAGCTAAATTGAGTGATGTflflAGTGTAC~ACTGTTGT 10700 

L M Q L L T K L N V E A N 5 K M H V Y L V E L H N K I L A S 0 D V 

10701 TT TAATGCAGCTTT TGACTAAGCTTAATGTTGAAGCAAATTCAAAAATG•ATGTTTATCTTGTTGAGTTACACAATAAAATT•TTGCTT•TGATGATGTT 10800 

G E C M 0 N L L G M L I T L F C I D S T I 0 L 5 E Y C 0 0 I L K R S 

10801 GGAGAGTGCATGGATAATITGTTGGGTATGCTTATAACACTATTTTGTATAGATTCTACTATTGATTTGAGTGAGTATTGTGATGACATACTTAAGAGGT 10900 

T V L Q S V T Q E F S H I P S Y A E Y E R A K N L Y E K V L V D $ 

10901 CAACTGTATTACAATCGGTTACTCAAGAATTCTCACATATACCCTCTTATGCTGAATATGAAAGGGCTAAGAATCTTTATGAAAAGGTTTTAGTTGATTC 11000 

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

11001 TAAAAATGGTGGTGTTA•ACAG•AAGAGCTTGCTGCATATCGTAAAGCTGCCAATATTGCAAAGTCAGTTTTTGATAGAGACTT•G•TGTCCAAAAGAAG 11100 

L D S M A E R A M T T M Y K E A R V T D R R A K L V S S L H A L L F 

11101 TTAGATAGCATGGCAGAGCGTGCTATGA•AACAATGTATAAAGAGGCG•GT•TAACAGATAGACGAGCAAAATTAGTCTCATCACTACATGCGTTA•TTT 11200 

S M L K K I 0 S E K L N V L F D Q A 5 $ G V V P L A T V P I V C S 

11201 T•TCAATGCTTAAGAAAATAGATTCTGAAAA•CTTAATGT•TTGTTTGA•CAGGCTAGTAGTGGTGTTGTGCC•CTAGCGACTGTTCCAATTGTTTGTAG 11300 

N K L T L V I P 0 P E T W V K C V E G V H V T Y S T V V W N I 0 T 

11301 TAATAA•CTTACACTTGTAATACCAGACC•AGAAACGTGGGTCAAGTGTGTGGAAGGTGTGCATGTTACATATTCAACAGTT•TTTGGAATATAGACACT 11400 

V I D A D G T E L H P T S T G S G L T Y C I S G A N I A W P L K V N 

11401 GTTATTGATGCCGATGGCACAGAGTTACACCCAACTTCTACAGGTAGTGGATTGACATACTGTATAAGTGGTGCTAATATAGCATGGCCTTTAAAGGTTA 11500 

L T R N G H N K V D V V L Q N N E L M P H G V K T K A C V A G V D 
11501 ACTTGAcTAGGAATGGGCATAATAA~TTGATGTTGTTTTGCAAAATAATGAGCTTATGCCACATGGTGTTAAAACAAAGGCTT~GTAGCAGGTGTAG~̀  11600 

Q A H C S V E S K C Y Y T N I S G N 5 V V A A I T S S N P N L K V 

11601 TCAAGCACATTGTAGCGTAGAGTCTAAATGTTATTATACAAATATTAGTGGCAATTCAGTTGTAGCTGCTATTACTTCTTCAAATCCAAATCTGAA~GTA 11700 

A 9 F L N E A G N Q I Y V D L D P P C K F G M K V G V K V E V V Y L 

11701 GCTTCGTTTTTGAATGAGGCAGGCAATCAGATTTATGTA•A•TTAGA••CA•CATGTAAATTTGGCATGAAAGTGGGTGTCAAGGTTGAGGTTGTTTACT 11800 

Y F I K N T R 5 I V R G M V L G A I S N V V V L Q 5 K G H E T E E 

11801 TGTATTTT•TAAAGAATACAAGGTCGATTGTTAGGGGTATGGTACTTGGTGCTATATCTAATGTTGTTGTCTTACAGTCTAAAGGGCATGAAACAGAGGA 11900 

V D A V G I L S L C S F A V D P A D T Y C K Y V A A G N Q P L G N 

11901 AGTG~ATGCTGTTG~CATTCTTTCACTATGTTCATTTG~AGTAGATCCCGCGGACACATATTGTAAATAT~T~G~A~CA~GTAATCAACCTTTAGGTAAC 12000 

C V K M L T V H N G S G F A I T S K P S P T P D Q D S Y G G A 9 V C 

12001 TGTGl`TAAAAT•TTGACAGTGCATAATGGTAGT•GTTTTGCTATAA•TTCAAAGCCAAGTCCTACTCCTGACCAGGATTCTTAT•GA••AGCTTCT•TGT 12100 
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L Y C R A H I A H P G 5 V G N L D G R C Q F K G S F V Q I p T T E 

12101 GTCT~TATT~TAGAGCACACATAGCA~AT~CAGGAAGTGTAG~AAT~TAGATG~AcGTTGTCAA~TTAAAGGTT~TTTTG~CAAATA~CTAC~ACGGA 122~ 

K D P V G F C L R N K V C T V C Q C W I G Y G C Q C D S L R Q P K 
12201 GAAAGAC~CGTTGGATTCTGTCTACGTAATAA~TTTG~ACTGTTTGCCAGTGTTG~ATTGGTTATGGATGT~A~TGTGATT~ACTT~ACAACCAAAA 12300 

5 6 V Q S V A G A S D F D K N Y L N G Y G V A V R L G * 
12301 TCTTCTGTTCAATCA~TTGCTGGAGCATCTGATTTTGATAAGAATTATTTAAACGG~TACG~GTAGCAG~AG~T~GGCTGATA~CCTTGCTAGTG~ 12400 

M F Q N L K R N C A R F Q E 
12401 ATGTGATCCTGATGTTGTAAAG~GAG~CTTTGATGTTTGTAATA~GAAT~AG~TG~TATGTTTCAAAATTTGAAGCGTAACT~CGCTAGATT~CAGGAA 12500 

L R D T E D G N L E Y L D 5 Y F V V K Q T T P 5 N Y E H E K 8 C Y E 
12501 CTAC•CGATACTGAAGATGGAAATCTTGAGTAT•TTGATTCTTACTTTGTAGTTAAACAAACCACTCCTAGTAATTATGAACATGAAAAATcTTGTTA•G 12600 

D L K 5 E V T A D H D F F V F N K N I Y N I S R Q R L T K Y T M M 
12601 AAGACTTAAA~T~AGAAGTAA~A~CTGA~ATGACTTCTTTGTGTT~AATAAGAACATTTA~AATATTAGTAGGCAAC~CTTA~TAAATATACTATGAT 12700 

0 F C Y A L R H F 0 P K D C E V L K E I L V T Y G C I E D Y H P K 
12701 G•ACTTCTGCTATGCTTTGAGA•ATTTCGAC••AAAGGATTGTGAAGTTCTTAAAGAAATA•TTGTCA•TTATGGTTGTATAGAAGACTATCACC•TAAG 12800 

W F E E N K D W Y D P I E N 5 K Y Y V M L A K M G P I V R R A L L N 
12801 TGGTTTGAG~AGAATAAGGATTGGTACGA~AATAGAAAA~T~AAAATATTATGT~ATGTT~TAAAAT~GAC~TATTGTA~A~GTG~TTTATTGA 12900 

A I E F G N L M V E K G Y V G V I T L D N q D L N G K F Y D F G D 
12901 ATG~TATTGAGTT~GGAA~CTTATGGTTGAAAAAGGTTAT~TTGGT~TTATTA~ACTCGATAAC~A~CTTAAT~AAATTTTAT~ATTTTGGTGA 13000 

F Q K T A P G A G V P V F D T Y Y 8 Y M M P I I A M T D A L A P E 
I~01 TTTTCAGAAGA~ACCTGGTGCT~GTGTTC~TGTTTTTGAT~GTATTATT~TTA~ATGATG~CCATCATA~CATGA~GGATGCTTTAGCA~CTGAG 13100 

R Y F E Y D V H K G Y K 9 Y D L L K Y D Y T E E K Q E L F Q K Y F K 
13101 AGGTACTTTGAATATGATGT~ACAAGGGTTATAAATCTTATGAT~T~CT~AA~TATGATTATACTGAG~AGAAA~AAGAATTGTTTCA~AAGTACTTTA 13200 

Y W D Q E Y H P N C R D C S D D R C L I H C A N F N I L F S T L I 
13201 AGTA•TGGGAT•AA•AGTAT•ATCCTAA•TGC••TGACTGTAGTGATGACAG•TGTTTGATA•ATTG•G•AAACTT•AA•AT•TTGTTTTCTACACTTAT 13300 

P Q T 5 F G N L C R K V F V D G V P F I A T C G Y H S K E L G V I 
13301 ~CG~A~ACTTCTTT~G~TAATTTGTGTAGAAAA~TTTTTGTT~AT~T~T~ATTTATAG~TACTTGT~TAT~ATT~TAAGGAA~TTG~T~TTATT 13400 

M N Q D N T M 5 F 5 K M G L 5 Q L M Q F V G D P A L L V G T S N N L 
13401 ATGAA~AA~TAA~A~ATGTCTTT~T~AAAAA~GGTTTA~AAC~ATG~TTTGT~G~ATCCTGCTTTGTTAG~GGAA~TC~AATAATT 13500 

V D L R T 5 C F S V C A L T S G I T H Q T V K P G H F N K D F Y D 
13501 TAGTTGATCTTAGAACGT~TTGTTTTAGTGTTTGT~GTTAACATCTGGTATTACTCAT~AAACGGTAAAGCCAGGTCA~TTTAACAAGGATTTCTATGA 13600 

F A E K A G M F K E G S S I P L K H F F y p Q T G N A A I N D Y D 

13~1 TTT~CAGA~A~C~GTATGTTTAAG~G~GTTCGTCTATA~A~TTAAACATTTTTTCTATC~TCAAACTGGTAATGC~CTATAAACGATTAT~T 13700 

Y Y R Y N R P T M F D I C Q L L F C L E V T S K Y F E C Y E G G C I 
13~1 TATTATCGTTATAACAGG~CT~CATGTTTGA~ATAT~T~AACTT~TATTTTGTTTAGAAGTGACTT~TAAATACTTTGAGTGTTATGAAGG~GG~TGTA 13800 

P A 5 Q V V V N N L D K 5 A G Y P F N K F G K A R L Y Y E M 6 L E 

13801 TA~CAGCTAGCCAAGTTGTAGTTAACAACTTAGATAAGAGTGCAGG~TAT~CATTTAATAA~TTTGGAAAA~CCC~CCTCTATTATGAAATG~TCTAGA 139~ 

E q D Q L F E I T K K N V L P T I T Q M N L K Y A I S A K N R A R 
I~01 GGAACA~CAA~T~TT~GAGATTACGAAGAAGAATGT~CTA~CA~TATAA~TCAAATGAATTTAAAATAT~ATATCCG~GAAAAATAGAGCG~GT 140~ 

T V A G V 5 I L 5 T M T N R Q F H Q K I L K 5 I V N T R N A S V V I 
14001 A•AGTGG•AGGTGTGTCTAT••TTT•TACTATGACTAATAG••AGTTTCATCAGAAGATT•TTAAGTCTATAGTCAA•ACTAGAAATGCTTCTGTAGTTA 14100 

G T T K F Y G G W D N M L R N L I Q G V E D P I L M G W D Y P K C 

14101 TTGGAACA~CAAGTTTTAT~CGGTTGGGACAACATGTTGAGAAACCTGATT~AGGGT~TTGAAGA~C~AATTCTTAT~GTT~GATTAT~CTAAGTG 14200 

D R A M P N L L R I A A 5 L V L A R K H T N C C S W 5 E R I Y R L 

14201 TGATAGAGCAATGCCTAATTTGTTGCGTATAGCAG~ATCCTTAGTACTTGCTCGCAA~ACACTAA~TGTT~TAGTTGGT~TGAACGCATTTATAGGTTG 14300 

Y N E C A Q V L 8 E T V L A T G G I y V K P G G T 5 5 G D A T T A Y 

14301 TATAATGAATGCGCCCAGGTCTTAT~TGAAACTGTACTTGCTACAGGTGGTATTTATGTTAA~CTGGTGGCACTAGCAGTGGT~ATGCTA~T~TGCTT 14400 

A N 8 V F N I I Q A T S A N V A R L L 5 V I T R D I V Y D N I K 5 

14401 ATGCAAA~AGTGTTTTTAACATAATACA~C~A~ATCTGCTAATGTTGCGCGTCTTTTGA~TGTTATAAC~GTGATATTGTCTATGATAATATTA~AG 14500 
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L Q Y E L Y Q Q V Y R R V N F D P A F V E K F Y S Y L C K N F S L 

14501 CTTGCAGTATGAAT TGTATCAGCAGGTCTACAGGCGAGTTAATTT TGACCCAGCCTTTGTTGAAAAGTTTTATTCTTACTTATGTAAGAATTTTTCGTTG 14600 

M I L 5 D D G V V C Y N N T L A K Q G L V A D I 5 G F R E V L Y Y Q 

14601 ATGATCTTGTCTGACGACGGTGT ~G~ JTGTTACAACAACACATTAGCCAAACAAGGTCTTGTAGCAGATATTTCTGGTTTTAGAGAGGTTCTCTAC TATC 14700 

N N V F M A D 5 K C W V E P 0 L E K G P H E F C 5 Q H T M L V E V 

14701 AGAATAATGTT T T T ATGGCTGATTCTAAATGTTGGGT TGAACCAGATTTAGAAAAAGGCCCACATGAGTTTTGTTCACAACACACAATGCTAGTGGAGGT 14800 

D G E P K Y L P Y P 0 P S R I L G A C V F V D D V 0 K T E P V A V 

14801 TGATGGTGAGCCTAAGTATTTGCCATACCCAGACCC TTCACGCATTT TGGGTGCATGTGTTTT TGTAGATGACG TGGATAAGACAGAACCTGTGGCTGTT 14900 

M E R Y I A L A I D A Y P L V H H E N E E Y K K V F F V L L A Y I R 

14901 ATGGAGCGTT ATATAGCTCTTGCCATAGATGCT TATCCACTAGTACATCATGAAAATGAAGAGTACAAGAAGGTATTCTTTGTTCTCCTTGCATATATCA 15000 

K L Y Q E L S Q N M L M 0 Y 5 F V M D I D K G S K F W E Q E F Y E 

15001 GAAAACTCTATCAAGAGCTTTCTCAGAATATGCTTATGGACTACTCTTTTGTAATGGATATAGACAAGGGTAGTAAATTTTGGGAACAGGAGTTCTATGA 15100 

N M Y R A P T T L Q S C G V C V V C N S Q T I L R C G N C I R K P 

15101 GAATATGTATAGAGCTCCTACGACTTTACAATCTTGTGGCGTTTGTGTAGTTTGTAATAGTCAAACTATACTACGCTGCGGTAATTGTATTCGTAAACCG 15200 

F L C C K C C Y 0 H V M H T 0 H K N V L S I N P Y I C S Q L G C G E 

15201 TT T TTGTGT TGTAAGTGTTGCTATGACCACGTCATGCAT ACGGACCACAAAAATGT TTTATCTATAAATCCTTATATTTGCTCACAGCTAGGTTGCGGTG 15300 

A D V T K L Y L G G M S Y F C G N H K P K L S I P L V S N G T V F 

15301 AAGCAGATGTTAC TAAAT TGTACC TCGGGGGTATGTCGTACTTCTGTGGTAATCATAAACCGAAATTGTCAATACCGTTAGTATCTAATGGTACTGTTTT 15400 

G I Y R A N C ~ G S E N V D D F N Q L A T T N W S I V E P Y I L A 

15401 TGGAATTTACAGGGCTAATTGTGCTGGTAGTGAAAATGTTGATGATTTTAATCAACTAGCTACTACTAATTGGTCCATTGTCGAACCTTATATTTTAGCA 15500 

N R C S 0 S L R R F A A E T V K A T E E L H K Q Q F A S A E V R E V 

15501 AATCGCTGTAGTGATTCATTGAGACGTTTTGCTGCAGAGACAGTAAAAGCCACAGAAGAATTACATAAGCAACAATTTGCTAGTGCAGAAGTGCGAGAAG 15600 

F S 0 R E L I L S W E P G K T R P P L N R N Y V F T G Y H F T R T 
15601 TATTCTCAGATCGTGAATTGATTCTATCATGG•AACCAGGAAAAACCAGGCCGCCATTGAATAGAAATTATGTTTTCACAG•TTATCACTTTACAAGAAC 15700 

S K V Q L G D F T F E K G E G K D V V Y Y K A T 5 T A K L S V G D 

15701 TAGTAAGGT•CAGCTTGGTGATTTTACATTTGAAAAAGGTGAAGGTAAGGATGTTGTCTATTATAAAGCAACGTCTACTGCTAAATTGT•TGTAGGAGAC 15800 

I F V L T S H N V V 5 L V A P T L C P Q Q T F S R F V N L R P N V M 

15801 ATTTTTGTTTTAACCTCACACAATGTTGTTTCTCTCGTAGCGCCAACATTGTGTCCACAACAAACCTTTTCTAGGTTTGTAAATTTAAGACCTAATGTAA 15900 

V P E C F V N N I P L Y H L V G K Q K R T T V Q G P P G 8 G K 8 H 

15901 TGGTACCTGAATGTTTTGTAAATAACATTCCACTTTACCATTTAGTAGGTAAACAGAAGCGTACTACAGTACAAGGTCCTCCTGGCAGTGGTAAATCCCA 16000 

F A I G L A V Y F S S A R V V F T A C S H A A V D A L C E K A F K 
16001 •TTTGCTATAGGCCTTGCAGTATACTTTAGTAGCGCTCGTGTTGTTTTTACTGCATGTTCTCATGCA•CT•TTGATGCTTTATGTGAAAAAGCTTTTAA• 15100 

F L K V D D C T R I V P Q R T T V 0 C F S K F K A N D T G K K Y I F 

16101 TTTCTTAAAGTTGATGATTGCACTCGTATAGTACCCCAAAGGACTACTGTCGATTGCTTCTCAAAATTTAAAGCTAATGACACAGGCAAAAAGTACATTT 16200 

S T I N A L P E V S C D I L L V D E V S M L T N Y E L S F I N G K 

16201 TTAGTACTATTAATGCCTTGCCGGAAGTTAGTTGTGATATTCTTTTGGTTGACGAGGTTAGTATGTTGACCAATTACGAATTGTCCTTTATTAATGGTAA 16300 

I N Y Q Y V V Y V G 0 P A O L P A P R T L L N G 6 L 6 P K D Y N V 
16301 GATAAATTACCAATATGTT•TGTATGTAGGTGATCCGGCTCAATTACCGGCACCCCGCACTTTA•TTAATGGTTCA•TTTCTCCAAA•GATTATAATGTT 16400 

V T N L M V C V K P D I F L A K C Y R C P K E I V 0 T V S T L V Y D 

16401 GTCACAAACCTTATGGTTTGTGTTAAACCTGATATTTTCCTTGCAAAGTGTTATCGTTGTCCTAAGGAAATTGTAGACACTGTGTCTACTCTTGTTTATG 16500 

0 K F I A N N P E S R E C F K V I V N N 0 N 6 0 V G H E S G 6 A Y 

16501 ATGGAAA•TTTATTGCAAATAACCCAGAATCACGTGAGTGTTTCAAGGTTATAGTTAATAATGGCAATTCTGAT•TAGGACAT•AAAGTGGTTCAGCCTA 16600 

N T T Q L E F V K D F V C R N K Q W R E A I F I S P Y N A M N Q R 

16601 CAACACAACACAATTG•AATTTGT•AAAGACTTTGTTTGTCGCAATAAACAATG•CGG•AA•CAATATTTATTTCACCTTACAATGCTATGAACCAGAGA 16700 

A Y R M L G L N V O T V D 6 S Q G S E Y D Y V I F C V T A 0 S Q H A 

16701 GCTTACCGTATG•TTG•ACTTAATGTTCAAACAGTAGATTCTTCTCAAGGTTCAGAGTATGATTATGTCATCTT•TGTGTTACT•CAGATTCGCAGCATG 16800 

L N I N R F N V A L T 9 A K R G I L V V M R O R 0 E L Y S A L K F 

16801 CACT•AATATTAATAGATTTAATGTGGCGCTTACAAGAGCTAAGCGTGGTATACTA•TTGTCAT•CGCCA•CGTGATGAATT•TATTCTGCTCTTAAGTT 16900 
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T E L D S E T S L Q G T G L F K I C N K E F 5 G V H P A Y A V T T 

16901 TAC~AGCTAGATAGTGAAACAAGTCTGCA~GTACA~TTT~TTTAAAATTTGCAACAAA~AATTTAGTGGTGTCCATCCTGCTTATGCAGTCACAACT 17000 

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

17001 AA~T~TTGCTGCAACCTATAAAGTTAATGAT~AACTTGCT~ACTTGTTAAT~TGGA~CTGGTTCAGAAATAACATATAAACATCTTATTTCTCTGT 17100 

G F K M 6 V N V E G C H N M F I T R D E A I R N V R G W V G F D V 

17101 T~AT~AA~ATG~TGTTAATGTTGA~GCT~CCACAACAT~TTTATA~ACGTGATG~GCAA~CGCAATGTAA~AGGTTGGGTAGGTTTTGATGT 17200 

E A T H A C G T N I G T N L P F Q V G F S T G A D F V V T P E G L 

17201 AGAAGCAACA~ATGCTTGTGGCACTAACATTGGTACTAACCT~CTTTTCAAGTAGGTTTCTCTACTGGTGCAGACTTTGTAGTCACGCCTGAG~GACTT 17300 

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

17301 GTAGATACTTCAATAGGCAATAATTTT~A~TGTGAATTCTAAAGCACCTCCAGGTGAACAATTTAACCACTTGAGAGT~TTATTTAAAA~TGCTAAAC 17400 

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

17401 CTTGGCATGTTATAAG~CAAGGATAGTGCAGATGTTAGCAGACAATCTATGCAACGTTTCAGATT~TGTA~TGTTTGTCACAT~GTGTCATGGCCTAGA 17500 

L T T L R Y F V K I G K E Q V C 5 C G S R A T T F N S H T Q A Y A 

17501 ACTAACTACTTTGCGCTATTTTGTTAAAATAG~AAGGAACAAGTTTGTTCTT~TGGTTCTAGAGCTACAACTTTTAATTCTCATACTCAAGCTTATGCT 17600 

C W K H C L 6 F D F V Y N P L L V D I Q Q W G Y S G N L Q F N H D L 

17601 TGTT~AAGCATTGTTTGGGTTTTGATTTTGTTTATAACCCACTTCTA~TGGATATTCAACAGT~GGGTTACTCGGGTAACCTACAGTTTAATCATGATT 17700 

H C N V H G H A H V A S V D A I M T R C L A I N N A F C Q D V N W 

17701 T~ACTGTAATGTGCA~GC~GCTCATGTAGCTTCTGTTGA~CTATAA~TCGT~TCTTG~ATTAACAAT~CATTTTGT~AGA~TCAACTG 17~0 

D L T Y P H I A N E D E V N S S C R Y L Q R M Y L N A C V 0 A L K 

17801 GGATTTGACATA~CTCACATTGCAAATGAGGATGAAGTCAATTCTAGTTGTAGATATCTACAACGCATGTATCTTAATGC~TGTGTTGATGCTCTTAAA 17900 

V N V V Y D I G N P K G I K C V R R G 0 V N F R F Y D K N P I V R N 

17901 GTTAAT~TTGTCTAT~ATATA~CAA~CCTAAA~TATTAAATGT~TTAGGC~TGGGGATGTTAATTTTAGATTCTATGATAAGAATCCAATAGTACGCA 18000 

V K Q F E Y D Y N Q H K D K F A D G L C M F W N C N V D C Y P D N 

18001 ACGTCAAGCAGTTTGAGTAT•ACTATAATCAGCACAAA•ATAA•TTTGCTGAT•GTCTTT•TATGTTTTGGAATTGTAATGTGGATTGTTATC•TGATAA 18100 

5 L V C R Y D T R N L 5 V F N L P G C N G G $ L Y V N K H A F Y T 

18101 TTCCTTGGTTTGTAGGTATGACACACGAAATTTGAGTGTGTTTAACCTACCA~CTGTAATGGTGGTA~TCTGTACGTTAACAAACATGCATTCTACACA 18200 

P K F D R I S F R fl L K A M P F F F Y D S 6 P C E T I Q V D G V A Q 

18201 CCTAAATTTGACCG~ATTAGCTTCCGCAATTTGAAAGCTATGCCATTCTTTTTTTATGACTCATCGCCTTGTGAAACCATTCAAGTGGAT~AGT~G~ 183~ 

D L V S L A T K D C I T K C N I G G A V C K K H A Q M Y A E F V T 

18301 AAGACCTTGTGTC~CTA~TA~AAAGACTGTATCACAAAGTGCA~ATTGGTGG~CTGTTTGTAAGAAACATGCCCAGATGTATGC~AATTTGTG~ 184~ 

$ Y N A A V T A G F T F W V T N K L N P Y N L W K S F S A L Q S I  

18401 TTCTTACAATGCAGCTGTCACAGCTGGCTTTACTTTCTG•GTAACTAATAAACTTAACCCTTATAACTTATGGAAAAGTTTTTCAG•TCTCCAGTCTATC 18500 

D N I A Y N M Y K G G H Y D A I A G E M P T V I T G D K V F V I 0 Q 

18501 GACAATATTGCTTATAATATGTATAAG•GTGGTCATTATGATGCTATTGCTGGAGAAATGCCCACTGTCATAACTGGAGACAAAGTTTTTGTTATTGATC 18600 

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

18601 AAGGTGTAGAAAAGGCAGTTTTTGTTAATCAAACAACTCTAC~TACATCTGTGGC~TT~AGCTATAT~CAAAGA~AATATTC~ACACT~AAACAA 16700 

R I L K G L G V D V T N G F V I W D Y A N Q T P L Y R N T V K V C 

18701 CCGTATTTTGAAAGGTTTAGGTGTAGACGTAACCAATGGATTTGTAATTTG•GATTATGCTAACCAAACACCATTGTATCGTAATACCGTCAAGGTATGT 18600 

A Y T D I E P N G L V V L y D D R Y G D Y Q S F L A A D N A V L V 6 

18801 GCATATACAGATATTGAGCCAAATGGCCTAGTAGTTCT•TATGATGATAGATATGGTGATTACCAGTCTTTTCTTGCTGCTGATAATGCTGTTCTAGTTT 18900 

T Q C Y K R Y 5 Y V E I P S N L L V Q N G M P L K D G A N L Y V Y 

18901 CTACACA~TGTTA~AAGCGATATTCATACGTAGAAATACCATCTAATTTGCTCGTTCAGAATGGTAT~CATTAAAAGATGGAGCGAACCTGTATGTTTA 19000 

K R V N G A F V T L P N T I N T Q G R S Y E T F E P R S D I E R 0 

19001 TAAGCGTGTTAATGGTGCGTTTGTTACACT~CTAACACAATAAACACCCAGGGTCGAAGTTATGAAACTTTTGAACCTCGTAGTGACATTGAGCGTGAT 191 O0 

F L A M S E E S F V E R Y G K 0 L G L Q H I L Y G E V D K P Q L G G 

19101 TTTCTCGCTATGTCAGAGGAGAGTTTTGTAGAAAGGTATGGTAAAGACTTA•GCCTACAACACATACTGTATGGTGAAGTTGATAAGCCCCAATTAGGTG 19200 

L H T V I G M Y R L L R A N K L N A K S V T N S D S D V M Q N Y F 

19201 •TTTACACACTGTTATAGGTATGTACAGACTCTTACGT•CGAATAAGTTGAACGCAAAGTCTGTAACTAATTCGGATTCTGAT•TCATGCAAAATTACTT 19300 
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V L 5 D N G S Y K Q V C T V V D L L L 0 D F L E L L R N I L K E Y 

19301 TGTATTGTCGGACAATGGTTCTTACAAGCAAGTGTGTACTGTTGTGGATTTACTGCTTGATGATTTCTTAGAACT TCTTAGAAACATACTTAAGGAGTAT 19400 

G T N K 5 K V V T V 5 I D Y H 6 I N F M T W F E 0 G 5 I K T C Y P Q 

19401 GGTACTAAT~AGTCA~AAGTTGTAACAGTGTCAATTGATTACCATAGCATAAATTTTATGAC~G~TTTGAAGATGGCAGTATTAAAACATGTTATCCAC 19500 

L Q 5 A W T C G Y N M P E L Y K V Q N C V M E P C N I P N Y G V G 

19501 AGCTTCAAT~AGCATGGACGTGTGGTTATAATATGCCTGAACTTTATAAAGTTCAGAATTGTGTTATGGAACCTTGCAACATTCCTAATTATGGTGTTGG 19600 

I T L P 5 G I L M N V A K Y T Q L C Q Y L 5 K T T I C V P H N M R 

19601 AATAACGTTGCCTAGCGGTATTCTTATGAATGTGGCAAAGTATACACAACTTTGTCAATACCTTTCGAAAACAACAATTTGT•TACCGCATAACATGCGA 19700 

V M H F G A G S 0 K G V A P G 5 T V L K Q W L P E G T L L V 0 N D I 

19701 GTAATGCATTTCGGAGCAGGAAGCGACAAAGGAGTGGCGCCAGGTAGTACTGTTCTTAAACAATGGCTCCCAGAA~ACACTCCTTGTCGATAATGATA 19800 

V D Y V 5 0 A H V S V L S 0 C N K Y N T E H K F D L V I S 0 M Y T 
19801 TTGTAGAC~TG~GTCTGA~GCA~ATG~T~CT~TGCTTTCAGATTGCAATAAATATAATACAGAGCACAAGTTTGA~TTGTGATATCTGATATGTATAC 19900 

D N D S K R K H E G V I A N N G N D D V F Z Y L S S F L R N N L A 
19901 AGA~AA~GA~AAAAAGAAAGCA~GAAGG~G~GATA~AA~AA~GG~AATGA~GA~G~CA~A~A~C~AAG~Tc~G~AACAA~GGC~ 2~00 

L G G S F A V K V T E T 5 bJ H E V L Y D I A Q D C A W W T M F C T A 
20001 •TA•GTGGTA•TTTTG•T•TAAAAGT•ACAGAGACAA•TT•GCACGAA•TTTTATATGACATTGCACAC••ATTGTGCAT•GTGGACAATG••TTGTACAG 20100 

V N A 5 5 5 E A F L I G V N Y L G A S E K V K V 5 G K T L H A N Y 
20101 CAGTGAATGCCTCTTCTTCAGAAGCATTCTTGATTGGTGTTAATTATTTGGGTGCAAGTGAAAAGGTTAAGGTTAGTGGAAAAACGCTGCACGCAAATTA 20200 

I F W R N C N Y L Q T S A Y 5 I F D V A K F D L R L K A T P V V N 
20201 TATATTTTGGAGGAATTGTAATTATTTACAAACCTCTGCTTATAGTATATTTGACGTTGCTAAGTTTGATTTGAGATT•AAA•CAACGCCAGTTGTTAAT 20300 

L K T E Q K T D L V F N L I K C G K L L V R D V G N T 5 F T $ D S F 
M L V T P L L L V T L 

20301 TTGAAAACT~AACAAAAGACAGACTT~TCTTTAATTTAATTA~TGTGGTAAGTTACTGGTAA~ATGTT~GTAACACCTCTTTT~T~TGACTC~T 20400 

V C T M *  

L C A L C S A V L Y D S S 5 Y V Y Y Y q 5 A F R P P $ G W H L Q G 
20401 TTGTGT~CACTATGTA~TGCTGTTTTGTAT~ACAGTAGTTCTTACGTTTACTACT~CAAAGTGCCTTCAGACCACCTAGTGG~T~GCATTTACA~GGG 20500 

Fig. 2. The sequence of the 'unique' region of mRNA F from the Beaudette strain oflBV. Translations 
of the ORFs are shown in single-letter amino acid code. The amino acid is shown above the first base of 
the appropriate codon. The translation starting at position 20368 is the NH2 terminus of the spike 
precursor protein. 
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Fig. 3. Diagram showing the positions of the main ORFs in the 'unique' region of mRNA F. The two 
large ORFs, designated FI and F2 are shown, as well as a small ORF at the 5" end of the genome, and 
the start of the spike precursor gene, which overlaps with F2. 

The second large ORF, F2, extends into the 'unique' region of  m R N A  E and in fact overlaps 
the coding sequences for the spike protein gene by 16 amino acids. 

Potential sources o f  error 

All the sequence information has been confirmed by sequencing M13 clones obtained from 
both strands of  the D N A .  In addition most of  it has been sequenced several times from different 
M13 clones. The 14 c D N A  clones used to obtain the sequence of  m R N A  F contain, including 
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overlaps, 24765 bases. During the shotgun sequencing of these clones 203113 bases have been 
sequenced, so that each base has, on average, been sequenced 8.2 times. However there are two 
regions we have checked more carefully. The first is at positions 12340 to 12390 where F1 ends 
and F2 begins. An error here leading to a frameshift could make the difference between two 
large ORFs and one very large ORF. The second is at position 167 where the very small 11 amino 
acid ORF ends. A frameshifting error here could mean that this first ORF can continue for 
another 77 amino acids until position 397. There are two possible sorts of error. The first is an 
artefact in the sequencing gels leading to a misreading. The sequence on both strands appears 
perfectly clear in both these regions. Both regions have been sequenced using formamide gels, 
high temperature gels, in addition to the use of deoxyinosine triphosphate (Bankier & Barrell, 
1983) or deoxy-7-deazaguanosine triphosphate (Mizusawa et al., 1986) to replace deoxyguano- 
sine triphosphate and cytosine-modified sequence reaction products (Ambartsumyan & Mazo, 
1980) to avoid gel compressions. 

The second potential source of error is either a reverse transcriptase error during the synthesis 
of the cDNA or the occurrence of a mutant RNA molecule from which the cDNA was copied, 
both of which would lead to an incorrect cDNA clone. In the case of position 167 the sequence 
has been obtained from an equivalent clone from the M41 strain of IBV and is identical. In the 
case of the sequence between F1 and F2 the sequence has been confirmed from two additional 
independent cDNA clones, by sequencing directly from the double-stranded DNA using an 
oligonucleotide primer (Korneluk et al., 1985). Fig. 4(a) shows the relevant sequence in this 
region and Fig. 4(b) shows a sequencing gel of bases 12333 to 12390 obtained directly from a 
cDNA clone using an oligonucleotide primer. In addition the sequence has been obtained 
directly from the virion RNA using specific oligonucleotide primers at both of these points and 
has confirmed the original gel readings. At positions 12 333 to 12 390 the sequence has also been 
obtained from virion RNA obtained from the M41 strain of IBV, and the sequence in this region 
is identical. 

Gel compressions are thought to be caused by the presence of hairpin loops in the DNA 
migrating down the gel. Examination of the sequence in these regions shows that there are 
several possibilities for the formation of fairly large hairpins, including for example, at the 
position between F1 and F2, the sequence G G G G T A  with its exact complement TACCCC 24 
bases further on. At this position (12380), in the region where the reading frame changes 
between F1 and F2, the sequence has been determined from ten separate M13 clones. It is 
interesting to note that one of these clones gave a different sequence reading in that a CT 
dinucleotide, which appears in the other nine M13 readings, was not present. This is unusual as 
normally all independent M13 clones agree. It is possible that the secondary structure in this 
region has some effect on the fidelity of copying by polymerases. 

Computer analysis 

Extensive computer analysis has been carried out in an attempt to identify some salient 
features on the bleak landscapes of these large ORFs. Searches for homologies with other viral 
polymerases have been performed using the NBRF protein identification resource (George et 
al., 1986). Short regions of fairly low homology with several viral polymerases can be identified 
but in general they do not rise significantly above the background of matches with proteins that 
are apparently unrelated. One region, between amino acids 1342 and 1350, has a fairly good 
match (8/9 amino acids) with the nsP2 protein of Sindbis virus, a protein which is known to be 
involved in RNA replication (Strauss & Strauss, 1983). This region also has a match with the la 
protein of brome mosaic virus. These matches are shown in Fig. 5. One of the most interesting 
matches is at the 5' end of the first large ORF. The first 300 amino acids have a low-level but 
extensive homology with the replication initiation protein from Escherichia coli (Germino & 
Bastia, 1982). The homology is statistically significant and it may indicate that this region of the 
polymerase protein is involved in initiation of replication of either the positive or negative 
strands. 

The predicted amino acid sequences of the large ORFs have been compared against 
themselves and against each other to see whether there are any repeats which might represent 
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(a) 

S L R Q P K S S V Q S V A G A S D F D K N Y L N G Y G V A V R L G * Y P L 

F T * T T K I F C S I S C W S I * F * * E L F K R V R G S S E A R L I P L 

I H L D N Q N L L F N Q L L E H L I L I R I I * T G T G * Q * G S A D T P 

ATTCACTTAGACAACCAAAATCTTCTGTTCAATCAGTT•CTGGAGCATCTGATTTTGATAAGAATTATTTAAACGGGTACGGGGTAGCAGTGAGGCTCGGCTGATACCCCT 

12290 12300 123~0 12320 12330 12340 12350 12380 12370 12380 12390 

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

A S G C D P D V V K R A F D V C N K E S A G ~ F q N L K R N C A R F q E 

C * W M * S * C C K A S L * C L * * G I S W Y V S K F E A * L R * I P G 

G CTAGTGGATGTGATCCTGATGTTGTAAA~CGA~CCTTTGATGTTTGTAATA~GA~TCRGCTG~TATG~TTCAAAATTTGAAGCGTARCTGCGCTAG~TTCCAGGAA 

12400 12410 12420 12430 12440 12450 12460 1247D 12480 12490 125D0 

(b) 
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BMV SCHRLLVDEAGLLHYGQLLVVAALSKCSQVLAF-GDTEQ ....... ISFKSRDAGFKLLHGNLQYDRRDV-VHKTYRCPQDVIAAVNLLKRKCGNRDTKY 

::. :::::...: .: ..... :. ::,.t . . . . . . .  ° . . . . . .  :. • : :::: ...... :, : 

IBV SCDILLVDEVSMLTNYELSFINGKINYQYVVYV-GDPAQL•APRTLLNGSLSPKDYNVVTNLMVCVK•DIFLAKCYRCPKEIVD•V•TLVYDGKFIANN• 

• ..: :::. . : . . . . .  : . ::: : , • :. . ,:.: . . . .  :: ...... :::: ::::...:1 

SV AVEVLYVDEAFACHAGALLALIAIVRPRKKVVLCGOPMQ ..... EGFFNMMQLKVHFNHPEKDICTK-TFYKYISRRCTQPVTAIVSTLHYDGKMKTTNP 

Fig. 5. Comparison between amino acid sequences of brome mosaic virus (BMV), infectious bronchitis 
virus (IBV) and Sindbis virus (SV). The BMV sequences are amino acids 748 to 838 of the la protein. 
The SV sequences are amino acids 785 to 878 of the nsP2 protein, The IBV sequences are amino acids 
1248 to 1356 of F2. A colon shows identical amino acids and a dot shows similar (Kanehisa, 1982) 
amino acids. The dashes in the sequences are blank characters inserted to achieve optimal alignment. 
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two separate but similar polymerases. A dot matrix comparison, such as D I A G O N  (Staden, 
1982a), reveals no repeats. However several low homology repeats can be detected using the 
program FASTP (Lipman & Pearson, 1985). These are shown on Fig. 6(a) beneath a 
hydrophilicity plot (Kyte & Doolittle, 1982) of the amino acid sequences of F 1 and F2. Fig. 6 (b 
to e) shows the amino acid matches in these regions. The spacing between the repeats marked A 
and B is very similar in both cases, 1157 amino acids in F1 and 1183 amino acids in F2. It is 
possible that these represent residual domains of homology between two polymerases which 
were at one time more closely related. The areas marked C and D also show regions of homology. 
The diagram also shows several very hydrophobic regions in the first large ORF which represent 
potential membrane-spanning domains. 

Computer analysis has also detected a homology between the non-coding region at the 5' end 
of the positive strand, and the 5' end of the negative strand (i.e. the reverse complement of the 
non-coding region at the 3' end of the positive strand). This is shown in Fig. 7. These sequences, 
on the positive and negative strands, are approximately the same distance from their 5' ends, 52 
bases and 48 bases [excluding the poly(A) tail] respectively, and may play some role in the 
replication of the positive and negative strands. 

Homology regions 

At position 599 the sequence C T G A A C A A  occurs. This is identical to the sequence which 
occurs in the 'homology regions' at the 5' ends of the bodies of m R N A s  D and E (Boursnell et al., 
1985b; Binns et al., 1985b). These sequences are thought to be recognition sites for binding of 
the polymerase/leader complex during the synthesis of the subgenomic RNAs  (Baric et al., 
1983). The same sequence C T G A A C A A  occurs at position 3293. Neither of these positions are 
known to be situated at the 5' end of an m R N A  species as are all the other homology regions. 
We have attempted to determine whether there is some feature of the sequence context 
surrounding these homology regions which sets them apart from homology regions which are 
known to occur at the 5" end of the bodies of mRNAs.  Accordingly, a consensus sequence has 
been calculated from the sequences surrounding the known homology regions at the ends of 
mRNAs  A to F. This consensus sequence includes six bases to the left of the core homology 

Fig. 4. (a) The nucleotide sequence in the region between F1 and F2, with a translation in single-letter 
amino acid code of three reading frames. The amino acid is shown above the second base of the 
appropriate codon. Stop codons are marked as asterisks. The frames which are open in F1 and F2 are 
underlined and the methionine at the start of F2 is boxed in. (b). A DNA sequencing gel obtained by 
sequencing a double-stranded cDNA clone using an oligonucleotide primer. The sequence shown is 
from 12333 to 12390, and is the reverse complement of the sequence shown in (a). (c) The same three 
reading frames as shown in (a), with a graph for each showing the extent to which that reading frame 
conforms to the codon usage found for the amino acid sequence of F1 and F2. The frame which 
conforms best to the F1/F2 codon usage is marked with a series of dots and marked F1 or F2. Stop 
codons are marked as short vertical lines along the centre of each frame, and start codons as bars with 
filled-in circles on top. The two stop codons at 12339 (TAA) and 12382 (TGA) are marked as is the start 
codon at 12459. The program used is the 'codon usage' option from ANALYSEQ (Staden, 1984b, 
1983 c) and uses the method of Staden & McLachlan (1982). The parameters used were a window length 
of 25 and an output length of 1. (Codon usage analysis from the spike, membrane and nucleocapsid gene 
data gives a very similar result.) 
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(b) Repeat A 

F1 484 EFVKTYVCKAQMSIVILAAVLGEDIWHLVSQVIYKLGVLFTKVVDFC---DKHWKGFCVQLKRAKLIVTE 
~ g g o o | ~ • . •  o ~ . *  , • .  • o f  : o .  ~ • • ° g ~  ° ° •o  : g g  . o • °  • • •  

F2 13B7 EFVKDFflCRNKQW---REAIF-ISPYNAMNQRAYRMLGLNVQTVDSSQGSEYDYVIFCVTADSQHALNIN 

F1 

F2 

TFCVLKGVAQHCFQLLLDAIHSLYKSFKKCALGR---IHGDLLF 
| ~ • ~ o o  • . . o  • o o ~ Z . . , g  . : . .  ° . g o  g :  

RFNVALTRAKRGILVVMRQRDELYSALKFTELDSETSLQGTGLF 

(c) Repeat B 

Fl 1630 VKMGDKIGGVTMGLWRAEHLNKPNLERIFNIAKKAIVGSSVVTTQCGKLIGKAATFIADKVGGGVVRNITD 
: : , , , = *  • ,  • ~ : *  , o ,o , ~ o , g :  • ,  ooo oo,  • , •  og : : , : ~ . • • •  

F 2  257D VKVSGKTLHANYIFWRNCNYLQTSAYSIFDVAKFDLRLKATPVVNLKTEQKTDLVFNLIKCGKLLVRDVGN 

(d) Repeat C 

Fl 3696 VKTKACVAGVOQAHCSVESKCYYTNISGNSVVAAITSSNPN . . . . . .  LKVASFLNEAGN--QI 
: : * . ; . *  : gog  : : ° o  • ° o . .  , t  °go gg g : : ° : :  • : :  

F 2  1996 VKPTAYAYVVDEA-CLVDDFVNLKYKAATPGKDSASSAVKCFSVTDFLKKAVFLKEALKCEQI 

(e) Repeat D 

F1 3438 LFCIDSTIDLSE-YCDDILKRSTVLQSVTQEFSHIPSYAEYERAKNLYEKVLDSKNG--GVT 

F2 430 LFCLEVTSKYFECYEGGCIPASQVVVNNLDKSAGYP-FNKFGKARLYYEMSLEEQOQLFEIT 

Fig. 6. (a) Hydropathicity plots (Kyte & Do•little, 1982) of the predicted amino acid sequences of 
ORFs F1 and F2. Values above the line are hydrophobic and values below the line are hydrophilic. The 
hydropathieity is calculated using a moving window of 41 amino acids, with a value plotted every 21 
residues. The pairs of bars marked A, B, C and D show regions of partial homology [see Results and (b) 
to (e)]. (b to e) Amino acid sequences of the matches depicted by the bars in (a). A colon shows identical 
amino acids and a dot shows similar (Kanehisa, 1982) amino acids. The dashes in the sequences are 
padding characters inserted to achieve optimal alignment. 

region CT(T/G)AACAA present in all the regions, the eight bases of the core homology itself, 
and four bases to the right. The consensus has been compared to the complete sequence using 
the computer program F I T C O N S E N S U S  (Devereux et al., 1984). The program successfully 
identifies the known homology regions with scores ranging from 74.6 to 64.1. The 14 next best 
fitting regions identified have a-range of scores well separated from those of the known 
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52 TTTAACTTAACAAAACGGACTTAAATACCTACAGCTGGTCCTCATAGGTGTTCCATTGCAGTGCACT 118 
: :  - : : : : : : :  : :  ; : :  : ; : :  : :  : :  : : :  : :  : :  : ;  : : : : :  : :  : : :  

48 TTAAACTTAACTTAA---ACTAAAATT--TAGCTCTTCCCCTAATGGGCGTCCTAGTGCTGTACCCT ID9 

Fig. 7. Comparison between (top) the nucleotide sequence of the 5' end of the genome and (bottom) the 
reverse complement of the 3' end of the genome (i.e. the 5' end of the negative strand). Colons show 
identical bases. The dashes in the sequences are padding characters inserted to achieve optimal 
alignment. 

G A S D F D K N Y L N G Y G V A V R L G * 
GGAGCATCTGATTTTGATAAGAATTATTTAAACGGGTACGGGGTAGCAGTGAGGCTCGGCTGATACCCCTTGCTAGTG 

GTAGCTATGGTTAGAGGGAGTATCCTAGGAAGAGATTGTCTGCAGGGCCTAGGGCTCCGCTTGACAAATTTATAGGGA 

V A M V R G S I L G R D C L Q G L G L R L T N L 

Fig. 8. Nucleotide and predicted amino acid sequences where ribosomal frameshifting may occur. The 
top sequence is at the F 1/F2 junction of IBV, and the bottom sequence is at the gag/poljunction of Rous 
sarcoma virus. Colons show identical bases. 
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homology regions, with a tight cluster of scores (53.6 to 58-8). The CTGAACAA sequence at 
position 599 scores even lower. It seems probable, therefore, that the two CTGAACAA 
sequences at 599 and 3293 are chance matches with the core sequence, but when surrounding 
sequences are taken into account the differences are enough to ensure that they are not major 
sites for the binding of the leader/polymerase complex. 

DISCUSSION 

The 20 500 bases of sequence presented in this paper complete the sequence of the Beaudette 
strain of avian infectious bronchitis virus, the type species of the Coronaviridae. The complete 
sequence, excluding the poly(A) tail at the 3' end, is 27 608 residues. This is somewhat larger than 
the previously estimated size of the viral RNA which had been put at 20 to 24 kilobases 
(Lomniczi & Kennedy, 1977). The sequence of the 'unique' regions of mRNAs A, B, C, D and E 
have already been published, covering some 8 kilobases at the 3' end of the genome and 
including the genes for the major structural proteins of the virus. The 20 kilobases at the 5' end of 
the viral RNA constitutes the 'unique' region of mRNA F, the genome-sized RNA. This is 
thought to code for a polymerase or polymerases which carry out all the necessary replication 
and transcription functions of the virus. 

Sequence analysis shows that the main part of the 'unique' region of m R N A  F appears to 
contain two large ORFs. Because of the importance of determining whether there are one or two 
ORFs, we have considered the possibility that mRNA F in fact contained one very large ORF, 
and that a sequencing error or a mutant cDNA clone had led to a frameshift. Because of this the 
sequence in the region between the two ORFs has been checked exceedingly carefully. The 
relevant sequence is shown, with translations in the three reading frames, in Fig. 4(a). Any 
frameshift error must occur within 43 bases between positions 12341 and 12383. Two 
independent cDNA clones and direct RNA sequences from virion RNA give the same result. 
There are no obvious signs of sequence artefacts such as compressions, and indeed several gel 
systems and sequencing methods which could resolve compressions (see Methods and Results) 
do not show any change in the sequence. Fig. 4 (b) shows a sequencing gel representing this 
region, obtained by sequencing a cDNA clone directly using an oligonucleotide primer. It can be 
seen that the sequence appears clear and unambiguous. Unless, therefore, there is some singular 
form of unresolvable and undetectable sequencing artefact, we must accept that the sequence 
here is correct. 

The problem now arises as to how translation of the second ORF, F2, is achieved. No m R N A  
has been detected at this point, and no homology region which might suggest the presence of one 
can be seen in the RNA sequence (see Results). It is possible that the ribosomes, having 
completed translation of the first ORF, F 1, reinitiate translation at the first AUG of F2, or that 
internal initiation occurs, as appears to be the case with the phosphoprotein mRNA of vesicular 
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stomatitis virus (Herman, 1986). There is however one piece of evidence that suggests that 
neither of these alternatives is the case. If  the second ORF is genuinely a separate gene, then the 
70 or so bases preceding its initiation codon should be non-coding sequences, comparable to the 
5' non-coding sequences preceding other IBV genes. In fact, if translated, they exhibit a heavy 
codon bias (Staden & McLachlan, 1982; Staden, 1984c) similar to the bias found in other IBV 
genes. This is shown graphically in Fig. 4(c) where it can be seen that the frame with typical IBV 
codon bias switches from that of F1 to that of F2 exactly at the point where the ORF changes. 
This strongly suggests that the sequences before the AUG of F2 have a coding function. One 
way to resolve this problem is to postulate that on some occasions, during translation of m R N A  
F, a ribosome slippage occurs, which introduces a frameshift and allows translation to continue 
unhindered from F1 into F2. Ribosomal frameshifting has been described in bacteriophage 
(Kastelein et aL, 1982), prokaryotic (Atkins et al., 1972) and eukaryotic (Fox & Weiss-Brummer, 
1980; Jacks & Varmus, 1985) systems. Such a mechanism could be conceived in the case of lBV 
as a form of translational control designed to provide coordinated expression of two 
polymerases, with the protein from the first gene being produced at a higher level than that from 
the second gene. In the case of Rous sarcoma virus (Jacks & Varmus, 1985) expression of the pol  
gene requires a frameshift by the ribosome. Some well-controlled work by these authors, using 
cell-free translation systems, has demonstrated that the frameshifting is sequence-specific. 
Moreover it occurs ten times more efficiently in a eukaryotic system than in a prokaryotic 
system, indicating that there are specific eukaryotic signals to which the prokaryotic system 
responds poorly. The region of sequence responsible for the frameshifting has been narrowed 
down to 24 nucleotides. Both IBV and Rous sarcoma virus require a shift into the - 1 frame to 
occur, and it may be that similar frameshifting signals are present in both sequences. 
Accordingly the 24 nucleotides of Rous sarcoma virus sequence have been compared to the 43 
nucleotides of IBV sequence within which any frameshift must occur (see Fig. 4a). Interestingly 
a match of 8/9 nucleotides can be found, both sequences occurring in the same frame and both 
within 20 bases of the termination codon (see Fig. 8). Further work will be needed to determine 
whether this sequence forms part of any signals which may promote ribosomal frameshifting. 

For each of the other IBV mRNAs, the first AUG to occur after the homology region either is 
used to initiate synthesis of a protein, as is the case for the spike and membrane proteins (Binns 
et al., 1985b; Boursnell et al., 1984), or is present at the start of a reasonable sized ORF which 
could code for a polypeptide of 7K or more. Thus it is surprising to find the first AUG, at 
position 131, at the start of a small, 11 amino acid, ORF. The sequence context around this first 
AUG does not conform to Kozak's consensus for functional initiation codons whereas the 
context round the second AUG does. A similar small ORF of 12 amino acids occurs at the 5' end 
of RNA 1 of alfalfa mosaic virus (Cornelissen et al., 1983), an RNA species encoding a 115K 
product thought to be involved in RNA replication. In this case also only the second AUG 
conforms to the Kozak consensus. Both these cases suggest the possibility that the ribosomes can 
bypass the first, non-functional, AUG and initiate translation at the second. It is likely that this 
also occurs in mRNA D of IBV to allow translation of the second and third ORFs (Boursnell et 
al., 1985b). 

It is not known for coronaviruses whether the sequences at the 5' end of the genome produce a 
polyprotein which is subsequently cleaved into separate proteins, as is the case for alphaviruses 
(Strauss et al., 1984), or whether the viral polymerase acts as an extremely large multifunctional 
enzyme. Whether or not it is cleaved post-translationally into separate proteins, such an enzyme 
would need to perform several functions. First it must synthesize the negative-stranded 
template. From this template it must synthesize the leader sequence and then the subgenomic 
mRNAs, for which it needs the ability to recognize highly conserved signal sequences (Baric et 
al., 1983, 1985; Spaan et al., 1983; Brown & Boursnell, 1984), a capping ability (Lai et al., 1982) 
and probably the ability to reinitiate transcription at these points (Lai et  al., 1985; Makino et al., 
1986). If  it is cleaved into separate proteins it may encode a protease function to do this. Two 
polymerase activities, early and late, have been identified in MHV-infected cells (Brayton et al., 
1982). These have different ionic requirements and different pH optima. Both polymerase 
activities are associated with two different membrane fractions, a light fraction which appears 
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to synthesize positive-stranded genome-size RNA and a heavy fraction which also synthesizes 
subgenomic RNAs (Brayton et al., 1984). Some evidence for two polymerase-coding genes can 
be found in the nucleotide sequence of mRNA F, in that there are small regions of residual 
homology between the predicted amino acid sequences of F1 and F2 (see Results and Fig. 6). 

The question of whether the cDNA clones sequenced in this study might derive from mutant, 
non-viable RNA molecules is an interesting one. The error rate of RNA polymerases is fairly 
high (Steinhauer & Holland, 1986) and many of the RNA molecules in an infected cell may be 
different from that in the original infecting virus. If  the mutation rate is 1 in 10000 then over the 
20 kilobases of sequence presented here, there may be one or two changes each time one strand 
was copied into another. While the viral RNA is replicating within the cell, it is likely that 
mutant, and possibly defective, virion RNA molecules will accumulate with little selection 
against them, and, unless they have gross structural defects, most of them will be packaged into 
virions. It is these virions, without any further selection for viability, which are used to extract 
the RNA which is used to synthesize cDNA. In addition the infecting virus will be a mixture of 
different RNA molecules, even though it has been plaque-purified. However, be that as it may, 
there is no evidence for very high mutation rates in the cDNA clones which we have sequenced 
here. For the clones covering the 20 kilobases there are 4659 bases of overlap between separate, 
independent clones (all made from the same RNA preparation). In the overlap regions there was 
not one difference, there being 100% agreement between the sequences from adjacent clones. 

This is in contrast to results found by Schubert et al. (1984) while sequencing the polymerase 
gene of vesicular stomatitis virus. The gene spans 6380 nucleotides and each region was 
sequenced from approximately three cDNA clones, giving 19140 nucleotides of overlap. In 
these 19140 nucleotides they found 20 nucleotide changes, including four insertions or deletions, 
giving an overall mutation rate of approximately 10 -3. In the 9318 (4659 × 2) nucleotides of 
IBV cDNA clones which can be checked on another clone, there were no changes. Over 9318 
nucleotides a mutation rate of 3.2 × 10 -4 would give a 95 ~ probability of at least one 
nucleotide change; thus, since there were no changes, the overall mutation rate is probably lower 
than this. Given the number of rounds of replication which will have occurred between the 
original plaque isolation and the production of the cDNA clones, the mutation rate per base 
incorporated is likely to be considerably lower than this. It is interesting to speculate on the 
disparity between the vesicular stomatitis virus and the IBV results in this case, and on whether 
the (presumably) very large IBV polymerase, or polymerases, has a lower intrinsic error rate 
than the VSV polymerase. 

Sequencing of cDNA clones from the 'unique' region of mRNA F has revealed the rather 
unexpected presence of two large ORFs. Although the sequence in the region between these has 
been obtained from three independent cDNA clones and from the virion RNA, the possibility 
of some bizarre form of sequence artefact cannot be totally discounted. It will be interesting to 
see if a similar frameshift occurs in an equivalent position in the coronavirus MHV genome. 
Experiments can now be designed to confirm the reading frame switch by other means. For 
example in vitro translation of SP6 polymerase transcripts from this region can be performed and 
the sizes of the products determined. Although no mRNA has been detected with a 5' end near 
the beginning of the second ORF, a search for a low abundance mRNA species can now be 
carried out by primer extension from mRNA preparations. In addition, the availability of 
sequence data from the IBV polymerase(s) allows antisera to be raised against products 
expressed from selected parts of the sequence. These will prove useful in determining the fate of 
the large polypeptides predicted from the nucleotide sequence, showing whether post- 
translational cleavage occurs, and attempting to unravel the relationship between the various 
polymerase activities which have been detected in coronavirus-infected cells. 

We are grateful to Bridgette Brinon, Penny Gatter, Neil Macey, Rona Chellew and Steve Laidlaw for excellent 
technical assistance. We would like to thank Dave Cavanagh and Phil Davis for help with the sequencing of the 
virion RNA. We would also like to thank Alan Bankier for the gift of some deoxy-7-deazaguanosine triphosphate 
and for general advice and encouragement during the DNA sequencing. 
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