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ABSTRACT

The evolutionary position of bichirs is disputed, and they have been variously aligned with ray-finned
fish (Acunopterygii) or lobe-finned fish (Sarcopterygii), which also include tetrapods. Alternatively, they
have been placed into their own group, the Brachiopterygii. The phylogenetic position of bichirs as
possibly the most primitive living bony fish (Osteichthyes) made knowledge about their mitochondrial
genome of considerable evolutionary interest. We determined the complete nucleotide sequence (16,624
bp) of the mitochondrial genome of a bichir, Polypterus ornatipinnis. Its genome contains 13 protein-
coding genes, 22 tRNAs, two rRNAs and one major noncoding region. The genome’s structure and
organization show that this is the most basal vertebrate that conforms to the consensus vertebrate mtDNA
gene order. Bichir mitochondrial protein-coding and ribosomal RNA genes have greater sequence
similarity to ray-finned fish than to either lamprey or lungfish. Phylogenetic analyses suggest the bichir’s
placement as the most basal living member of the ray-finned fish and rule out its classification as a lobe-
finned fish. Hence, its lobe-fins are probably not a shared-derived trait with those of lobe-finned fish

(Sarcopterygii).

ONY fish (Osteichthyes) are typically divided into
two major groups, the actinopterygians (ray-
finned fish) and the sarcopterygians (lobe-finned fish).
With >25,000 known species, the ray-finned fish com-
prise by far the largest class of vertebrates. Ray-finned
fish date back to the early Devonian (CARROLL 1988},
and their diversity has since then increased steadily both
in terms of morphological diversity and in terms of
numbers of species. By contrast, the once highly suc-
cessful and diverse lobe-finned fish, now only include
two extant fish groups, the lungfish and the coelacanth.
During the last 150 yr, both of these latter groups have
been variously thought to be the closest living relatives
of land vertebrates (e.g., ZARDOYA and MEYFR 1996a;
reviewed in MEYER 1995).

While the classification of bony fish into either the
ray-finned or the lobe-finned fish is without problems,
the phylogenetic placement of species of the order
Polypteriformes into one of these two categories (e.g.,
PATTERSON 1982; LAUDER and LIEM 1983, also referred
to as Cladistia) has been historically difficult, and it
still rernains somewhat uncertain (Table 1). Unlike any
other group of living fish (reviewed in PATTERSON 1982;
LAUDER and Liem 1983), polypteriform fish (bichirs,
Polypterus, and reedfish, Calamoichthys) have been
placed into a number of widely differing taxonomic
groups during the last century.
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Figure 1 summarizes some of the various phyloge-
netic hypotheses involving bichirs. One of the earliest
hypotheses of polypterid ancestry held that they were
sarcopterygians, and bichirs were placed into the subor-
der Crossopterygii along with fossil rhipidistians, coela-
canths and lungfish (Figure la} (Huxrey 1861; Core
1871; reviewed in PATTERSON 1980, 1982). Goodrich
(1928), for the first time, considered placing polypter-
ids within the actinopterygians as a taxonomically dis-
tinct lower division. Since then, the alternative two main
hypotheses of polypterine relationships have been that
polypterids are either classified as a distinct subclass of
Osteichthyes, the Brachiopterygii (Figure 1b), or as
basal actinopterygians (Figure 1c¢). The main problems
of assessing polypterine relationships are that the fossil
record for these fish only extends back to the Eocene
(GREENWOOD 1974; CARROLL 1988) and that they show
a large number of primitive ancestral as well as uniquely
derived characteristics that make the determination of
their phylogenetic position, and hence their classifica-
tion, difficult. Bichirs have a row of dorsal finlets that
extend down their back, primitive rhombic ganoid
scales, numerous spiracular plates, and lobed pectoral
fins. Their pectoral fins have a fleshy external appear-
ance similar to those of lungfish and the coelacanth.
Polypterine fish also have a well-vascularized lung that
arises from the ventral foregut and a pair of external
gills in juveniles, a rare feature, not seen in any other
fish, except in some species of lungfish.

Many authors still argue that Polypteriformes are
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TABLE 1

Systematic position of bichirs

Superclass: Gnathostomata
Class Chondrichthyes
Subclass: Holocephali (Chimaeras)
Subclass: Elasmobranchii (sharks, rays)
Class Sarcopterygii
Subclass: Coelacanthimorpha (Latimeria)
Subclass: Dipnoi (lungfishes)
Subclass: Tetrapoda (amphibians, reptiles, birds,
mammals)
Class Actinopterygii
Subclass: Chondrostei
Order: Polypteriformes (bichirs, Polypterus,
reedfishes, Calamoichthys)
Order: Acipenseriformes (sturgeons, Acipenser;
paddlefishes, Polyodont)
Subclass: Neopterygii
Order: Semionotiformes (gars, Lepisosteus)
Order: Amiiformes (bowfins, Amia)

morphologically too distinct from actinopterygians to
be classified as such (JESSEN 1973; NELSON 1973; JARVIK
1980; BJERRING 1985). This view, however, does not clar-
ify what other group of fish polypterids are most closely
related to. Most recent authors have, based on morpho-
logical characters such as scale structure and neuro-
cranial ossification, placed polypterids with actinoptery-
gians (Figure lc) (GARDINER 1973; SCHAEFFER 1973;
PATTERSON 1980, 1982; LAUDER and LiEMm 1983; GARDI-
NER and SCHAEFFER 1989). However, the placement of
Polypteriformes within the Actinopterygii is also uncer-
tain. Often polypterids are placed within the Chondros-
tei, a group to which most authors also add the stur-
geons and their relatives (Table 1, e.g., GARDINER 1967;
ANDREWS 1967; CARROLL 1988; NELSON 1994). Whereas
other researchers classify polypterids as a taxon of equal
rank and basal to the Chondrostei (reviewed in PAT-
TERSON 1982; LAUDER and Liem 1983).

Division: Teleostei

Modified from NELSON (1994).

Among other reasons, knowledge of the phylogenetic
position of the bichir is of importance for the recon-
struction of the development and evolution of verte-
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brate traits such as paired limbs from fins (e.g., SHUBIN
and ALBERCH 1986; SORDINO and DUBOULE 1996). How-
ever, so far, only two molecular phylogenetic studies
have incorporated nucleotide sequence data from bich-
irs. NORMARK ¢t al. (1991) used partial DNA sequences
of the mitochondrial ¢yt b, COI'and COII genes to infer
phylogenetic relationships of Neopterygians, using the
bichir as outgroup taxon. LE et al. (1993) used portions
of the large nuclear ribosomal gene in an attempt to
infer the phylogeny among major fish lineages. Their
study supported the view that polypterids are a primitive
ray-finned fish lineage, albeit with low confidence.
Mitochondrial genes are increasingly used to infer
phylogenetic relationships both among closely related
species as well as distantly related ones (KuMazawa and
NISHIDA 1993; CAO et al. 1994; RUSSO et al. 1996; ZAR-
pova and MEYER 1996¢). ZARDOYA and MEYER (1996a)
show that combined sets of all mitochondrial protein
coding and tRNA genes can with strong support resolve
the relationships among major groups of jawed verte-
brates. Until now the complete mitochondrial genome
sequences of 22 vertebrate species have been reported;
15 are from mammals, five from fish, only one from an
amphibian and one from a bird. The structure and
organization of vertebrate mitochondrial genomes is
remarkably conserved. Minor rearrangements, appar-
ently caused by the translocation of tRNA genes, have
been described for chicken (DESJARDINS and MORAIS
1990) and for the opposum (JANKE et al. 1994). It is
not yet clear when the establishment of the vertebrate
consensus gene order occurred during their evolution.
Lampreys, one of the earliest vertebrates, have a pecu-
liar gene order (LEE and KOCHER 1995), but without
the study of more chordates, it is impossible to deter-
mine if this gene order represents an ancestral or a
uniquely derived condition. We determined the com-
plete nucleotide sequence and gene order of the bichir
mitochondrial genome with the aim to investigate the
evolution of the vertebrate mitochondrial genome and
to clarify the bichir’s relationships to lobe-finned and
ray-finned fish. Furthermore, we assessed the perfor-
mance of the bichir as an outgroup taxon for inferring
relationships among major groups of jawed vertebrates.

MATERIALS AND METHODS

Mitochondrial DNA was purified from fresh liver and kid-
ney tissue of commercially obtained bichir (Polypterus ornati-
pinnis) as previously described (ZARDOYA et al. 1995). After
homogenization, intact nuclei and cellular debris were re-
moved by low-speed centrifugation (1000 X g). Mitochondria
were pelleted by centrifugation at 10,000 X g for 20 min and
subjected to a standard alkaline lysis procedure. The isolated
mtDNA was cleaved with EcoRI and HindlIII restriction en-
zymes. Three EcoRI fragments of 4.0, 3.9 and 3.0 kb and four
HindIIl fragments of 3.1, 1.0, 0.6, and 0.3 kb (See Figure
2 for positions of restriction sites) were cloned into pUC18
covering the entire bichir mtDNA molecule except for a
stretch of 3.1 kb spanning the COI and COII region. This

3.1-kb fragment was amplified using specific oligonucleotide
primers and then cloned into pGEM-T (Promega).

Plasmid DNA was extracted from each clone using a Wizard
miniprep kit (Promega). After ethanol precipitation, purified
DNA was used as template for Taq Dye Deoxy Terminator
cyclesequencing reactions (Applied Biosystems Inc.) follow-
ing manufacturer’s instructions. Sequencing was performed
with an automated DNA sequencer (373A Stretch, Applied
Biosystems Inc.). Sequences were obtained using both M13
universal sequencing primers and 37 specifically designed oli-
gonucleotide primers. The sequences obtained from each
clone were ~350 bp in length and each sequence overlapped
the next by ~100 bp. In no case were differences in sequence
observed among the overlapping regions.

Sequence data were analyzed by use of the GCG program
package (DEVEREUX et al. 1984) and alignments were per-
formed using CLUSTAL W (THOMPSON et al. 1994). The data
were subjected to maximum parsimony (MP) analyses using
PAUP Version 3.1.1 (SWOFFORD 1993). MP analyses were per-
formed using heuristic searches (TBR branch swapping,
MULPARS option in effect, simple stepwise addition of taxa).
Maximum likelihood (ML) analyses and neighborjoining
(N]) analyses were performed using PHYLIP Version 3.5
(FELSENSTEIN 1989). For NJ analyses, distance matrices were
calculated based on Kimura corrected distances (KIMURA
1980). The Kishino-Hasegawa test to assess the statistical con-
fidence of maximum likelihood trees was performed using
MOLPHY Version 2.2 (ApACHI and HAsEGawa 1992). Confi-
dence levels for MP and NJ analyses were assessed by bootstrap
analyses based on 1000 replications (FELSENSTEIN 1985) using
PHYLIP Version 3.5 (FELSENSTEIN 1989).

The complete mtDNA sequence of the bichir has been
deposited in GenBank under the accession No. U62532.

RESULTS AND DISCUSSION

Genome organization: The total length of the bichir
mitochondrial genome is 16,624 bp, it is similar to that
of the mitochondrial genomes of other bony fish (Table
2). The overall base composition of the L-strand is A
= 32.2%, T = 28.1%, C = 25.6% and G = 14.1%. As
found in other vertebrates, the bichir’s mitochondrial
genome contains 13 protein coding genes, 22 transfer
RNA genes, and two ribosomal RNA genes. Interest-
ingly, the orientation and relative position of all genes
and the major noncoding region is identical to the ver-
tebrate consensus mitochondrial gene order (Figures 2
and 3, Table 3). The presence of this gene order in
the bichir documents the early establishment of the
particular vertebrate organization of the mitochondrial
genome. All genes except the gene encoding for ND6
and eight transfer RNAs are encoded on the H-strand,
and the genes encoded on both strands of the bichir
mtDNA are of similar length as those in other verte-
brates (Table 3). Peptide encoding genes were identi-
fied by comparison with the rainbow trout mtDNA
(ZARDOYA et al. 1995) and by the presence of initiation
and stop codons. Transfer RNA genes were identified
by sequence similarity to homologous vertebrate tRNAs,
their specific anticodons, and their ability to fold into
putative cloverleaf structures.

As seen in other vertebrates there is an overlap be-
tween the genes encoding for ND4 and ND4L, ATPase
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TABLE 2
Lengths of fish mitochondrial genes

Species
Gene Lungfish Trout Carp Loach Bichir Lamprey
Control region 1184 1003 927 896 1068 491
12§ rRNA 937 944 951 937 950 900
168 rRNA 1591 1680 1681 1680 1655 1621
Cyth 1144 1141 1141 1144 1141 1191
ND1 966 972 975 975 958 966
ND2 1028 1050 1047 1047 1036 1044
ND3 346 349 351 351 346 351
ND4 1384 1381 1383 1383 1378 1377
ND4L 297 297 297 297 297 291
ND5 1836 1839 1824 1837 1842 1797
ND6 513 522 519 522 504 519
cor 1548 1551 1551 1551 1557 1554
con 691 691 691 691 688 690
com 784 784 786 768 784 786
APT6 682 670 684 684 682 714
ATPS 168 168 165 168 168 168
Total 16646 16642 16575 16558 16624 16201

Values expressed as base pairs.

6 and ATPase 8, and ND5 and ND6. The bichir mtDNA
also has an overlap of nine nucleotides involving COI
and tRNAS N which are encoded on opposite DNA
strands. This overlap is also found in the lamprey (LEE
and KOCHER 1995) but not in any other fish (TZENG et
al. 1992; CHANG et al. 1994; ZARDOYA et al. 1995; ZAR-
DOYA and MEYER 1996a) where these two genes either
directly abutt or are separated by a few nucleotides.
These data show that the birchir is the most basal verte-
brate known so far with the consensus vertebrate mito-

HindlII

Eco RI

EcoR Polypterus ornatipinnis
(CUN)
(AGV & mtDNA

16624 bp

HindlIl

HindIII

chondrial gene order. Once a complete chondrich-
thyan mitochondrial genome has been sequenced, the
exact phylogenetic timing of the evolution of this gene
order in vertebrates will have been established.
Protein coding genes: The bichir mitochondrial ge-
nome encodes for 13 proteins. Pairwise comparisons
of the protein coding genes of the bichir with their
homologues of rainbow trout, loach, carp, lungfish and
lamprey showed that bichir proteins consistently have
greater sequence similarity to those from ray-finned fish

FIGURE 2.—Restriction map and gene organi-
zation of the Polypterus ornatipinnis mitochon-
drial genome. All protein coding genes are en-
coded by the H-strand with the exception of
ND6, which is coded by the Lstrand. Each tRNA
gene is identified by the single letter amino acid
code and depicted according to the coding
strand. Only the EcoRI and HindIIl restriction
sites used for cloning are shown.

HindIII
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tRNA-Phe—> 128 rRNA~>
BAGCACAAAGATTTGGTCCTAGTCTTACTATCAT

TTCTCGACTAAACTTATACATGCAAGTATCCGCGCTCCGGTGAAAATGCCCTCAATCTTCCTAGTAGAGGATAAGGAGCTGGCATCAGGCTCGTGTCCAC
GGCCCCAAAACGCCTTGCTTTGCCACACCCCCACGGGATTTCAGCAGTAGTAAACATTAGGCAATCAGCGAAAGCTAGACCTAGTTATAGTTAATTAGAG
CCGGTAAAACTCGTGCCAGCCACCGCGGTTATACGAGGGGCTCCAAATGATGGTTATACGGCGTATGGCGTGGTTAACAATTACAATAAAAACTGAGAAC
ARAATACCTTTAAGCTGTCATACGCTAATAAGTCCATGAAAATCAACAACGAAAGT TATCTCATTATATGTGAACCCACGAAAACCAAGGCACRRACTGG
GATTAGATACCCCACTATGCTTGGTCTTAAACTAAGGCGGCACTTATACTAAGCCGCTCGCCAGGTTACTACGAGCGCAAGCTTAAAACCCAAAGGACTT
GGCEETGCTTCAGAACCACCTAGAGGAGCCTGTTCTGTAATCGATAATCCTCGTTCAACCTCACCGCATCTTGCATTCCAGCCTATATACCGCCGTCGCC
AGTCTACCTTTTGAGAGACCATAAGTAGGCCCAATAAGTAARACT TAACACGTCAGGTCAAGGTGTAGCT TATGATGCGGGAAGARATGGGCTACATTTY
CTAGATTAGAATACACGAAAGACACTATGAAACCTGTGTCTGAAGGAGGATTTAGCAGTAAATGGGGAGTAGAGTGCCCACTGAAGCTTGGCGCTGAAGC

GCGCACACACCGCCCGTCACTCTCCTCCARACATTTTATAATTTTTAATAAAACACTTCCGACAATAAGAGGAGGCAAGTCGTARCATGGTAAGTGTACC
tRNA-Val— 16S rRNA—
GGAAGGTGCACTTGGAATAACCAAAA A AGCATTATA

GCTAGCCTGACCACACACTAAACCAAACACTATTAAAATAAATATACT TATAATARRRACARAACATTTGTTAACTTCAGTATAGGCGATAGAAAGAGAA
CAAAAGAGCTATAGCAACAGTACCGCAAGGGAAAGCTGAAAGAGAAATGAAACAAATCGTTAAAGCACGACATAGCAGAGATTAAATCTCGTACCTTTTG
CATCATGATCTAGTAAGTAAGCCCAAGCAARATGATTTATAGT TTGACCCCCCGARACTAGACGAGCTACTTCGAGGCAGTTGAAAGGACCACCCCGTCT
CTGTGGAAAAAGAGTGGGAAGACTTCCAAGTAGAGGTGACAAGCCTAACGAGCCTAGTGATAGCTGGTTACTTGAGARATGGATAAAAGTCCAGCCTCAA
AATTTCTAAAAAATATACAAATTCCGTTTAAAAAATTTTAAGAACATTTGAGAGT TATTCACAGGAGGTACAGCTCCTATGAACTGGGAAACAACCCAAT
AAGGAGGARRARGATCATAATTTACAAGGACAAAATCCAAGTGGGCCTGAAAGCAGCCACCTTTAAAGRAAAGCGTTATAGCTTAAATAATATATTATTCC
GTATATCCGGATAAAATCTCTGAATCCCCTACAAATATCAAGTTATTCTATTTGAGTAGAAGAAATTATGCTAGAACTAGTAATAAGAAAAATGATTTTC
TCCTAGCACAAGTGTAAGTTAGAACGGACAAACCACTAACAATTAGACGAACCCARCAGAGGGCCAAATARCGCCTATAATARAAACAAGARAACCCTAT
TAATCTTATCGTAAATCTTACACAAGAGTGCCTAAAGGAAAGACTARAAGAGAAAAAAGGAACTCGGCAAATCCGAGCCCCGCCTGTTTACCAAARACAT
CGCCTTCAGCTTTTCATGTATTGAAGGTCCTGCCTGCCCAGTGACATGAGTTTAACGGCCGCGGTATCCTGACCGTGCAAAGGTAGCGTAATCACTTGTT
CTTTAAATGAGGACTGGTATGARTGGCCCCACGAGGGCTCRACTGTCTCTTTTTCTCCGGTCAATTAARCTGATCTCCCCTGTGCAGRAGCGGGCATRAA
GACATAAGACGAGAAGACCCTGTGGAGCTTTAGACTAAATCCAAACACTCCTCACTATATTTTACCGTATAGACAAACACAGCGTTATGGCCATAAAGTC
TTAGGTTGGGGCGACCACTGAGAACARATAATCCTCAGCGATGATTGAAGCACAGCTTTATARACTAAGAATGACAATTCAAAGCATCAGGACACCTGAC
ATTAGGATCCAGACTAATCTGATCAACGAACCAAGTTACCCCAGGGATAACAGCGCAATCTTT TCCAAGAGCCCAAATCGACGAAAAGGTTTACGACCTC
GATGTTGGATCAGGACATCCTAATGGTGCATCCGCTAT TAAGGGTTCGTTTGT TCAGCGATTARAAGTCCTACGTGATCTGAGTTCAGACCGGAGCAATCC

AGGTCAGTTTCTATCTATGTAGTCATTTATCCTAGTACGAAAGGATTGGATAAATGGGGCCTATATTAAAGACACGCCCCCTTTTAACCTACTGARAGCCA
tRNA~-Leu (UUR)} = ___
AATCAAGTAGATARTAAAAAACATACCCACGCCCTAGAACAGGGT TAGTTAGAGTGGCAGAGCCTGGTAATTGCATGAGACCTAARCCCTCAATCCCAGG

NADH1—

M T L I T L I I NP L MYTITIUPTIULLAMABATFTILTTL
GGTTCAACCCCCCTCTTTAACTATGACCTTAATCACAT TAATTATTAACCCACTCATATATATTATCCCCATTCTGCTAGCAATAGCCTTCCTCACTCTA
v E R KM L 6 Y M Q L RKGZPNTIUVGPYGULLIL QP IADSGVIKTLTF
GTAGAACGARAAATATTAGGCTACATGCAACTCCGAAAAGGACCTAACATCGTAGGCCCATACGGTCTCCTCCAACCCATCGCAGACGGTGTAAAACTAT

I K E PV K P ST S S$ P TILVPF L LTZPTTULATILTTILA AWILTIULWTIUPL
TTATTAAAGAACCAGTAAAACCATCAACCTCTTCCCCAACACTTTTTCTACTCACCCCGACACTTGCCCTCACCTTAGCCCTCATTTTATGAATTCCTCT
P MP L ALTDILNILTTIULPFIULAV S SUL S VY s I LGS G WA
TCCTATACCACTAGCCCTCACAGACCTAAATTTAACTATTCTTTTCATT TTAGCCGTATCAAGCCTATCAGTCTATTCAATCTTAGGTTCAGGTTGAGCT
S N $ K Y A L I 6 AL RAV AQ T I s Y EUV TUL GG 1L I I I 8L I MTF
TCAAATTCCARATATGCCCTAATTGGAGCATTACGAGCAGTAGCTCAGACAATTTCATATGAAGT CACCTTAGGCCTCATCATCATCTCCTTAATTATAT
T 6 6 ¥ T L T TV FNTAQEA AUV W L I L PA WP L AAMUMWTE F I S T
TTACAGGGGGATTCACATTAACCACCTTCAATACCGCACAAGAAGCCGTATGACTTATCCTACCAGCCTGACCACTAGCCGCAATATGATTCATTTCAAC
L A ETNU RAZPTFDIULTUETGESEULV S G F NV EYAGGUZPTF AL
CCTAGCCGAAACAAACCGAGCACCATTTGATCTTACAGAAGGAGAGTCCGAACTAGTATCTGGATTTAATGT TGAATACGCAGGCGGACCATTCGCCCTC
F F L A E Y T NI L L M NA L ST I L F L 6P S F NTL T I NTL N W
TTCTTCCTGGCGGAATACACTAACATCTTACTAATAAATGCTCTCTCTACAATTCTATTTCTCGGCCCATCATTCAACACATTAACTATTAACCTTAACT
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FIGURE 3.—Complete nucleotide sequence of the L-strand of the bichir mitochondrial DNA molecule. Position 1 refers to
the first nucleotide of tRNA™. Direction of transcription for each gene is denoted by arrows, The deduced amino acid sequence
for each gene product is shown above the nucleotide sequence (one-letter amino acid abbreviation is placed above the first
nucleotide of each codon). Termination codons are indicated by an asterisk. tRNA genes are underlined and the corresponding
anticoxilon; am(::l overlined. In the control region, CSB (Conserved Sequence Block) and TAS (Termination Associated Sequence)
are underlined.
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A I KTMTIUILASMTFULWYVRASYPRT FRYD OQILMUHETLUVUWIE KN
GAGCCATCRAAACAATAATCTTAGCATCCATATTCCTCTGAGITCGCGOCTCCTACCCTCGATTCCGTTATGATCAACTCATACACTTAGTATGAAAARA
F L PLTULATLTITWHTI SL PI S MAGT S PP QL tRNAIleo
TTTCCTACOCCTCACTCTTGCTTTAAT TACCTGACATAT TTCACTACCAATCTCCATGGCAGGTTCACCACCGCAACT AT AGGOCCTATGCCOGAARGTT

I L 8 I MLISLGULGTTTULTU FASSNW L L AWMGTULETINT
CATCCTATCCATCATACTTATTAGCCTAGGATTAGGGACAACCCTARCTTTOGCCAGCTCCAACTGACT TCTCGCATGAATGGGATTAGAAATTAARCACT
L A I I PLMANNUEHUEHEPRAVEW BWAA ATI KT YT FTIT QA AAA ARARAMzATLTLTL
CTAGCCATCATTCCACTTATAGCCAACAATCATCACCCACGAGCAGTAGAAGCTGCAACARAAT ACTTCATCACTCAAGCCGCAGCCOCAGCCCTTTTAC

F 8 s L I NAWOQ S G Q WMTIOQDMSMPMSALMTTIA ATIATIK
TATTTTCTAGCCTAATTARCGCCTGACAATCOGGGCAATGAATAATCCAAGACATATCAATACCCATATCTGCACTCATAACCATTGCAATTGCCATTAR

L G VAPVHFWILUPEVMQGIKILNTGTILTIUILATWOQIZE KTLA AS/?P
ACTAGGCGTGGCCCCAGTACATTTCTGATTGOCTGAAGTTATACAAGGAATTAAAT TARAT ACAGGATTAATCTTAGCCACTTGACAAAAACTCGCACCT
L ALLYQTISNUNILMEPETULMTIALGTILMMSTTIUVGEGWGGUL NOQQ
CTGGCACTCCTTTATCAAAT CTCT ARCAACCTAART ACCAGAACT CATARTTGCTTTAGGGTTAATATCGACARTCGTGGGGAGATGAGGAGGACTTARCC

T Q I R K I MAY S s8I AHILGWTITISIMHETFMPSTILATITINTL
AAACACAAATCCGAAAAATCATAGCCTACTCATCTATTGCCCATCTAGGCTGAATTATCTCAATCATACACTTCATACCATCCCTCGOCATTATTAACCT

I MYI I MTTTMVP¥ PMIV FNTTLWNSUSTTTINAG BAGDILU ATINWWSIEKTFP
AATTATATATATTATTATGACAACAACAATATTCATAATTTTCAACACCCTARACTCTACCACAATTAATGCCCTGGCCATTAATTGATCCAAATTCOCA
AL 8 A I TMLALTZLSULGOGILUPUZPULSGV FULU?PIZ XM WUILTIULAOGQETLTN
GCTCTCTCAGCCATCACCATACTCGCACTCCTATCATTAGGCGGACTCCCACCACTTTCAGGATTCCTGCCARAATGACTTATTCTTCAAGAACTAACTA

Q NL ALTATVMALSALTLSTLYZFZYILRILSYSTLTTTTIWM
ATCAAAATCTCGCACTAACCGCCACAGTAATAGCCCTATCAGCCCTACTTAGCTTATACTTCTATCTCCGACTCTCATATTCACTCACCACAACAATTAT

P NTY QHMTULNWWNTIZKTIZ KTITUPITL PTMMIMTI AMULTYPI
ACCCAACACATACCAACATATACTTAATTGAAACATCAAAACCAAAATCACCTTTATTCTACCAACARTAATAATTATARCTATCGCCATACTCCCAATC
§ P s I I S M F tRNA—Trp—?
TCACCCTCAATTATTTCCATATTCTAGGR :

«tRMA-Tyr M T I T R W L F S T N H K D I G TUL DUL I F G A WA GM
ACTCAGTCATCTTACCTGTGACCATCACCCGCTGACTTTTCTCAACARACCACARAGRCATTGGCACCCTTGATTTARTCTTTGGTGCCTGAGCCGGRAT
VGTALSULULTIURAELGU QPG ALMGDUDIGQTI YNV VVGSTAH
AGTAGGAACCGCACTAAGCCTCCTAATTCGCGCAGRACTAGGCCAACCAGGAGCCCTART AGGAGATGACCARATTTATAATGTTGTCGGCACTGCACAT
A FVMIVFFMVMZPIMIGGTPFGUNWILVZPILMIGHA ATPUDMATFP
GCATTTGTAATAATTTTCTTTATAGTAATGCCAATCATAATOGGAGGATTCGGTAACTGACTTGTACCACTAATARTTGGAGCCCCAGATATGGCCTTCC
R MNNMSV FWILIL PP SLILTILILTILTSSAVEUA BADAGVYVGTGWTUV
CACGAATARATAACATAAGTTTCTGATTACTTCCACCATCGCTTCTCCTGCTACTAACCTCTTCTGCAGTAGAGGCCGGTGTCGGAACAGGATGAACTGT
Y P PLGGNULA AHA AGA ASV YVYDILATITFSILIHLVGVYVY s$ s 1L G 2
ATATCOCCCATTAGGCGGGRATCTAGCACATGCAGGGGCATCAGTTGATTTAGCAATTTT CTCACTCCATTTAGTCGGTGTTTCCTCAATTCTTGGGGCA
I NF I TTTIINMZEKZPZPSZSTS QY QTZPULTFVWSVLVTA AVUVTELL
ATTAACTTCATTACTACAATTATTAATATGARACCGCCATCCACCTCACAATACCARRCCCOCCTATTCGTATGATCAGTATTAGTCACTGCAGTCCTCT
L L $ L PVLAAGTITMLTILTT DU RINILNTTTFTFUDUPA- AGSGTGT?DP
TACTCCTATCCCTTCCAGTATTAGCCGCCGGAATTACAATACTACT AACAGATCGRAATTTAAACACTACCTTCTTTGACCCTGCTGGCGGAGGAGATCC
I LY QHL F WU FUVFGHUPEUVZYTITILIULUPGTF GMUVSHTIUVATYY
AATTCTTTACCAACATTTATTCTGAT I TTI TGGCCATCCAGAAGTATACATTT TAATTCT TOCAGGATTTGGTATAGTCTCTCATATCGTAGCTTACTAT
S G K NEPF G Y M GMVWAMMATILIGTLTLGT F FTIUVWAIHRUHEMTPFTYV
TCAGGTAARAATGAACCTTTCGGTTATATAGGAATAGTATGAGCAATAAT AGCGATTGGACTCCTAGGATTTATCGTATGAGCCCACCACATATTTACAG
G MDVDTRA AY FTSATMITIAIUPTS GV VI KV VT FSWILATTULH
TTGGTATAGACGTTGATACTCGAGCTTACTTCACTTCCGCCACAATAATTATTGCT ATCCCTACTGGAGTTARAGT AT TTAGCTGACTCGCTACATTACA
G G A I KWETOUPMTILWALGT FTITFILLTV VGG GILTGTITITUL ANS
TGGAGGCGCTATTARATGAGAAACCCCAAT ACT ATGGGCTCTAGGCTTCATCTTCCTAT T GACAGTAGGGGGACTAACCGGTATTATTTTAGCARATTCA
S L DI ML HDTVYYVVAHTFUHYUVILSMGAVLATIMSGS GTULUVH
TCACTAGATATTATATTACACGACACATACTACGTGGTAGCACATTTCCATTATGI TTTATCTATAGGAGCTGTCTTGGCCATTATGGGTGETTTGGTCC

FIGURE 3.— Conlinued
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