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Accelerated evolution of crotalinae snake venom gland serine proteases

Masanobu Deshimaru®, Tomohisa Ogawa®, Kin-ichi Nakashima®, Ikuo Nobuhisa?,
Takahito Chijiwa?, Yasuyuki Shimohigashi®, Yasuyuki Fukumaki®, Mineo Niwa®,
Ikuo Yamashina?, Shosaku Hattori¢, Motonori Ohno®*

8 Department of Chemistry, Faculty of Science, Kyushu University, Higashi-ku, Fukuoka 812, Japan
bInstitute of Genetic Information, Kyushu University, Higashi-ku, Fukuoka 812, Japan
“Faculty of Pharmaceutical Sciences, Tokushima University, Tokushima, Tokushima 770, Japan
dFaculty of Engineering, Kyoto Industrial University, Kita-ku, Kyoto 603, Japan
¢Institute for Medical Science, University of Tokyo, Oshima-gun, Kagoshima 894-15, Japan

Received 29 July 1996; revised version received 1 October 1996

Abstract Eight cDNAs encoding serine proteases isolated from
Trimeresurus flavoviridis (habu snake) and T. gramineus (green
habu snake) venom gland ¢cDNA libraries showed that nonsynon-
ymous nucleotide substitutions have accumulated in the mature
protein-coding regions to cause amino acid changes. Southern
blot analysis of 7. flavoviridis genomic DNAs using two proper
probes indicated that venom gland serine protease genes form a
multigene family in the genome. These observations suggest that
venom gland serine proteases have diversified their amino acid
sequences in an accelerating manner. Since a similar feature has
been previously discovered in crotalinae snake venom gland
phospholipase A, (PLA;) isozyme genes, accelerated evolution
appears to be universal in plural isozyme families of crotalinae
snake venom gland.
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1. Introduction

Snake venom gland contains a great variety of enzymes as
toxic components. Among them, diverse serine proteases have
been isolated from the venoms of viperidae snakes [1,2]. Three
fibrinogenolytic serine proteases were isolated from the ve-
noms of two Trimeresurus species and were characterized to
be different in fibrinopeptide specificity. Flavoxobin isolated
from T. flavoviridis (habu snake, crotalinae) venom excises
fibrinopeptide A selectively [3], whereas okinaxobins 1 [4]
and II [5] isolated from 7. okinavensis venom release fibrino-
peptide B and fibrinopeptides A and B, respectively. Besides,
various types of snake venom serine proteases which display
other physiological activities than fibrinogenolytic activity
have been reported: for example, platelet-aggregating enzyme
from Bothrops jararaca venom [6], protein C activator from
Agkistrodon contortrix contortrix venom [7], factor V activa-
tors from Vipera russelli venom [8], kallikrein-like enzyme
(KLE) from Crotalus atrox venom [9], capillary permeability
increasing (CPI) enzymes from A. caliginosus venom [10,11]
and plasminogen activator from Trimeresurus stejnegeri ve-
nom [12]. Some multifunctional serine proteases have also
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Abbreviations: KLE, kallikrein-like enzyme; CPI, capillary perme-
ability increasing; PLA,, phospholipase A;; TBP, TATA box binding
protein; PCR, polymerase chain reaction; RT, reverse transcription;
UTR, untranslated region

been reported from snake and lizard venoms: crotalase from
C. adamanteus venom possesses fibrinogenolytic and kalli-
krein-like activities [13] and gilatoxin from Heloderma horridum
horridum venom shows kallikrein-like, angiotensin-degrading
and fibrinogenolytic activities [14]. In spite of such a variety
of physiological properties, they are composed of approxi-
mately 235 amino acids and are highly homologous in se-
quence. Thus, these serine proteases seem to have diverged
from a common ancestral molecule and constitute a gene fa-
mily. Ito et al. reported that the exon/intron organization of the
gene for batroxobin, a fibrinogenolytic enzyme from Bothrops
atrox (fer-de-lance, crotalinae) venom gland, is different from
that of thrombin but similar to that of kallikrein [15]. This
suggests that snake venom gland serine proteases including
batroxobin have diverged from glandular kallikrein and that
their functions have altered in the process of evolution.

On the other hand, T. flavoviridis venom contains phospho-
lipase A, (PLA,) isozymes with a variety of physiological
activities [16]. Comparison of their cDNAs [17] and genes
{18] showed that the protein-coding regions are much more
diversified than the noncoding regions including introns and
that nonsynonymous nucleotide substitutions are greater than
or close to synonymous nucleotide substitutions in the pro-
tein-coding regions. These unusual features indicated that 7.

Aavoviridis venom gland PLA; isozymes have evolved via ac-

celerated evolution to gain diverse physiological functions
[19].

In the work reported here, we investigated the molecular
evolution of crotalinae snake venom gland serine proteases. A
series of cDNA clones encoding T. flavoviridis and T. grami-
neus (green habu snake, crotalinae) venom gland serine pro-
teases were isolated from their cDNA libraries and sequenced.
Their evolutionary features are discussed based on computa-
tional analysis of their nucleotide sequences.

2. Materials and methods

Specimens of 7. flavoviridis and T. gramineus were collected in
Amami-Oshima Island, Japan, and Taiwan, respectively. Venom
gland total RNAs were extracted from a single specimen of each
species by the guanidinium isothiocyanate/CsCl method {20]. Poly-
(A)* RNAs were purified using mRNA purification kit (Pharmacia).
T. flavoviridis genomic DNAs were prepared from the liver of a single
specimen by proteinase K/SDS treatment (0.05% (w/v) and 5% (w/v),
respectively), extracted twice with phenol and three times with phenol/
chloroform, and precipitated by 2-propanol.

Venom gland cDNA libraries were constructed with cDNA synthe-
sis kit and Agtl0 cloning system (Amersham). cDNA first strand was
synthesized with venom gland poly(A)* RNA (2 png) and
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oligo(dT);5_15 primer. Completed libraries contained 2.3 X 107 (7. fla-
voviridis) and 3.4 X 10° (T. gramineus) primary recombinants.

In order to obtain a partial fragment of cDNA encoding flavoxo-
bin, reverse transcription-polymerase chain reaction (RT-PCR) was
carried out for T. flavoviridis venom gland mRNAs. ¢cDNA first
strand was synthesized with oligo(dT)2-1s primer and PCR was per-
formed with flavoxobin-degenerated sense primer FX-N (5'-GAT/
CGAA/GTGT/CAAT/CATA/T/ICAAT/CGAG/ACA-3’, correspond-
ing to the amino acid sequence, ®Asp-Glu-Cys-Asn-Ile-Asn-Glu-
2His) and antisense primer FX-C (5'-TGG/A/TATCCAG/A/T/
CGCA/GTTA/GTAA/GTCA/GAA-3', corresponding to the se-
quence, 2'°Phe-Asp-Tyr-Asn-Ala-Trp-Ile-23Gln) {21].

For screening of serine protease ¢cDNAs, approximately 5Xx 10°
plaques from T. flavoviridis or T. gramineus venom gland cDNA li-
braries were screened by the plaque hybridization method [22] with
the PCR-derived probe and batroxobin cDNA [23]. Hybridization
was carried out at 42°C for 12 h in a mixture of 5Xstandard saline
citrate (1 XSSC: 1.0 M sodium chloride, 0.1 M sodium citrate), 50
mM sodium phosphate pH 6.5, 0.5% SDS, 2 X Denhardt’s solution
(100 X Denhardt’s solution: 0.1% Ficoll 400, 0.1% polyvinyl-pyrroli-
done, 0.1% bovine serum albumin), 50% formamide and 100 mg/ml
sonicated salmon sperm DNA. The membranes were washed finally in
0.2XSSC and 0.1% SDS at 65°C (PCR-derived DNA) or in 2xSSC
and 0.1% SDS at 42°C (batroxobin ¢cDNA) twice for 30 min, respec-
tively. Five to ten positive clones were isolated and their DNAs were
extracted.

For Southern blot analysis, 7. flavoviridis genomic DNAs (15 ug)
were digested with EcoRI, HindIIl and Pstfl. DNA fragments were
electrophoresed on a 0.7% agarose gel and transferred to Hybond-N*
nylon membrane (Amersham). The 5’ probe (5'-untranslated region
(UTR) plus signal peptide-coding region, corresponding to nucleo-
tides 1-245, 245 bp) and the coding probe (mature protein-coding
region, corresponding to nucleotides 246-956, 711 bp) for TLfl, a
serine protease cDNA, were prepared by PCR, internal-labelled
with o-[**P]JdCTP and employed for hybridization experiments [22).
The membranes were washed finally in 2 X SSC and 0.1% SDS at 45°C
and analyzed by BAS 2000 Bio imaging analyzer (Fuji Photo Film
Co. Ltd., Japan).

The DNASIS package developed by Hitachi Software Engineering
was employed for analysis and alignment of DNA sequences. The
number of nucleotide substitutions per site (Ky) in the 5'- and 3'-
UTRs and the numbers of nucleotide substitutions per synonymous
site (Ks) and per nonsynonymous site (Kx) in the protein-coding
region were computed for all the pairs of cDNAs according to the
method of Nei and Gojobori [24] using ODEN package developed by
Y. Ina (National Institute for Genetics, Mishima, Japan). A synon-
ymous site is a site of codon at which base substitution causes no
amino acid change. A nonsynonymous site is a site of codon at which
base substitution causes amino acid change. The phylogenetic trees for
serine proteases were constructed using the various components of the
c¢DNA sequences by the one-parameter method [25] and the neighbor-
joining method [26].

The nucleotide sequence data reported in this paper are available
from DDBJ, EMBL and GenBank databases with accession numbers
of D67078-D67085.

3. Results

RT-PCR of T. flavoviridis mRNAs with flavoxobin-degen-
erated primers, FX-N and FX-C, gave an amplified 656-bp
DNA fragment. Sequence analysis revealed that this DNA
encoded the amino acid sequence identical to flavoxobin [21]
except for substitutions of five amino acids. 7. flavoviridis
venom gland ¢cDNA library was screened with this DNA frag-
ment as a probe. Five positive clones were obtained from
5% 10° plaques by washing in high stringency (0.2xSSC,
0.1% SDS, 65°C). These cDNAs encoded the same protein
which is 97.9% identical to flavoxobin, although the 5'- and
3’-UTRs were different in length. Such ¢cDNAs were desig-
nated TLf1. Similarly, five cDNAs selected from T. gramineus
venom gland ¢cDNA library encoded the same protein which is
84.3% identical to flavoxobin and were designated TLgl.
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In order to obtain cDNAs encoding serine proteases less
homologous to flavoxobin, the protein-coding region of ba-
troxobin ¢cDNA [23] was employed as a probe and the mem-
branes were washed in low stringency (2XSSC, 0.1% SDS,
42°C). In this experiment, first screening of 7. flavoviridis
and T gramineus ¢cDNA libraries (approximately 5x10°
plaques each) gave more than 200 positive plaques and 15
c¢DNA clones were selected based on signal strength. TLf2
and TLf3 were isolated from 7. flavoviridis cDNA library
and TLg2a, TLg2b, TLg2c and TLg3 were from T. gramineus
cDNA library. Their deduced amino acid sequences were
62.7%, 63.1%, 66.5%, 67.4%, 63.1% and 62.3% identical to
flavoxobin, respectively.

Fig. 1 shows the nucleotide sequence of TLfl, one of the
isolated cDNAs. All cDNAs were similar in total length (ap-
proximately 1.6 kb) and encoded nearly 260 amino acids in-
cluding a potential signal peptide of 24 amino acids. The
amino acid sequences are shown in Fig. 2 together with those
of flavoxobin [21] and batroxobin [23]. Catalytic triads com-
mon to serine proteases (His-43, Asp-88 and Ser-182) are
conserved except that proteins for TLf2 and TLg2a contain
arginine instead of His-43. The positions of 12 half-cystines
are identical among all the sequences, suggesting that the pro-
teins encoded will take similar tertiary structures.

The nucleotide sequences of T. flavoviridis and T. gramineus
venom gland serine protease cDNAs and batroxobin cDNA
were compared to one another by homology plot analysis of
the DNASIS program. Since all the combinations gave the
similar patterns in terms of nucleotide substitutions, 11 com-
binations are shown in Fig. 3. The identical regions are in-
dicated by filled boxes and the blank spaces correspond to the
substituted nucleotides. It should be noted that substitution of
one nucleotide is to be expressed as a 10-nucleotide-sized
blank space. For all the combinations, the nucleotide substi-
tutions occur predominantly in the protein-coding region ex-
cept for the signal peptide domain, indicating that the mature
protein-coding region is much more variable than the 5'- and
3’-UTRs. The sectional identities between TLfl and TLf2, for

Table 1
The K, Ks, Ka, Kn/Ks and K,/Ks values for 11 combinations
within species and between species of venom gland serine protease
cDNAs

Combination Ky Ks Ka KnlKs KalKs
Within species
T. flavoviridis
TLf1-TLf2 0.0592  0.179 0.183 0.330 1.021
TLf1-TLf3 0.0637  0.142 0.188 0.449 1.322
TLf2-TLf3 0.0607  0.097 0.159 0.625 1.636
T. gramineus
TLgl-TLg2a 0.0480  0.153 0.167 0.314 1.093
GLgl-TLg3 0.0699  0.147 0.186 0.476 1.268
TLg2a-TLg3 0.0488  0.113 0.153 0431 1.350

Between species
T. flavoviridis vs. T. gramineus

TLf1-TLgl 0.0439 0.066 0.071 0.661 1.065
TLf2-TLg2a 0.0353 0.038 0.034 0927 0.883
TLf3-TLg3 0.0726 0.108 0.072 0.675 0.674

T. flavoviridis vs. B. atrox

TLfl-batroxobin 0.0763 0.177 0.177 0431 1.001
T. gramineus vs. B. atrox

TLgl-batroxobin 0.0754 0.148 0.184 0.510 1.248
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cttgtcagcgttccagattgttggccacccagectgettaatttgatcaaa
taaagtgctgcttgatcaagaagtctcecgettggcttatctgattagatt
aatacggtatctcaagtttaagtttggaactgggatcttacaggcaaaca
gctttccacgecagagttgaagct ATGGTTCTGATCAGAGTGCTAGCAAAC

CTTCTGATACTACAGCTTTCTTACGCACAAAAGTCTTCTGAATTdGTCAT
TGGAGGTGATGAATGTAACATAAATGAACATCCTTTCCTTGTAGCCTTGT
ATGATGCTTGGTCTGGAAGATTTCTCTGTGGTGGGACTTTGATCAACCCG
GAATGGGTGCTCACTGCTGCACACTGCGACAGTAAAAATTTCAAGATGAA
GCTTGGTGCGCATAGCAAAAAGGTACTAAATGAGGATGAACAGATAAGAA]
ACCCAAAGGAGAAGTTCATTTGTCCCAATAAGAAAAACGATGAAGTACTG
GACAAAGATATCATGTTGATCAAGCTGGACAGTCCTGTTAGCTACAGTGA
ACACATCGCGCCTCTCAGCTTGCCTTCCAGCCCTCCCAGTGTGGGCTCAG
TTTGCCGTATTATGGGATGGGGATCAATCACACCTGTTGAAGAGACTTTT
CCCGATGTCCCCCATTGTGCTAACATTAACCTACTCGATGATGTGGAGTI
TAAACCAGGTTATCCAGAGTTGCTGCCAGAATACAGAACATTGTGTGCAG
GTGTCCTGCAAGGAGGCATAGATACATGTGGGTTTGACTCTGGGACACCC
CTCATCTGTAATGGACAATTCCAGGGTATTGTATCTTATGGGGGGCATCC
TTGTGGCCAAAGTCGTAAGCCTGGTATCTACACCAAGGTCTTTGATTATA]

ATGCCTGGATTCAGAGCATTATTGCAGGAAATACAGCTGCAACTTGCCTC

CCGTGHaaactgtaaatgtaacatattagtacatgtcttctatatcccta
accatatccgactgcattggaatatattcccaggcagtaagettttttta
gactcaaataggactgcctttggagtaagaaatgctcaaaatagtgectge
agggatcatgtcccatttaatttcagtataaaacaatctcagtaaaatag
aggcctgttttagggtcagtgcgaaatttttctgactctaaaatggacca
ttccaaatattttaagctctgaatatcttteccatttctgaccacttetgg
gacagtggggtccttgatgctctctgagecttgtcttecttgecagacattte
attacccagctaggtaacatcatcagtgctagaatattctcttctattgg
tacttctgtggcatttacaatacgctcatatggagtcatgcagtcaccec
acaaacatatccatatacctaggtcccactgttgcctaaaaaggatccca
gattaacctccacttcccaatcaacaaatagagtcttttgagaatcatgt
tttcatgtaaattctcaagtaactacaggaataaaattgtataaatcgtt
aaaaaaaaaaaaaaaaaaaa 1570
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Fig. 1. The nucleotide sequence of TLfl, a cDNA encoding a T. flavoviridis venom gland serine protease. The protein-coding region is shown
in upper-case letters and the 5’- and 3'-UTRs are in lower-case letters. The initiation codon (ATG) and polyadenylation signal (aataaa) are un-
derlined. The mature protein-coding region which correspond to the amino acid sequence of flavoxobin is boxed.

example, were 91.7% for the 5'-UTR, 95.8% for the signal
peptide-coding domain, 80.5% for the mature protein-coding
region and 93.3% for the 3’-UTR. This structural feature of
serine protease cDNAs is in accord with those previously seen
in crotalinae snake venom gland PLA; isozyme cDNAs [17]
and genes [18] but is the opposite to that of general isoprotein
genes in which the protein-coding regions are much more
conserved than the UTRs [27,28].

Mathematical analysis was made for the nucleotide se-
quences of cDNAs encoding 7. flavoviridis and T. gramineus
venom gland serine proteases and batroxobin to obtain
further information about their evolutionary behavior. The
Ky values for the 5'- and 3'-UTRs and the Kg and K, values
for the protein-coding region were computed for all the pairs
of cDNAs [24]. Table | shows the data of 11 out of 36 com-
binations. The others also showed similar values. Two re-
markable features are noted. First, Kx/Kg values are smaller
than 1, indicating that nucleotide substitutions have more
frequently occurred in the protein-coding region than in the
UTRs. Second, Kx/Ks values are greater than or close to 1.
This indicates that nucleotide substitutions in the protein-cod-

ing region tend to cause amino acid change. These two fea-
tures are in sharp contrast to those observed in general iso-
zyme genes in which the noncoding region is more variable
than the protein-coding region and the Kj/Kg values were
calculated to be about 0.2 [27,28].

Genomic DNAs extracted from 7. flavoviridis liver were
digested with EcoRI, HindIIl and PstI and employed for
Southern blot analysis with two types of probes. When the
coding probe which is the mature protein-coding region of
TLf1 was used, nearly 10 bands were detected as shown in
Fig. 4. These bands may represent DNAs with high homology
to the protein-coding region of TLfl. On the other hand,
when the 5’ probe which corresponds to the 5'-UTR plus
signal peptide domain of TLfl was employed, numerous
bands lying between 3.0 and 10 kb were hybridized almost
without break (Fig. 4). Since the 5'-UTR is conserved in ser-
ine protease ¢cDNAs, all the hybridized DNA fragments are
presumed to reflect the number of venom gland serine pro-
tease genes in the genome. These results indicate that there are
a number of venom gland serine protease genes which form a
muitigene family.
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Fig. 2. Amino acid sequences of T. flavoviridis and T. gramineus venom gland serine proteases deduced from their cDNAs and those of flavox-
obin and batroxobin. Residues —24 to —1 correspond to a potential signal peptide. Flavoxobin is taken as a standard for the mature protein
sequences and TLfl for the signal peptide sequences. The identical amino acids are in reverse-shaded letters. Dashes represent the deleted resi-
dues. Half-cystine residues are shaded. The catalytic triad residues (His-43, Asp-88 and Ser-182) of serine proteases are indicated by an aster-

isk.

4.

Discussion

nom gland ¢cDNA libraries. It is noted that proteins encoded
by this series of cDNAs contain a number of amino acid

Eight cDNAs which encode proteins homologous to flavox- substitutions throughout the mature protein sequences (Fig.
obin were isolated from 7. flavoviridis and T. gramineus ve- 2). There are some tendencies in their amino acid sequences

TLf1~TLf2
TLH~TLf3
TLf2~TL{3
TLg1~TlLg2a
TLg1~TLg3
TLg2a~TLg3
TLf1~TLg1
TLf2~TLg2a
TLf3~TLg3

TLf1~batroxobin
TLg1~batroxobin

Coding region

Sibnal peptide .
5-UTR l——-l Mature protein 3-UTR

NN
L LLE

0.1 kb

Fig. 3. Schematic representation of homology plot analysis for 11 combinations of ¢cDNAs encoding 7. flavoviridis and T. gramineus venom
gland serine proteases and batroxobin. The regions in which a set of sequential 10 nucleotides is completely identical between paired cDNAs
are represented by filled boxes. The blank spaces correspond to the positions of substituted nucleotides. Shaded boxes indicate the regions for
which the nucleotide sequences could not be compared due to deletion of more than two consecutive nucleotides in one of paired cDNAs.
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Fig. 4. Southern blot analysis of 7. flavoviridis genomic DNAs. The
DNAs (5 pg) were digested with EcoRI, HindIIl and Psil, electro-
phoresed on a 0.7% agarose gel, blotted to nylon membranes and
hybridized with the coding probe (left) or the 5’ probe (right). The
5" probe is the 5'-UTR plus signal peptide-coding region of TLf1
and the coding probe is the mature protein-coding region of TLfl.
The hybridized bands were analyzed by BAS 2000 Bio imaging ana-
lyzer (Fuji Photo Film Co. Ltd., Japan).

which enable us to surmise their own physiological activities.
Since TLfl and TLgl encode proteins highly homologous to
flavoxobin [21] with only five and 37 amino acid substitutions,
respectively, they might be expected to exhibit thrombin-like
activity. In particular, TLf1 appears to encode flavoxobin it-
self because errors in amino acid sequence determination of
flavoxobin could not be excluded completely [21]. GIn-58,
Thr-84, Tyr-199, 1ie-200 and Ser-202 of flavoxobin were re-
placed by Lys-58, Asp-84, Ser-199, Tyr-200 and Gly-202, re-
spectively, in the deduced sequence of TLfl (Fig. 2). When
RT-PCR experiments for T. flavoviridis venom gland RNAs
were carried out with two different types of oligonucleotides
specific to residues 198-203 of flavoxobin and TLfl, DNA
was amplified only by TLfl specific oligonucleotide (data
not shown). RNA samples from 10 individual specimens
gave the same result, strongly suggesting that mRNA corre-
sponding to the amino acid sequence of flavoxobin does not
oceur.

87

The proteins encoded by TLf2, TLg2a and TLg2c contain
many more arginine residues than the others and their iso-
electric points (pI) predicted by DNASIS program were 9.22,
9.01 and 8.14, respectively. The proteins encoded by other
c¢DNAs were predicted to be acidic (pIs 5.09--5.92). Actually,
most of known venom gland serine proteases have been re-
ported to be acidic: for example, pl values for flavoxobin [3],
C. atrox KLE (EI) [9] and A. caliginosus CPI enzyme-2 [11]
are 4.8, 4.7 and 3.5, respectively. Even though it appears to be
inappropriate to conjecture their activities from pls, basic iso-
zymes might be expected to have their own specific physiolog-
ical activities considerably different from known acidic serine
proteases. The N-terminal regions of proteins encoded by
TLf3 and TLg3 are highly homologous to those of 4. caligi-
nosus CPI enzymes 1 and 2 [10,11], so that it is conceivable
that they might exhibit similar activity as CPI enzymes. On
the other hand, the activities of proteins encoded by TLf2 and
TLg2a which contain arginine instead of His-43, a residue
constituting the catalytic triad, are unknown. Phylogenetic
tree constructed for these serine protease cDNAs using the
nucleotide sequences of mature protein-coding region is
shown in Fig. 5. Eight cDNAs of Trimeresurus species appear
to be separated into three groups. Each group includes a pair
consisting of one each from T. flavoviridis and of T. gramineus
c¢DNAs and the paired cDNAs might encode the proteins with
similar properties as described above. It is likely that the
pairing proteases have evolved in parallel after divergence
into the different species. Otherwise, an inexplicable phyloge-
netic tree was obtained when the noncoding region sequences
were employed (data not shown).

Mathematical analysis of the nucleotide sequences of
c¢cDNAs showed that Kn/Ks values are smaller than 1 for
any pairs irrespective of comparison within species or between
species (Table 1), indicating that nucleotide substitutions in
the protein-coding region have occurred more frequently
than in the UTRs. Since Ky values are known to be greater
than Kg values in general isozyme genes [27,28], the observa-
tion made in serine protease cDNAs is unusual. This can be
considered in two ways. One is unusually high conservation of
the nucleotide sequence in the UTRs and the other is unu-
sually high frequency of nucleotide substitutions in the pro-
tein-coding region. Recently, the genes encoding TATA box
binding proteins (TBPs), a basal transcription factor, of 7.
Sfavoviridis and T. gramineus were isolated and sequenced

TLit Lrerorsl
100 0.019
TLg1
TLE2
100
54 TLg2a
«’7 39 Tig2c
b
o8 TLg2l
TL3
100
TiLg3
Batroxobin

Fig. 5. Phylogenetic tree for mature protein-coding region sequences
of serine protease cDNAs of T. flavoviridis, T. gramineus and B.
atrox, constructed by the neighbor-joining method [25] based on the
number of nucleotide substitutions per site. The numbers on the
branches stand for boot-strap probability [29]. The horizontal bars
are drawn to scale and represent the numbers of nucleotide substitu-
tions per site.
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[30]. Since TBP could be regarded as a general gene which has
evolved according to the neutral theory [27], the Ky value for
TBP genes was employed as a standard. The Ky values
(0.035-0.083) for venom gland serine protease cDNAs (Table
1) were found to be comparable to that for TBP genes
(0.0365) [19]. Thus, it became evident that nucleotide substitu-
tions in the UTRs of serine protease cDNAs have occurred as
frequent as those of general isozyme genes and that frequency
of nucleotide substitutions in the protein-coding region of
serine protease cDNAs has been unusually high.

For venom serine protease cDNAs, K, values are generally
greater than Kg values with ratios of 0.67-1.64 (Table 1). This
is also in contrast to general isozyme genes in which K values
are about five times smaller than Kg values [27,28] where
nonsynonymous nucleotide substitution has been suppressed
possibly to avoid an alteration of protein functions. Such ob-
servations suggest that nonsynonymous nucleotide substitu-
tions causing amino acid changes have much more frequently
occurred in venom gland serine protease genes than in general
isozyme genes.

Several genes encoding venom gland serine proteases were
also isolated from 7. flavoviridis genomic DNA library and
their partial sequences were determined (data not shown).
They revealed that introns are highly conserved, like their
UTRs, suggesting that only the mature protein-coding region
has evolved at an unusually higher rate.

Similar evolutionary behavior has previously been observed
in the cDNAs [17] and genes [18,19] encoding crotalinae snake
venom gland PLA, isozymes. This was ascribed to accelerated
evolution of these genes [19] accompanied by functional di-
versification of their products {16]. The acquisition of diverse
physiological activities in venom isozymes must be advanta-
geous for disrupting the integrity of prey animals or for de-
fense against predators. The present study provide the evi-
dence that T. flavoviridis and T. gramineus serine protease
isozyme genes have also diverged via accelerated evolution
possibly to gain functional diversity in their products. In ad-
dition to PLA, isozyme and serine protease families, many
other isozyme families occur in crotalinae snake venom. It
could be assumed that all of them have universally evolved
via accelerated evolution.

The nucleotide substitutions having occurred intensively at
a specific site of genes have been noted in a few other multi-
gene families. A well-known example is MHC class II genes
[31] whose hypervariability is thought to have been produced
by gene conversion. In this case, however, nonsynonymous
nucleotide substitutions have occurred predominantly in oy
and o, regions which interact with specific antigens, but the
other regions of the protein-coding region are highly con-
served. In contrast, uniquely in venom isozyme genes, nonsy-
nonymous nucleotide substitutions spread over the entire ma-
ture protein-coding region although the UTRs and introns are
highly conserved. Mechanism other than gene conversion may
be responsible for accelerated evolution of venom gland iso-
zZyme genes.
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