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Chapter 4. Structures of Genes Encoding TATA Box-binding
Proteins from Trimeresurus flavoviridis and

Trimeresurus gramineus.

In T. gramineus and T. flavoviridis venom gland PLAZ isozyme genes, the
protein-coding regions have been evolving at much higher rate than the noncoding
regions including introns. It was noted that the evolutionary rates for introns are almost
equivalent to those for all the noncoding regions, indicating that the evolutionary rates are
almost equal between introns and other noncoding regions in venom gland PLA2 isozyme
genes. To gain a further insight into the evolutionary feature of venom gland PLA2
isozyme genes, it is of interest to compare the evolutionary rates of introns of venom
gland PLA2 isozyme genes with those of introns of general (nonvenomous) genes.
TATA box-binding protein (TBP) is commonly present  all cell types and its gene could
be assumed to have evolved under neutrality. Therefore, the author determined the entire
nucleotide sequences of the genes encoding TBPs of T. gramineus and T. flavoviridis.

TATA box-binding protein (TBP) is a cellular protein that recognizes and binds to
TATA box, and is required for all transcription by RNA polymerases I, II, and III of
genes (Schultz et al., 1992; Cormac and Struhl,, 1992; Sharp., 1992; Comai et al.,
1992). Complementary DNAs of TBPs from various organisms have been cloned and
sequenced (Apsit et al., 1993; Lichtsteiner and Tjian., 1993; Rowland et al., 1994; Marsh
et al., 1994). The nucleotide sequences of TBP genes of Arabidopsis thaliana (Gasch et
al.,, 1990), Acanthamoeba castellanii (Wong et al., 1992), Schizosaccharomyces pombe
(Hoffmann et al., 1990), Saccharomyces cerevisiae (Horikoshi et al., 1989), and
archaebacteria (Rowlands et al., 1994; Marsh et al., 1994) have been determined.
However, the whole nucleotide sequences of TBP genes of higher animals have not been
worked out although the nucleotide sequences of cDNAs for human (Kao et al., 1990)
and mouse TBPs (Tamura et al., 1991) have been determined and the loci of introns of

mouse TBP gene have been assigned (Sumita et al., 1993). This chapter describes the
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cloning and the nucleotide sequences of the genes encoding 7. gramineus TBP (TgTBP)

and 7. flavoviridis TBP (TfTBP).
EXPERIMENTAL PROCEDURES

Materials. Restriction endonucleases and other enzymes were obtained from
Takara Shuzo (Kyoto). [a-32P]JdCTP (3,000 Ci/mmol; 1 Ci = 37 GBq), [a-35S]JdATP
(1,000 Ci/mmol), [y-32p]ATP (5,000 Ci/mmol) and [35S]L-Met (1,000 Ci/mmol) were
from Amersham. Other reagents were of reagent grade.

Labeling of DNAs and Oligonucleotides. DNA fragments were labeled
with [@-*?PJdCTP (3,000 Ci/mmol) by the random priming method (Feinberg and
Vogelstein, 1983). Oligonucleotides were labeled at the 5'-OH end with [y-32P] ATP
(5,000 Ci/mmol ) and T4 polynucleotide kinase (Sambrook et al., 1989).

Screening of ¢cDNA Library. A T. gramineus venom gland cDNA library
made in Agt10 (Chapter 3) was screened by the plaque hybridization method with human
TBP cDNA (this cDNA clone was a generous gift from Dr. Amold J. Berk; Kao et al.,
1990). Hybridization was carried out in 1 mM EDTA/0.5 M NaHPOy, pH 7.2/7% SDS
(Church and Gilbert., 1984) at 42°C overnight. One positive clone was obtained, and the
insert was subcloned into pUC118. The sequence was determined by the dideoxy chain
termination method (Sanger et al., 1977; Hattori and Sakaki., 1986).

Screening of T. gramineus and T. flavoviridis Genomic DNA
Libraries. Two genomic libraries (from 7. gramineus and T. flavoviridis ) made with
EMBL3 (Chapters 2 and 3) were screened with full-length TgTBP c¢cDNA using the
standard method (Sambrook et al., 1989). Trimeresurus gramineus phage clones Tg-1,
Tg-2, and Tg-7 contain fragments A and B, fragment C, and fragment D, respectively
(see text). Trimeresurus flavoviridis phage clones Tf-17, Tf-6, and Tf-7 contain
fragment E, fragments F and G, and fragments H and I, respectively (see text). These
fragments were subcloned into pUC19 or 118. The DNA sequences were determined by

the dideoxy chain termination method (Sanger et al., 1977; Hattori and Sakaki., 1986).
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Primer Extension Analysis. Total cellular RNAs from T. gramineus and T.
flavoviridis venom gland were fractionated (Chirgwin et al., 1979). An antisense 18-mer
oligonucleotide primer (5'-GCTCCAGAAGTTCTCCCG-3', nucleotide positions 84 to
101 of TgTBP gene as well as TfTBP gene) was used to map the initiation site. The
[32P] end labeled primer (1 pmol) was anealed to 50 ug of total venom gland RNAs and
extended with reverse transcriptase (Sambrook et al., 1989). The products were loaded

onto 6% polyacrylamide-7 M urea sequencing gel and electrophoresed.

RESULTS AND DISCUSSION

Screening of T. gramineus Venom Gland c¢cDNA Library. The T.
gramineus venom gland cDNA library (Chapter 3) was screened with human TBP cDNA
(Kao et al.,, 1990). One positive clone was obtained from 5 x 103 plaques. This clone
was 1778-bp long and contained a single open reading frame (Fig. 15) which encodes a
protein highly homologous in the C-terminal half to TBPs of other organisms. Its
nucleotide sequence contained two in-frame stop codons (TAG, nucleotides -120 to -118
and nucleotides -51 to -49) and the sequence matched well the consensus sequence
flanking the ATG initiator codon (Kozak., 1986). The RNA derived from the cloned
cDNA was translated in a reticulocyte lysate and [3S]methionine-labeled protein gave a
single band of 33-kDa in SDS-PAGE which corresponds to the size expected from the
deduced amino acid sequence (data not shown). Therefore, we judged that this clone
synthesizes TgTBP.

Screening of T. gramineus and T. flavoviridis Genomic DNA
Libraries. Trimeresurus gramineus and T. flavoviridis genomic DNA libraries (1.6
x109 plaques each) constructed with EMBL3 as a vector (Chapters 2 and 3) were
screened with full-length TgTBP cDNA (Feinberg and Vogelstein, 1983) and 13 and 20
positive clones were obtained, respectively. As shown in Fig. 16, T. gramineus phage
clones Tg-1, Tg-2, and Tg-7 contained fragments A and B, fragment C, and fragment D,

respectively. T. flavoviridis phage clones Tf-17, Tf-6, and Tf-7 contained fragment E,
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CGGCTCAGGTCGGGAGAACTTCTGGAGCGGTCTGGAACCTTTATTTTATATACTTGATGTTTTATCAAATATGTCAATACAGACTGCAAACTAGTTTTTGGGATGCTTCAAGGAAAGCTA

CTTCCTTAAGGCAGATGTTGTGAAGCTTGATTTCTGGATTIAGTTTCTGGAAGTAATCCTCATTTGACTGGACACTTACTTGATTGCTACAATGGATCAAAACAACAGTTTACCACCCTA
bl SOTES ()R] e S U FR

TGCTCAGGGCTTAGCATCCCCACAGAGTGCAATGACTCCAGGCATCCCTATTTTCAGTCCTATGATGCCCTACGGCACTGGGCTCACACCCCAACCTGC TCAGAGTACCANCAG

A Q G L A S P Q S A M T P GG I P I F s P M M P Y G T G L T P O P A O S T N S

TATCCTGGAAGAACAACAGAGGCAGCAGCAGCAGCAGCAAGCAGCAGCACAGCAGTCCACTTCACAACCAACACAAGCACCATC TGGTCAANACCCCACAGC
I CEsE G O SR DOt ®on i@ o0 L O A A A LBl D S B S O P T w0, BB SS, G O S

CACGACTGCTCCTTTACCAGGAACCACACCTCTCTACCCCTCTCCAATCACTCCCATGACTCCTATAACGCCTGCCACCCCTGCTTCCGANAGC TCCGGGA T IGTACCGCAGC

T T A P L P G T . P T y p S P M T P M T P I T ?» A T P A S E s s G I V P O
TATTGTGTCTACAGTAAATCTTGGTTGCAAACTTGACCTAAAAACCATTGCCCTTCGTGCTCGAAATGCTGAATACAATCCCANGCGTTTTGCTGCTGTAAT TATGAGAATAA
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TATTTATCCTATTTTAAAAGGATTCAGAAAAACAACGTAACAGTTCCGTGTGCTTATTCATGAAGCTGGAGTACATTTTTAAAGGTGTTAATTATGGCACAGTAATAACACACACATCAG
I ¥ P T @ K @ F R K T T ¥ (302)
GACTTGGAATCCATCTTCCCAGATAGTGCCTCTTTCCCTGTTTTTCACGGGAAGGGAACATATCACTGTGTGTTTCGTCTGCACTAAGTTACTGTGCATTGCTTTTCCGTGTTCTCACAC
AAGAAAAACAGTTTATTTATATTTCTGGCTCTTAAAACAGCTAATTTTTAAAATCTGAGAGTCTTATGGTGGCAAGCTGGCTAAACTGTATTATCCAACATTTAAAACCCTGGCGTTACA
GTATTCTTTCAACCATGGATTTTATAATCAGAAATGTTAATTTTATGCTTTTAGACCTACTTCCACATTCCCTACATTTCCAGTGTTCAGCAGGACAGAAACTTTGCTAGTGAAGACAAA
TGGCTGTACATATTTCTCATTTTGAGAAGCAATTCTAAATGTATAATTACTTGACTAAATAATTTGAATAGTAAAATTTGTGGTCAATCTTTGCTTTTGCTGTTTTAATGTGCTAACTGC
ATGCATATAGCTAAAATAACTTGATTTTTATAAGATTTTTATTAACAATCCCAGTATTAAAGTAATGTTATTTGAAATGTT (A) 19 1567

FIG. 15. The nucleotide sequence and deduced amino acid sequence of TgTBP. The 1778-bp fragment encoding TgTBP is numbered +1

corresponding to the first nucleotide of the ATG start codon. The amino acid positions are numbered (in parentheses) starting at Met+1.
In-frame stop codons in the upstream sequence of the ATG start codon are underlined. The putative polyadenylation signal is bolded.
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FIG. 16. The schematic representation of the structures of TgTBP and TfTBP genes. Trimeresurus gramineus phage clones Tg-1, Tg-2, and
Tg-7 contain fragments A and B, fragment C, and fragment D, respectively. Trimeresurus flavovirisus phage clones Tf-17, Tf-6, and Tf-7
contain fragment E, fragments F and G, and fragments H and I, respectively. These fragments were subcloned into pUC 19 or 118. The DNA
sequences of TgTBP and TfTBP are numbered +1 corresponding to their transcription start site determined by the primer extension analysis.
Exons are indicated by boxes, and the conserved 180-amino acid C-terminal regions are indicated by black boxes. Partial restriction maps are

indicated. The symbols are: B, Bam HI; H, Hin dIIL.
64



fragments F and G, and fragments H and I, respectively. These fragments were
subcloned into plasmid vector pUC19 or 118 and sequenced (Fig. 17).

Determination of Transcription Initiation Site. Primer extension analysis
was carried out for RNAs extracted from T. gramineus and T. flavoviridis venom glands
to determine the transcription initiation site (Fig. 18 a). An 18-mer oligonucleotide
primer complementary to positions 84 to 101 of TgTBP gene whose sequence is identical
to the corresponding positions of TfTBP gene was employed. The both extended
products were 101 nucleotides in length, so that the transcription initiation site was
assigned to the thymidine residue bolded in the sequences shown in Fig. 18 b. In the
region upstream from the transcription initiation site, there are GC-rich sequences which
are assumed to be potential binding sites for transcription factor Sp 1 (Jones and Tjian.,
1985; Kadonaga., 1986). They, however, have neither "TATA" nor "CAAT" consensus
sequence. This is in contrast to the genes coding for TATA box-binding proteins of S.
pombe (Hoffmann et al., 1990) and A. castellanii (Wong et al., 1992) which have a
"TATA" consensus sequence.

Structures of 7. gramineus and T. flavoviridis TBP Genes. Primer
extension analysis for RNAs extracted from T. gramineus and T. flavoviridis venom
glands (Sambrook et al., 1989) indicated the transcription initiation site to be the
thymidine residue numbered nucleotide +1 in Figs. 16, 17, and 18. Both TgTBP and
TfTBP genes spanned over 15-kb and contained eight exons and seven introns (Figs. 16
and 17). The loci of introns were conserved with each other. Similarly to TgTBP and
TfTBP genes, A. thaliana and mouse TBP genes have ten and seven exons, respectively.
However, it is conceivable from the present study that the mouse TBP gene may have
one more exon in the 5' untranslated region, since the transcription start point has not
been determined (Sumita et al., 1993). On the other hand, S. pombe and A. castellanii
TBP genes have only three and two exons, respectively. The TBP genes of higher
eukaryotes appear to have greater numbers of exon than lower eukaryotes. TgTBP
encoded a protein of 302 amino acid, whereas TfTBP encoded a protein of 300 amino

acid which is 2 amino acids shorter in the Q-run region than TgTBP (Fig. 17). Two
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TfTBP -518 GGATCCGCATTTTGAAATTAGAAGATGGGAATCGCTGATAGAAAATCCATACAACAGGCAGAACCAAGTCACA
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-370 CTGCCTGTCCCGGGATCTTTGCATGTTCTGTGCTCTCCTTCATCGATCCCTTAAACTCTACTGCGTTTTAGCAGTCCGCC
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-50 CCGCCGCCCTCCCTGCCGCCCTTAAGAAATGTGGTGCCCGCAGTAACTGC TGGTGAAGGCTATCGGCGCCTGGCTTGATG
. O, © 5. oomnobccdsooddoobo000000050000000 R d50cac o0 ans Ao coons 0oodoe 2o

31 ACGCAGAAGAGGCGCGCCGCCGAATGAGCCGAGCGCGGGGGCACGGCTCAGGTCGGGAGAACTTCTGGAGCGGTAAGTCG
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1117 CCGGGCCCGGCAGCCTTTATTTCTCGCGGGTGCCTCTGTCTGCCGGCCCCGGG---AGAGAGTCTCTTTTTTAGGGGGCT
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188 TCTCAAGAGCGGAGGAGATCTGGCCGAAAGCGGTTGCAAACC-TTAAGCACCCCACTCCCGGTCACTTCGGGACGTAGAG
1B s e Rl o ©: cbio 0 d o™i - oo o o AT o @

267 TTAGCGTGTCCGTTGAGTGTTGCTTGGGCCCGCAGGGTCGAGTTCACTTTTTGTCAAATGGAACCGCTGGAAGAGGCGCT
ZIAES. Yo e i = =

347 TTGCTTTCTCTTCCCTCCCTCGCTTTTTCTTCTGCCAGGGTGGTTTCGCCAACCTTGAAGAGTCAATGCTATTGGCGTGC
Lr . s ST T (€ eo®oond06050 0660005000008 c0G 0000000005 0 bloo AHE - loor T

427 CTGTAACTCCTGTATATTAACAACAGACCGATCCTTGGGCATGTTTG-CTGGAAACATCTCATCCTCTGTCCAGTAGGAC
(729 “#% 55 b o 0 o060 Bolo #o B oo T o

506 TGATTTGCAAAGAAGTGGGCGCGCTCGTCCGTGAAAAGAAAAGAAAAA--TATCCCTGGGGTGAACAAAGAGGTGTAGAG
508

584 TAGGTATGAATGTGTCTCTGAAACTCACTCGGTGTCATTTGAATTGACTTGC-GCTGC-TTGAGATGGTTGAAGGACTTT
BN O BB T rlo Slo 30% 58| cFo oo o 0 GBS 0lo o G B ol T o0 S Gb 00 d oo oo a2

662 TGCTAACGCGGATGTATGGCACGGGCTCTTAAGAATGGAATCGTTTTGCAATTTTAGACTTTGCACTTAATGCAAAGTCA
CEEIM L b5 00 o0 600 S 6 B IS0 0 5106 g /NG 0 850 CEAECE 6 &5 oot 540 R = CT.

742 CCCCATATTTAGGTGGCAATGTGTGTGATTCGGTTTATTCAAAAATTGGTGAGACAGTCCTGCTACGTTTGGGAAATTTT
TG 6 16 006 o o 6 B oo o Sl oo R o w58 condn o s ~0 B gE o oo o0 S et 5900 ol ao o B o o et e

822 CTGTTAAGTGGAGCTCTGGAATCTTGTTCCAAAATTCTTCCTTAATGGCCCCAGTAGCCATAAATCTGTTTTCAATGGAT
827

902 GTATAGTAGTTCAAGTATTTAATGTAAATGGATCAACCAAAGAAAGAAATCTGGTAATGTCTTTACATTGTTGTTCTAAA
TR e a- s e Fopsos d @

982 GGTATTAATGGTAAAGGAATATTAAGTTCATTGTATCAGACAAATCTGTTTGATGTCTTTGAGAACCCCCATTTGCAATT
S W e oo o 4 o Moo oW I S0 5EO 0B (CC|R 556 =% =y

FIG. 17. Nucleotide sequences of TfTBP and TgTBP genes. Exons are italicized.
The corresponding amino acid sequences are indicated directly below. Dashed marks
indicate the deleted nucleotides, and dots and asterisks represent the positions identical
to TfTBP gene in the nucleotide and amino acid sequences, respectively. The
translation initiation site ATG is underlined, and the transcription initiation site and
potential polyadenylation signal ATTAAA are bolded.
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1942
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2102

2182

2262

2342

2422

2502

2582
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TCCCCCTAAATGTACTTCAAAGATGAAGTGGTATTTATAGGCATCATATTCCCTACTTAAGCTTATATTCAAGTTAGGAT

GGAATCTACTATACATTAGAAGCATTCTTGTTATCTTCTTACAGTATTTTAGAAACCACTGCAGATAATTGGTCAAAATG

TAGAGATTCTGTGGGAAATGAAGGGGTTAATTATCACCAGTGAGCTTAGTCATGCTTGGTTTTCTCATGAAACTGAGAAT

AAGAGAATAAATTTATATATTGTTTTATTTATTTATTTATTTATTTATTATTTAAATTTATATACCGCCCTATCTCCCTT

ACGGGACTCAGGGCGGTGAACAGGCAATAATAAAAATCACAGTAAATATTACATAAAAGCCTGCTCTAAAATATAAAATC

CCTAACAAAACCCAATCAAAACTACGCCAGGCTGGCCGCATGGAACAGATGAGTTTTCAGGGCTCGGCGGAAGAGGCGCA

GGTCTGCAATTGTACGTAGGTCGGGGGGCAGGTCATTCCAGAGGGCAGGAGCTGCCACAGAGAAGGCTCTCCCCCTGGGG

GTCGCCAGCCGGCATTGGCTGGCCAACGGTACCCTAAGGAGCCCCTCTCTGTGGGAGCGGACTGGTCGAAGGGAGATATT

TGGTAGGAGGCGGTCTTGCAAATACCTAGGTCCATTGCCATGGAGCGCTTTAAAAGTTGTTACTAACACCTTGAAGCGCA

CCCGGAAGGCCACCGGCAGCCAGTGCAGCTCGCGCAGGAGAGGTGTTACATGGGAGCATCTAGAGGCCCCCAAAATCCCC

CGCGCAGCCGCATTCTGAACTAGCTGGAGCCTCCAGGTGCACCTCAAGGGGAGCCCCATGTAGAGAGCATTGCAATAGTC

CAGGCGGGAAACAACGAGGGCTTGAGTGACCGTGCGTAGGGCGTCCCGATCCAGAAAGGGGTGCAACTGGCGTATCAGGC

GAACCTGATAAAAAGCCCCCCTGCCACGGCCGTCACATGGTCGTCTAAAGACAGCCGAGCATCCAGGAGGACGCCCAGGT

TGCGGGCCCTCTCCGCGGGAGCTAATGACTCGCCCCCGATAGCCAGAGATGGAACCAACTGGCTATGACGTGACGCCGGA

AACCACAGCCACTCGGTCTTGGACGGGTTGAGACGAAGCCTGTTCCACCCCATCCAGACTCGCACGGCCTCCAGGCACCG

GGACATCACTTCCGCGGCATCGTTGGGGTGGTCCGGGGTGGAGATGTACAGCTGGGTGTCATCTGTGTACTGATGAAACT

CCACCCCGAAACCACGGATGATCTCACCCAGTGGCTTCATATAAATGTTGAACAGGAGAGGCGAGAGGACCGACCCCTGT

TGTACCCCACAAGTGAGGCGCCTCGAGGTTGACCTCTGCCCCCCTGCCAACACAAATTGCGTCCGGTCTGAGAGGTAGGA

GGAGAACCTCCGTAAAACGGTGCCCCCCAACCCCAACCCCCCTAACCGATGCAACAAGATACCATGGTCGATGGTATCAA

AAGCCGCTGAGAGGTCTAGCAGGACCAGGATAGAGGAACAGCCTCTATCCCGAGCCCTCCAGAGATCATCAACCAATGCG

ACCAATGCCGTTTCCGTGCTGTGCCCAGGCCTGGCGCGAGTCTAGATAGACAGTTTCTTCCAGGTGCTGAGGGAGCTGTC

FIG. 17 continued
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GGAACTGTAGAGTTAATTGTGGCAGTTTAATATTTGCTTTGATTTTATTTGTGTTTGATAAAAATTAGAGAAATAGATGA
GATTTCTTAATCCCATTTAAACTACAGACATATTAGTTTAAATATTAATGCCAGTACATACATTCTTCCAAATATTGATA

AAATGTAACCAAAGTGTAACAGGTCTTTTTATAATTTAGTCCTCTGCATGTATAAATTCTATGGTTAATGTTGCTTATAG

ACACAAAACCACAAAACCATACATAAACTACAAAACGAGAAATAAGTCCCTTTGAATTTAGAATATTTTGCTGATGGGTC

TGTTGGTGGGAGTGGTCCTAGAGGGTCTTTGGTTGAGCCCTTTACTGTTATCTTGTTTGGCAGTTCCTTGATTGGGGTAT

TGATTACTTCTTGATTGTTGGCCTGATGTTAATCCTGGTGTTAATCTATGCTCTTTGGGGTATTGATTGCTGGTGGGCAG

GTATTTTGGTCTTTTTGTTCCCTTTTTGCCTTGTAATTGGTTAAGACTTATTGTCATAGTTTCAACTGGCAAATTGACCG

TCCTAGACCAAGCCAAGTCCAAAAATTCTAGAGAATTCTTAGAAATTGGCCATCAATAGACATAAACAACATCTACATGC

TGTGCAAAAGAAACAGCCAACAAGCTAAAAAGGGAACAAAAAACCC-AAAACATCTCCCCACCTGCAATCATCACTCTGA

[N ) ey [ TR S = S S N

GAGATTTTTAAAGTACTGATTTATTTATGGTTTTTAGCTAGATCATTATTGAAGTTATCCATCCAATTGAATAAGCATTA

AATTTGATTTTTCATTTTCACTGCTGCACTGTTAAATCATAATTCTT-AAAAAAAATGACTTCTCCTACCGGTAGTAGTG

F1G. 17 continued
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3406

4892
3486
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3566
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3646

5132
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5291
3886

5370
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4206

5690
4286

5770
4366

5850
4446

5930
4526

6010
4605

6090
4685

6170
4765

6250
4844

TGTTAGAATCTTAGACTAAGATGGAGCCACATAGTCCATTAATCAACTCATGATTTGTGTAGGAATTCAAATTTAATCAT

GCCTTTTAAACCAAATTCGGTACCAAATATTAAACATTAAACATTTATTTACTATTTCAATTATTTTATGGCATTACAAA

AAAAATTCTTCGCACTTTTTGTCAAATGCATTCTTCAGTAAACATGTTGAGGGGCTAACGGTGGAGGAATGACTAGGTTA

CCATTCCAATGAAGCCCTGTTTTTAGGTGTTCATCATCCTATTTCCTATTTGCTCTTTTCTTTTGGAACTGCTTGTGCAA

AAATCACAGTGCCACTTAACACAGCACAGGTGGACTCATTGTCAGGTTCTGTGCTTGAGACCTTTTTATTATGATCAGTT

FI1G. 17 continued
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6330 AAGAAAAATGGTTGTATGCATGATATAAGTGAAAGGACTGGGCAAGAATCCTTTCTGCCTAGAAATTTGCTTCAAGAGAA
O Ve eI

6410 GGTAGATGACAGTCGTGAAATAAAAAAAATAGGACAAAACTAATTTAAGTATTTTTAATTTACTCAGTAAGTTTTGTTTT
AN - e s Bl e A -

6490 TTTTCTTTGGAAACAGTTTGGTAATGGTTAATAGAAATTTATTTCATCTTTTTTAGGTTAGTTCAGGGATGTCAAACTCA
50 M ) SR 5% ) ¥ 0 H0 clo O W o, [Nelo ¢ 6 buo'e do o 56 o d dlo (C RS R T8I 0% G5 olo B o olo 08 o5 o s e S a2

6570 ATTTCATTGAGGGCCGCATCAGCATTGCGTTGCCCTCAGAGGGGTGGGGGGGTGGCCAGGGTGGTGTGGCCTACTGGGGG

6650 GGCATGGCAGCTCTACATTGTTCGCGTCAAGGGTGCCTGTGGGGGCCTGGGCAGGAGTGGGGCAGATCTGAGGGTCTCTG

6730 GCAGAAGGGGGTGGGACCGGAGCAAGCGCAAGGCATGGTCCATTTCTTCATTCCTCACAAAGGGTGACACCTCCCCAGCA

6810 TGCACCCAGGGGCGGGGCGACACGCAGGGGCTGGTTCCTTGCTGGTTCCAGGCGGCCTTGTGGAGCTAAGACTGAATGCG

6890 TTTCAGCATAGATGGCCACCACAAAATTGTACATTGGCTCCCGGCCGGCCTGGGCAGGGCAAGGCAGTGGGGGCCGTTCC

6970 CTCACTGTTTCCAGGATGGCTTCGCAGGCCACATGAAACCACTTCGCGGGCCGCATCCGACCCCCGGGCCTTGTGTTTGA

7050 CATGTCTGGGTTTGGTTGGTTGGTTTGTTCTCAGTAGTTACAATGGACTATAAAAGTAACAAGCTGTGACAAACCGATTT
5133 —---omoomeeoooe- Gl

7130 GCTGTTCCTTGTTATGCTTCCAAACTGTAACTATATTCCTTAATTCAGGGCATTATTGAGTTAAA-GTTAAAAGTTAATT
5196

7209 TTTTTTAATGTGTATACCCTTTGTTTTCAAAGTTCAGTCTTGGGTAATGTAATTTTTTTTT-TTTTGCCCATTTTCTGGG
5276

7288 AACCCTCCCCCCCCCCCCCCAAACAGGTACTCTCCTTATGTACTTTTTGCTATGATTTTAAATGTTATATTGCACTAATA

5396 €G- ARNAD. . . B 1p ol = - W G i Cr g crog0o0ococncckbore 5odscabos CNESSIR " S I
7368 CATTT----AAATGAAAGCTGCAAAGATTTATCTTTTCGGATTTTTAATTGACATTTTGTGTATATTAACTTATATAACT
SABdinais . ... (ITINIL . 0 o ge 5 - ofc B o'olo dc B Lo Ao b . BE/N0%BE 0000 bbb~ Fono 000 b R CITIL S owey e ows) S

7444 AATTACTGAATCCCATTCCTGTGGTGCTGGAAACAACAAACTTGATAACATTAGTTTGTCTGTGAAAAAATAGTTACTCC
5514

7524 AGCACAGCAGTAATGTATGTTATGAGTTTTACTTGAACACAGTAATCTGAGACTTTTTTATCTTTTTCAGGTCTGGAACC
BoC]4 WY W NS o Clo i ojo™ o A <3

7604 TTTATTTTATATACTTGA-TGTTTTATCAAATATGTCAATACAGACTGCAAACTAGTTTTTGGGATGCTTCAAGGAAAGC
567" 3T - Lhud olg 36 o oo o P A

7683 TACTTCCTTAAGGCAGATGTTGTGAAGCTTGATTTCTGGATTTAGTTTCTGGAAGTAATCCTCAATTGACTGGACACTTA
I - . el g 5060600t boo e 0085000090 068, 500.0% 008550355000 Tils o 5 d o o F o560 do

7763 CTTGATTGCTACAATGGATCAAAACAACAGTTTACCACCCTATGCTCAGGGCTTAGCATCCCCACAGGTAATATATATAT
MetAspGlnAsnAsnSerLeuProProTyrAlaGlnGlyLeuAlaSerProGln

7843 ATAAACTAATGAACTTATTGAAAATCAAAATTTTCAAAACAGTTTTTAGAGACCTGTAGTGTTGAATGGGTTGTGGATTC

7923 CACTTTATTTTTTAACCTTTCTTTGCTGTTTCTTTTCCCTGAATTTTAAAGCAGCCTTGTTTATAATCTCTTTATAGCTC
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..................................... €4 5"m o/mh /ol 5

TGAAGCCTTAGTTCTGGGGTAGGCAACCTTGGCTCTTTTATAACTCGTGGACTTCAACTCCCAGAATTCCTGAGCCAGCA

TGGCTAGCTCAGGAATTCTGGGAGTTGAAGTCTACAAGTCATAAAAGAGCCAAGGTTGCTACCTGCCTTAGTCCATTTTT

AACTTTCTAAAATCAAAGTTTTAACCATATTTTTGCTGTTTGTCTCTCTCCCTCCCCCGCAAAACAAAAAGTTCCTAAAC
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CTGTAGTTAGCGCTTCTTCTGCTAAGGATTGAAGGAAAATCATTTTGGTGCTTTAAAAACGCGCTGCTCCAAGGGTTCCC

AATAGTTGAAAAACAGTTAACAAACAATTTCCAGAAGCAATTAGAAAGGAAGTATGTGAGCCTATTATCTTGAAATGTGC

TGACCAGAGTTTGAACGAGATGGCTATTCTCTCATCTCCCAGAGCAGTAAACCTGCTGGAGACTGCTGTCTTGTGGTTTC

CTTGCAAGGAATTGCTGCCTGGAGCACTTGTAGGTAATCTCACATCCTCTCCTTGTCTGGAGGGAAATATCAAAAGCCAG

TTTGCTTACTGGCTCTTCATTCCACTGCAGTCATCTGATCCACTTTTTTCAGACCTTCAGTTCATTTCTTCCCCAGAAGT

CCCTTTTACAGTTCAGTTTTTGTGGCCCCCTAGAATACAAGTAATCCCCGAGTTATGAGCATTCCCTTAGCAAATGTTTG

AAGTTATGCGATAAGCTCCCCCAAGTGTTTATGAAAAAGTCCCGAAATTATTAATGTTGCCACACCACGGCAGTTGTTCA

CCCTTACAAACTGGTTGCTGAAGCAACCGTTTGCAAAGTGCTTCTTGGAATCCTGGTCTGTTCGTCTTGTTTGCAACGTG

TTCCTGTGGACTATTTCCTTCCTTTGGACTTGAGTTTTGCTGTTTGTGTTTTGGACTTATTGACAGGTTTGTCACCCAAA

TAAAAGGGATTTTGTTTTGTTTTAAAGTCTCCAGCCTATTGTATCAGCAGGGGTTTGGTCCTTGTGCCTCTAACAAGGAC

GGCAATAGGCTGGGATAGAACACCCCCCGAGTCTACCTAGGCCAGTGATGGCGAACCTTTTAGAGGCCAAGTGCCCAAAC

TGCAACCCAAAACCCACTTATGCATCGTCGGTCCTGGGTGGGTGTAGCCCATTGGGTGGGTGTGGCCCATTGGGTGGGCG

TGGCTGCAGTGGTAACAGCAGACTGGGTGGGACTAAAATGTTCAATCAATCAATTCCAACTTTGCAAGATCTTTTTTTTC

CCGCGAGAAGTTGAAATTGACTGATTGAACCTTTTTTTTTTTTTACACGGCGGCGGACACCTAAAGCGAAAAGGTTTTAT

AAAACCCAGCTAAAGGCCTAGGACTGGGGCGACGGTGCACGTGCCCACAGAGAGGGCTCTGAGTGCCGCCTCTGGCACCC

GTGCATAGGTTCGCCACCACTGACCTAGGCACTAGGCCTTGGATACTCAACTTGCGAAGATCGAGATCCTTCGCTTTCTT
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AGAGGCTGGAGAGGAGACAGATCTTCACAAGGTAGGTGACCTGGCACAGCAGGATTGGGCAGGGGAGCAATTGTGGGGAT

TTTGTAGAGTGCAATGACTCCAGGCATCCCTATTTTACGTCCTATGATGCCCTACGGCACTGGGCTCACACCCCAACCTG
SerAlaMetThrProGlyIleProlleLeuArgProMetMetProTyrGlyThrGlyLeuThrProGlnProA

CTCAGAGTACCAACAGTTTATCTATCCTGGAAGAACAACAGAGGCAGCAGCAG-~--~~ CAAGCAGCAGCACAGCAGTCC
laGlnSerThrAsnSerLeuSerIleLeuGluGluGlnGlnArgGlnGlnGln - - GlnAlaAlaAlaGlnGlnSer

..................................................... CAGCEAG I fnch [5) -y SoWeR o fomore womsaohe
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ACTTCACAACCGACACAAGCACCATCTGGTCAAACCCCACAGCTCTTCCATTCACAGACTCTCACGACTGCTCCTTTACC
ThrSerGlnProThrGlnAlaProSerGlyGlnThrProGlnLeuPheHisSerGlnTarLeuTheTheAlaProLeuPr

AGGAACCACACCTCTCTACCCCTCTCCAATGACTCCCATGACTCCTATAACGCCTGCCACCCCTGCTTCCGAAAGCTCCG
0GlyThrThrProLeuTyrProSerProMetThrProMetThrProlleThrProAlaThrProAlaSerGluSerSerG

GGATTGTACCGCAGCTCCAGTAAGTGCAGGTTCTACTCTGCTCACAGATCCTGTACTTTTCATGATGGTACTTTTTAAGA
lyIlevalProGlnLeuGl

AATATATCTGCAAATTCTCTCTAGGAATATTGTGTCTACAGTAAATCTTGGTTGCAAACTTGACCTAAAAACCATTGCCC
nAsnllevalSerThrvalAsnLeuGlyCysLysLeuAspLeuLysThrIleAlaL
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TTCGTGCTCGAAATGCTGAATACAATCCCAAGGTAAGATATAATGGAGAGATAACAACTAATCTTAGATTAATCAGTGAT
euArgAlaArgAsnAlaGluTyrAsnProLys

TTGTTTCAGCGTTTTGCTGCTGTAATTATGAGAATAAGAGAGCCACGTACCACAGCCCTCATATTCAGCTCTGGAAAAAT
ArgPheAlaAlaValIleMetArgIleArgGluProArgThrThrAlaLeullePheSerSerGlyLysMe

GGTGTGCACGGGAGCTAAAAGGTATGCAAGCCCAAGCCGAAGCAATTATCTGCAGCCATTTAACTTATTAGCATTTGGCC
tvalCysThrG yAlaLysSe

ATTCAGAGTTTCCTTGATGAAATAACAACGCATCTTATACTTTTTCAGTGAAGAGCAGTCCAGACTGGCTGCGAGAAAGT
rGluGluGlnSerArgLeuAlaAlaArgLysT

ATGCTAGAGTTGTACAGAAGTTGGGCTTTCCTGCAAAATTCTTGGATTTTAAAATTCAAAATATGGTTGGCAGTTGTGAT
yraAlaArgvalvValGlnLysLeuGlyPheProAlaLysPheLeuAspPheLysIleGlnAsnMetValGlySerCysAsp
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GTAAAATTCCCTATCAGACTTGAGGGATTGGTTCTTACACATCAACAGTTTAGCAGGTAGGCCAAAAAATGATGTTATCT
ValLysPheProlIleArgLeuGluGlyLeuValLeuThrHisGlnGlnPheSerSe

AAAAGTGAAATCTGAATTTCACACTAGCCCAGCATCTTTAAAATGTTCTTGGCCTTACAGTATAGAATTGTTCAATAATT

CTTATGTGCAGTCTTGTATATATTTTACCTGAAAGTTTTGTGTATATACCCACTTGAGGAATTAGCACTAATAATGAAAA

GTACAGATAGGCCCTGGGGGTACATAAGACATGACTTAGTATCATCTCAGCTTAATCAACGTGTGGCAGAAGAAAAAA-T

GCATGTCTGTTCCTCAGCAAATACTTTACATTTTACTTATATTGAACTTTTCTTTCAGTTATGAACCAGAATTGTTTCCT
rTyrGluProGluLeuPhePro

GGTTTAATCTACAGAATGATCAAACCAAGAATTGTACTACTCATATTTGTTTCTGGAAAGGTAGTTTTAACTGGTAAGCC
GlyLeulleTyrArgMetIleLysProArgIlevVallLeuLeullePheValSerGlyLysvValValLeuThrGlyLysA

-ATATTTGAAATTACTGCACTGACTATAGCAAACTGAAAGATACCCCAAAAATATTTCAAATAGCTAATTAACAAATACA

FIG. 17 continued



14582
14197

4662
4277

4742

14357

CATGGGTTACTGCCAAAGGTTACTGTCACAAAGTCCTCCTATGGAGTCCAGATTAAGACTGGTCTACCAGCTGAGCAATA

AGGAAACTAATGATACAGAATCTCTGTAGCATGTACATAGTGGTTAAATATATTCCTTTCTTTGTAGGTGCAAAAGTCAG
rgAlalysvalAr

AGGTGAAATTTATGAAGCATTTGAAAATATTTATCCTATTTTAAAAGGATTCAGAAAAACAACGTAACAGTTCCGTGTGC
gGlyGluIleTyrGluAlaPheGluAsnIleTyrProlIleLeulLysGlyPheArgLysThrThrXXX

TTATTCATGAAGCTGGAGTACATTTTTAAAGGTATTAATTATGGCACAGTAATAACACACACATCAGGACTTGGAATTCA

CATGGATTTTATAATCAGAAATGTTAATTTTATGCTTTTAGACCTACTTCCACATTCCCTACATTTCCAGTGTTCAGCAG

GACAGAAACTTTGCTAGTGAAGACAAATGGCTGTACATATTTCTCATTTTGTGAAGCAATTCTAAATGTATAATTACTTG

ACTAAATAATTTGAATAGTAAAATTTGTGGTCAATCTTTGCTTTTGCTGTTTTAATGTGCTAACTGCATGCATATAGCTA

AGACCACAGCCAATAAAAAGAATAGGACATACTGTATTCAGAAATATACATAGCTTATTTTCCATTTTTATTGAAATACA

TTGTAAATCATCATTGAAACTTAGAACTCAAAATTAAAGCTTCCTATCTATTTGTACTTCAAGACTCATTCCACTGGTTT
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16295 ACCTTTTCCAACAGGATGAATGTGAAAATTCTAGATTCTTGAATGAGTGAATGTCTTCTCAAATATGAATGGCATATTCC
5856

16375 AGCCAACATACTGAAGAGTATTTTTTAAAAATGTGCTTCATTTGCCTTTTTACTAAACTGTGTTTCAAGGATGCTAATCT
6036

6455 TTTACTTCAATTTCTCATCAAAGAAACTAAAGAATCGGTGCCTGGATGGGATCATCTCACTATAGCTC-ATAGTTATATA
16Ni16

16534 ACGGAATAAACTATACATTTCGTATTTCTAATTCCATTCCATACCTGGTTTTGCCAAAACTTTCCTGGTTTGTTAAATTA
GO Sy Ay - Ol X- - F - 4 ClE . Gdlc 566 8 oo Co oo oG B Uh TR 3 Ba5 5N IS A

16614 TATTTCAAAGTAATTAGTCCTTTGAACCAGACTATAACCAAAATAAGCACAATGAAGAATAAGTGATGAGGAGTCTCTCC
V7S . TR . e R e L L | e G

16694 CATAAAGCAACCAATGGTAACACAAGAGCAAATTCACCTAAAGCTTATTCAGACAGGCTCTTAAGATC (17279 Wp)
IS oA S I O R TR RY N R, R B N (25805 08 5 010 o 0wk loko 50 lo DS CTTTACCAAGGG

6432 TGGCAATGGGAAAGGTTTCAGGAATGGGTGGAGGAAAATAAACAGTGGAAACAACAATTTATCATTTGATTCTTTACTAT
16512 AGTAAATTTATCATGTCTATCATGATTTGATTTTTTTTTTTCATTTCAAAGTTCTAGCAAAATAATCACCTCTCTGGTCT
16592 CAGATTGATTTTATATTCTTATTCTATAACTGATGTGGAAGTTCAAGCAATGGCGATCATTGTTATCAGTTGAATATTAA

6672 AAGGTGAGAAAAATTTATGATAACGGAAGAAACTTATCTCACTGCTTAAGCTTTGCAGACATTAAACAGAATTGGAAATG
16752 TCCTGCTTCCAGATGAACTCTTCAACATAGTGGTTTCCTAGATCACAATTCTCAGCACATGTGTAGATAGCCAGTGTTCC

16832 CCAGTCAATACTTTCTCCAAGACTGTCGAC (17366 bp)
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FIG. 18. Determination of the transcription initiation site of two snake TBP genes. (a) Primer extension analysis. The products were loaded
onto 6% polyacrylamide-7 M urea sequencing gel and electrophoresed. Lanes Tf and Tg indicate the products from 7. flavoviridis and T.
gramineus venom gland total RNAs, respectively. Products of 101 base length are indicated by arrows. (b) The sequences of the 5' flanking
region and exon 1 of two snake TBP genes. The numbers are relative to the transcription initiation site (the bolded T in the sequence). The
sequences of the 5' flanking regions, italicized; G+C-rich region (GC-r) and possible Sp1-binding site, boxed. The locus of the antisense
primer sequence are underlined.
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silent mutations were found in the coding regions of the TgTBP and TfTBP genes
(nucleotide positions 11031 and 13448 in terms of TfTBP gene). Southern blot analysis
of Bam HI- or Hin dlll-digested T. gramineus and T. flavoviridis genomic DNAs with
TgTBP cDNA indicated that there is one TBP gene per haploid genome (data not shown).

Comparison of 7. gramineus and T. flavoviridis TBPs with Those
from Other Organisms. The amino acid sequence of TgTBP was compared with
those of TBPs from mouse (Tamura et al., 1991) , A. thaliana (Gasch et al., 1990) , S.
pombe (Hoffmann et al., 1990), and A. castellanii (Wong et al., 1992) (Fig. 19).
TgTBP is highly homologous to mouse TBP. TBPs of other three eukaryotes are 24 to
55 amino acids shorter than TgTBP in the N-terminal domain.

In contrast with the conserved C-terminal domain, the N-terminal domain of
TBPs are greatly diversified. The numbers of Gln in the Q-run of TgTBP and TfTBP are
6 and 4, respectively, and they are intermediate between those of TBPs from Xenopus
laevis (amphibian) (Hashimoto et al., 1992) and mouse (mammalian). It appears that the
Q-run was getting longer with evolution by base slippage during chromosome
replication. The C-terminal 180 amino acids which are necessary for basal transcription,
however, were highly conserved among TBPs from various organisms as pointed out by
Apsit et al (1993). It is noted that the C-terminal domains are 100% conserved among
TBPs of vertebrate origin such as human (Kao et al., 1990), mouse, and Xenopus
(Hashimoto et al., 1992). However, TgTBP and TfTBP have Ala-282 (the numbering in
TgTBP) but others have Gly at this position.

Fig. 19 also shows the loci of introns and the positions of (3-sheets and a-helices
found in the crystal structure of A. thaliana TBP2 (Kim et al., 1993; Nikolov et al.,
1992). The structure of A. thaliana TBP consists of curved ten-strand antiparallel [3-
sheets, generating a saddle-shaped structure with four a-helices lying on its upper
surface. The C-terminal domains of TgTBP and TfTBP are split by five introns as in the
case of mouse TBP (Fig. 19). The loci of introns of TBPs from other eukaryotes are not
completely the same as those of snake TBPs. However, three highly conserved loci of

introns are noted among TBPs from various eukaryotes. The first conserved intron site (4
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FIG. 19. Aligned amino acid sequences of TBPs whose genomic structurcs have been determined. Tg, T.
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gramineus; m, mouse; a-2, A. taliana TBP2; sp, S. pombe; ac, A. castellanii. B-strands S1to S5 and S1'to

S5'and a-helices H1, H2, H1', and H2' are indicated in the upper region of the amino acid sequences

according to the crystal structure of A. thaliana TBP2. The loci of introns in each amino acid sequence are

displayed by vertical line (I). Dashes indicate the gaps for alignment purpose and dots represent the amino
acid residues identical to those of TgTBP.
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of 5 TBPs) is located in the middle of (3-strand 1 (S1). According to the crystal structure,
this site is in the boundary of two subdomains. This is consistent with the idea that most
of introns are located in the boundaries of modules (Go., 1981; Blake., 1981). The
second conserved intron site (4 of 5 TBPs) is located in the loop forming a stirrup which
is in the boundary between S2 and S3. It is known that introns are often located in the
loop regions of protein structures (Branden and Tooze., 1991). The third conserved
intron site (5 of 5 TBPs) is in S2'. Since it  unlikely that introns were inserted by
chance into the same positions of genes, it seems that previously existing introns in the
TBP genes of lower eukaryotes such as S. pombe (Hoffmann et al.,, 1990) and A.
castellanii (Wong et al., 1992) were lost from the C-terminal domain during evolution
(Go., 1983). It is worthy to note that Trimeresurus and mouse TBPs have only one
intron in the N-terminal domain but at different positions in spite of their quite similar
sequences (Fig. 19).

Recently it has been reported that archaebacterium Pyrococcus woesei TBP
consists of 191 amino acids with homology to the conserved C-terminal domains of
eukaryotic TBPs and has no N-terminal domain (Rowlands et al., 1994). On the other
hand, eukaryotic TBPs have the N-terminal domains of the varying lengths (Fig. 19).
Thus, it appears that the N- and C-terminal domains of eukaryotic TBP genes have

evolved independently and fused together during evolution.
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Chapter 5. The Accelerated Substitutions in the Protein-coding
Regions Are Responsible for Darwinian Evolution of
Venom Gland PLA2 Isozymes Genes to Acquire New

Physiological Activities.

In T. gramineus and T. flavoviridis venom gland PLAZ2 isozyme genes, the
protein-coding regions have been evolving at much higher rate than the noncoding
regions including introns and the evolutionary rates for all introns are almost equivalent to
those for all the noncoding regions. For example, when gPLA2-I and gPLA2-VI were
compared, KN values for all introns and for all the noncoding regions were computed to
be 0.0716 and 0.0635, respectively. This holds for all the pairs of genes compared
between species, indicating that the evolutionary rates are almost equal between introns
and other noncoding regions in venom gland PLA2 isozyme genes. To gain a further
insight into the evolutionary feature of venom gland PLAZ isozyme genes, the
evolutionary rate of introns were compared with those of introns of T. gramineus and T.
flavoviridis TATA box-binding protein (TBP) gene, which are assumed to be a general
gene ubiquitously present in all cell types. Based on the data obtained in the present
study, it became evident that Darwinian evolution is universal in crotalinae snake venom

gland PLAZ2 isozyme genes.

EXPERIMENTAL PROCEDURES

Data Analysis. For the nucleotide sequences of 7. gramineus and T.
flavoviridis TBP genes which contain eight exons and seven introns (Chapter 4), the
numbers of nucleotide substitutions per site (KN) for the noncoding regions including
introns and the numbers of nucleotide substitutions per synonymous site (Ks) and per
nonsynonymous site (K ) for the protein-coding regions were computed according to the

method of Miyata and Yasunaga (1980) with corrections for multiple substitutions



(Kimura, 1983). The KN, Ks, and K5 values were compared with those of 7.

gramineus and T. flavoviridis PLAZ2 isozyme genes (Chapters 2 and 3)

RESULTS AND DISCUSSION

Accelerated Substitutions in the Protein-coding Regions are
Responsible for Darwinian Evolution of Venom Gland PLA2 Isozyme
Genes. The KN, Ks and Kp values were computed from the nucleotide sequences of
T. gramineus TBP (TgTBP) and T. flavoviridis TBP (TfTBP) genes (Table 6). Those
values are compared with those for a pair of venom gland PLA2 isozyme genes,
gPLA2-VI and BP-I, as an example (Fig. 20). It is noted that Ky values for venom
gland PLAZ2 isozyme genes are comparable to that of TBP genes (Tables 3 and 6 and Fig.
20). This indicates that introns of PLA2 isozyme genes have evolved at similar rates to
introns of TBP genes which could be assumed to have evolved under neutrality (Kimura,
1983; Nei, 1987). Some functional constraints in the introns of PLAZ2 isozyme genes that
had once been considered because of their high homology compared with exons could be
excluded. Thus, the highly accelerated substitutions in the protein-coding regions are
responsible for Darwinian evolution of venom gland PLAZ isozyme genes to acquire new
physiological activities.

The fact that the nucleotide sequences of 7. gramineus venom gland PLA2
isozyme genes showed the same characteristics as found for those of T. flavoviridis
venom gland PLAZ2 isozyme genes reveals that accelerated evolution is rationally assumed
to be universal for crotalinae snake venom gland PLA2 isozyme genes. Recently, it was
reported that in the genes encoding mojave toxins from Crotalus scutulatus scutulatus
(crotalinae), which are heterodimeric neurotoxic PLAZ2s, the noncoding regions including
introns are much more conserved than the protein-coding regions (John et al., 1994).
This further supports the consequence which has been drawn from the present study.

Mechanism of Acquisition of Diverse Physiological Activities. Some

mechanisms have been suggested for proteins to acquire diverse functions, that is,
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Table 6. Kn/Ks and Ka/Kg values for T. and 7. TBP |

L o

Pair of KN Ka Ka/Kg

~ TfTBP 0.0365 0.0095 3.84 0.000 0.000
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FIG. 20. Schematic representation of sectional Ky, Kg, and K5 values for a pair of gPLA2-
VI and BP-I (A) and those for T. gramineus and T. flavoviridis TBP genes (B). Ex
designates exons and introns are parts sandwiched between exons. Each K is expressed by
different pattems as indicated at right upper region of A. In PLA2 isozyme genes (A), Kg for
Ex1 is zero. In TBP genes (B), Ex1 contains the UTR only. In TBP genes, K for Ex3 and
Ex6 and Kg and K for Ex2, Ex4, Ex5, Ex7, and Ex8 are all zero. It is also evident from A
that in PLA2 isozyme genes, Kg and K5 values are much greater than Ky values.
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diversification of gene expression, altemative splicing, and posttranslational modification.
Furthermore, three mechanisms, gene duplication, gene conversion, and natural
selection, have often contributed to increment of functional diversities of proteins while
associating with former mechanisms. These are known to be of great importance for
evolution of multigene families (Ohta, 1991a).

The simplest way to acquire new functions would be through duplication of a
whole gene with subsequent differentiation by nucleotide substitutions in new genes
while original gene retains necessary function. Genes encoding proteins which have
critical roles such as immunoglobulins (Tonegawa, 1983) and MHC (Steinmetz and
Hood, 1983) form multigene families generated by gene duplication. This mechanism
has been thought to be important for adaptive (Darwinian) evolution. Although there are
multigene families such as ribosomal RNA genes and histone genes in which many
uniform genes are arranged in series, it has been thought that this large gene population is
required for increment of gene products rather than generation of their diverse functions.

In the mechanism of gene conversion, heteroduplex is formed and one gene
converts the other gene to its own nucleotide sequence. This mechanism also contributes
to acquire diverse physiological activities and was found in many multigene families such
as genes encoding MHC (Ohta, 1991b) and kallikreins and their inhibitors (Ohta and
Basten, 1992). The two mechanisms for generating hypervariability at the reactive center
of serine proteases and their inhibitors are gene conversion followed by natural selection
and natural selection for point mutation (Ohta and Basten, 1992). Natural selection is
thought to help the survival of genes with desired variability that occurred by gene
conversion. If the number of synonymous substitutions at the variable region exceeds
that at the conserved region, gene conversion between loci is thought to be operative. In
the case of kallikrein and MHC multigene families, Ks values at the variable region of
kallikreins which contains an active site that interacts with the inhibitors and at the antigen
recognition site of MHC are larger than those in the remaining regions (Ohta and Basten,

1992; Hughes and Nei, 1988).
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In the case of venom gland PLA2 isozyme genes, Kg values of exons, especially
the protein-coding regions, exceed KN values in the noncoding regions including introns.
Moreover, it is found that the noncoding regions of PLAZ2 isozyme genes have been
evolving at normal rate because their KN values are comparable to those of introns of
TBP genes from T. flavoviridis and T. gramineus snakes. Therefore, there might be a
mechanism that includes gene conversion specific for the protein-coding regions of
exons. The most significant constructional difference between mammalian PLA2 genes
and snake venom PLAZ genes is that the former is a single copy gene and the latter is a
multigene family. Thus, it could be inferred that mammalian PLAZ genes have not been
able to evolve in a similar manner as snake venom gland PLAZ2 isozyme genes and that
formation of multigene family and gene conversion are important mechanisms for
accelerated substitutions of venom gland PLAZ2 isozyme genes.

If the number of nonsynonymous substitutions exceeds that of synonymous
substitutions at a certain region, positive Darwinian selection for point mutation is thought
to have operated (Ohta and Basten, 1992; Hill and Hastie, 1987; Hughes and Nei, 1988).
Since the K values are close to or larger than Ks values in the protein-coding regions of
venom gland PLA2 isozyme genes, it is highly likely that positive Darwinian selection

occurred in these regions so as to acquire diverse physiological activities.

87



ACKNOWLEDGEMENTS

The author wishes to express his most sincere thanks to Professor Motonori
Ohno, in our laboratory, for his invaluable suggestions and discussion throughout this

work.

The author is deeply grateful to Professor Yoshiyuki Sakaki, Dr. Masahira
Hattori, Institute of Medical Science, University of Tokyo, and Yasuyuki Fukumaki,
Institute of Genetic Information, Kyushu University, for their excellent suggestions and

discussion and for use of facilities of their laboratory.

The author also wishes to thank Dr. Yasuyuki Shimohigashi, Dr. Tomohisa
Ogawa, Mr. Makoto Nakai, in our laboratory, and Dr. Hideki Sumimoto, Kyushu
University School of Medicine, for their discussions and encouragements, and Mr. Ikuo
Nobuhisa and Mr. Masanobu Deshimaru, in our laboratory, for their valuable

experimental assistance.

88



REFERENCES

Apsit, V., Freeberg, J. A., Chase, M. R., Davis, E. A. and Ackerman, S.: Nucleic Acid
Res. 21, 1494 (1993)

Arita, H., Hanasaki, K., Nakano, T., Oka, S., Teraoka, H. and Matsumoto, K.: J. Biol.
Chem. 266, 19139 (1991)

Blake, C. C. F.: Nature 291, 616 (1981)

Bline, N. and Stafford, D. W.: Nucleic Acid Rec. 3, 2303 (1976)

Branden, C. and Tooze, J.: Introduction to Protein Structure. Garland Publishing, New
York and London, 1991

Breathnach, R., Benoist, C., O’Hara, K., Gannon, F. and Chambon, P.: Proc. Natl.
Acad. Sci. USA 75, 4953 (1978)

Brunie, S., Bolin, J., Gewirth, D. and Siglar, P. B.: J. Biol. Chem. 260, 9742 (1985)

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. and Rutter, W. J.: Biochemistry
15, 5294 (1979)

Coden, J., Wasylyk, B., Buchwalder, A., Sassone-Corsi, P., Kedinger, C. and
Chambon, P.: Science 209, 1406 (1980)

Comai, L., Tanese, N. and Tjian, R.: Cell 68, 965 (1992)

Cormack, B. P. and Struhl, K.: Cell 69, 685 (1992)

Church, G. M. and Gilbert, W.: Proc. Natl. Acad. Sci. USA 81, 1991 (1984)

Dhillon, D. S., Condrea, E., Maraganore, J. M., Heinrikson, R. L., Benjamin, S. and
Rosenberg, P.: Biochem. Pharmacol. 36, 1723 (1987)

Dijkstra, B. W., Drenth, J. and Kalk, K. H.: Nature 289, 604 (1981a)

Dijkstra, B. W., Kalk, K. H., Hol, W. G. J. and Drenth, J.: J. Mol. Biol. 147, 97
(1981b)

Dijkstra, B. W., Renetseder, R., Kalk, K. H., Hol, W. G. J. and Drenth, J.: J. Mol.
Biol. 168, 163 (1983)

Feinberg, A. and Vogelstein, B.: Anal. Biochem. 132, 6 (1983)

89



Fucharoen, S., Fucharoen, G., Fucharoen, P. and Fukumaki, Y.: J. Biol. Chem. 264,
7780 (1989)

Fukagawa, T., Matsumoto, H., Shimohigashi, Y., Ogawa, T., Oda, N., Chang, C.-C.
and Ohno, M.: Toxicon 30, 1331 (1992)

Fukagawa, T., Nose, T., Shimohigashi, Y., Ogawa, T., Oda, N., Nakashima, K.,
Chang, C.-C. and Ohno, M.: Toxicon 31, 957 (1993)

Francis, B., Gutierrez, J. M., Lomonte, B. and Kaiser, 1. I.: Arch. Biochem. Biophys.
284, 352 (1991)

Gasch, A., Hoffmann, A., Horikoshi, M., Roeder, R. G. and Chua, N.-H.: Nature
346, 390 (1990)

GO, M.: Nature 291, 90 (1981)

GO, M.: Proc. Natl. Acad. Sci. USA 80, 1964 (1983)

Hanasaki, K. and Arita, H.: Biochem. Biophys. Acta 1127, 233 (1992)

Hashimoto, S., Fujita, H., Hasegawa, S., Roeder, R. G. and Horikoshi, M.: Nucleic
Acid Res. 20, 3788 (1992)

Hattori, M. and Sakaki, Y.: Anal. Biochem. 152, 232 (1986)

Hayashida, K., Okubo, H., Noguchi, M., Yoshida, H., Kenji,K., Matsuo, H. and
Sakaki, Y.: J. Biol. Chem. 260, 14224 (1985)

Heinrikson, R. L.:Methods in Enzymology 197, 201 (1991) New York: Academic Press

Heinrikson, R. L., Kreuger, E. T. and Keim, P. S.: J. Biol. Chem. 252, 4913 (1977)

Hill, R. E. and Hastie, N. D.: Nature 326, 96 (1987)

Hoffmann, A., Horikoshi, M., Wang, C. K., Schroeder, S., Weil, P. A. and Roeder,
R. G.: Genes Dev. 4, 1144 (1990)

Horikoshi, M., Wang, C. K., Fujii, H., Cromlish, L. A., Weil, P. A. and Roeder, R.
G.: Nature 341, 299 (1989)

Holland, D. R., Clancy, L. L., Muchmore, S. W., Ryde, T. J., Einspah, H. M., Finzel,

B. C., Heinrikson, R. L. and Watenpaugh, K. D.: J. Biol. Chem. 265, 17649
(1990)

Hughes, A. L. and Nei, M.: Nature 335, 167 (1988)

90



Ishizaki, J., Hanasaki, K., Higashino, K., Kishino, J., Kikuchi, N., Ohara, O. and
Arita, H.: J. Biol. Chem. 269, 5897 (1994)

Ishizaki, J., Kishino, J., Teraoka, H., Ohara, O. and Arita, H.: FEBS Lett. 324, 349
(1993)

John, T. R.,, Smith, L. A. and Kaiser, I. I.: Gene 139, 229 (1991)

Jones, K. A. and Tjian, R.: Nature 317, 179 (1985)

Kao, C. C,, Lieberman, P. M., Schmidt, M. C., Zhou, Q., Pei, R. and Berk, A. J.:
Science 248, 1646 (1990)

Kihara, H., Uchikawa, R., Hattori, S. and Ohno, M.: Biochem. Int. 28, 895 (1992)

Kim, J. L., Nikolov, D. B. and Burley, S. K.: Nature 365, 520 (1993)

Kimura, M.: The Neutral Theory of Molecular Evolution (Cambridge Univ. Press,
Cambridge, U.K.) (1983)

Kini, R. M., Kawabata, S. and Iwanaga, S.: Toxicon 24, 1117 (1986)

Kini, R. M. and Evans, H. J.: J. Biol. Chem. 262, 14402 (1987)

Kini, R. M. and Evans, H. J.: Toxicom 27, 613 (1989)

Kadonaga, J. T., Jones, K. A. and Tjian, R.: TIBS. 11, 20 (1986)

Kozak, M.: Nucleic Acid Res. 12, 857 (1984)

Kramer, R. M., Hession, C., Johansen, B., Hayes, G., MacGray, P., Chow, E. P.,
Tizard, R. and Pepinsky, R. B.: J. Boil. Chem. 264, 5768 (1989)

Kuhara, S., Matsumoto, F., Futamura, S., Fujita, A., Shimohara, T., Takagi, T. and
Sakaki, Y.: Nucleic Acid Res. 12, 88 (1984)

Kusunoki, C., Satoh, S., Kobayashi, M. and Niwa, M.: Biochim. Biophys. Acta 1087,
95 (1990)

Lee, C. Y., Ho, C. L. and Botes, D. P.: Toxicon 20, 637 (1982)

Lichtsteiner, S. and Tjian, R.: Proc. Natl. Acad. Sci. USA 90, 9673 (1993)

Liu, S.-Y., Yoshizumi, K., Oda, N., Ohno, M., Tokunaga, F., Iwanaga, S. and
Kihara, H.: J. Biochem. (Tokyo) 107, 400 (1990)

Li, Y. S, Liuy, K. F. and Wan, Q. C.: Toxicon 24, 875 (1986)

Lomonte, B. and Gutiérrez, J. M.: Toxicon 27, 725 (1989)

91



Mancheva, 1., Keinschmidt, T., Aleksiev, B. and Braunitzer, G.: Hoppe-Seyler’s Z.
Physiol. Chem. 365, 885 (1984)

Marsh, T. L., Reich, C. I., Whitelock, R. B. and Olsen, G. J.: Proc. Natl. Acad.
Sci. USA 91, 4180 (1994)

Maraganore, J. M., Merutka, G., Cho, Wonhwa., Welches, W., Kézdy, F. J. and
Heirikson, R. L.: J. Biol. Chem. 259, 13839 (1984)

Maraganore, J. M., Poorman, R. A. and Heinrikson, R. L.: J. Protein. Chem. 6, 173
(1987)

Matsuoka, M., Itoh, H., Kozasa, T. and Kaziro, Y.: Proc. Natl. Acad. Sci. USA 85,
5384 (1988)

Miyata, T. and Yasunaga, T.: J. Mol. Evol. 16, 23 (1980)

Nei, M.: Molecular Evolutionary Genetics (Columbia Univ. Press, Irvinton-on-Hudson,
NY) (1987)

Nikolov, D. B., Hu, S.-H., Lin, J., Gasch, A., Hoffmann, A., Horikoshi M., Chua,
N.-H., Roeder, R. G. and Burley, S. K.: Nature 360, 40 (1992)

Oda, N., Nakamura, H., Sakamoto, S., Liu, S.-Y., Kihara, H., Chang, C.-C. and
Ohno, M.: Toxicon 29, 157 (1991)

Oda, N., Ogawa, T., Ohno, M., Sasaki, H., Sakaki, Y. and Kihara, H.: J. Biochem
(Tokyo) 108, 816 (1990)

Ogawa, T., Oda, N., Nakashima, K., Sasaki, H., Hattori, M., Sakaki, Y., Kihara, H.
and Ohno, M.: Proc. Natl. Acad. Sci. USA 89, 8557 (1992)

Ohara, O., Tamaki, M., Nakamura, E., Tsuruta, H., Fujii, Y., Shin, M., Teraoka, H.
and Okamoto, M.: J. Biochem (Tokyo) 99, 733 (1986)

Ohno, S., Kawasaki, H., Imajoh, S., Suzuki, K., Inagaki, M., Yokokura, H., Sakoh,
T. and Hidaka, H.: Nature 325, 161 (1987)
Ohta T.: J. Mol. Evol. 33, 34 (1991a)

Ohta, T.: Proc. Natl. Acad. Sci. USA 88, 6716 (1991b)

Ohta, T. and Basten, C. J.: Mol. Phyl. Evol. 1, 87 (1992)

92



Renetseder, R., Brunie, S., Dijkstra, B. W., Drenth, J. and Sigler, P. B.: J. Biol.
Chem. 260, 11627 (1985)

Rowlands, T., Baumann, P. and Jackson, S. P.: Science 264, 1326 (1994).

Sambrook, J., Fritsh, E. F. and Mamiatis, T.: Molecular Cloning: A Laboratory Manual
2nd ed.(Cold Spring Harbor Lab. Press, Plainview, NY) (1989)

Sanger, F., Nicklen, S. and Coulson, A. R.: Proc. Natl. Acad. Sci. USA 74, 5463
(1977)

Schultz, M. C., Reeder, R. H. and Hahn, S.: Cell 69, 697 (1992)

Scott, D. L., Achari, A., Vidal, J. C. and Sigler, P. B.: J. Biol. Chem. 267 22645
(1992)

Scott, D. L., White, S. P., Otwinowski, Z., Yuan, W., Gelb, M. H. and Sigler, P. B.:
Science 250, 1541 (1990)

Seilhamer, J. J., Prouzanski, W., Vadas, P., Plant, S., Miller, J. A., Kloss, J. and
Johnson, L. K.: J. Biol. Chem. 264, 5335 (1989)

Seilhamer, J. J., Randall, T. J., Yamanaka, M. and Johnson, L. K.: DNA 5, 519 (1989)

Sharp, P. A.: Cell 68, 819 (1992)

Shukla, S. D. and Hanahan, D. J.: Arch. Biochem. Biophys. 209, 668 (1981)

Steinmetz, M. and Hood, L.: Chromosome 17, 727 (1983)

Strathmann, M. and Simon, M., 1.: Proc. Natl. Acad. Sci. USA 87, 9113 (1990)

Sumita, K., Makino, Y., Katoh, K., Kishimoto, T., Muramatsu, M., Mikoshiba, K.
and Tamura, T.: Nucleic Acid Res. 21, 2769 (1993)

van den Gergh, C.J., Slotboon, A.J., Verheij, H. M. and de Haas, G. H.: Eur. J.
Biochem. 176, 353 (1988)

Tamura, T., Sumita, K., Fujino, I., Aoyama, A., Horikoshi, M., Hoffmann, A.,
Roeder, R. G., Muramatsu, M. and Mikoshiba, K.: Nucleic Acid Res. 19, 3861
(1991)

Tanaka, T., Kimura, S. and Ota, Y.: Nucleic Acid Res. 15, 3178 (1987)

Teng, C.-M,, Kuo, Y.-P,, Lee, L.-G. and Ouyang, C.: Thrombosis Res. 44, 875
(1986)

93



Tonegawa, S.: Nature 302, 575 (1983)

Vishwanath, B. S., Kini, R. M. and Gowga, T. V.: Toxicon 25, 501 (1987)

Vital, B. O. and Excel, B. J.: J. Physiol. Lond., 212, 34 (1971)

Verheij, H. M., Boffa, M. C., Rothen, C., Bryckaert, M. C., Verger, R. and de Haas,
G. H.: Eur. J. Biochem. 112, 25 (1980)

Wong, J. M., Liu, F. and Bateman, E.: Nucleic Acid Res. 20, 4817 (1992)

Yoshizumi, K., Liu, S.-Y., Miyata, T., Saita, S., Ohno, M., Iwanaga, S. and Kihara,
H.: Toxicon 28, 43 (1990)

Zuker, M. and Steigler, P.: Nucleoc Acid Res. 9, 133 (1981)

94












Kodak Color Control Patches

Blue Cyan Green Yellow Red Magenta  White



