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Abstract

Aim: To clone cDNAs of thrombin-like enzymes (TLEs) from venom gland of
Deinagkistrodon acutus and analyze the mechanisms by which their structural
diversity arose. Methods: Reverse transcription-polymerase chain reaction and
gene cloning techniques were used, and the cloned sequences were analyzed by
using bioinformatics tools. Results: Novel cDNAs of snake venom TLEs were
cloned. The possibilities of post-transcriptional recombination and horizontal
gene transfer are discussed. A phylogenetic tree was constructed. Conclusion:
The cDNAs of snake venom TLEs exhibit great diversification. There are several
types of structural variations. These variations may be attributable to certain
mechanisms including recombination.
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Introduction

Snake venom is a rich source of substances with thera-
peutic value, and its components vary between species. Some
proteins and peptides in snake venom have enormous struc-
tural diversity and they are thought to be genetically deter-
mined by multiple gene families. This feature of structural
diversity confers on snakes certain adaptive advantages
during their evolution. Collateral evidence for this is that
Aipysurus eydouxii, a sea snake that feeds exclusively on
fish eggs, possesses atrophied venom glands and has PLA2
toxins with less diversification'". Similar variation has also
been observed in other venomous animals, such as scorpi-
ons,

Snake venom thrombin-like enzymes (TLE) are mainly
distributed in Viperidae snakes, and are especially abundant
in Deinagkistrodon acutus. Anti-thrombotic agents have
been developed from TLEs of snake venom and are in clini-
cal use. Both the TLE proteins and mRNAs so far isolated
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display accelerated evolution, that is, their structures are
remarkably diversified. Actually, while cloning snake venom
TLE cDNAs, it was found to be practically impossible to find
2 totally identical ¢cDNA molecules®!. Under such
circumstances, it seems unlikely that each cDNA would cor-
respond to a specific gene in the genome. The diversity is
generally thought to be attributable to such mechanisms as
gene mutation, gene conversion or alternative splicing of
pre-mRNAM. However, no definitive conclusion can yet be
drawn regarding the molecular mechanism by which their
structural diversity is achieved. Therefore, research effort in
this area may not only help to reveal the molecular evolution
of snake venom proteins, but also improve our understand-
ing of their structure-function relationships and provide guid-
ance for better exploitation of these substances, especially
with respect to recombinant production.

In the present study, some new TLE cDNAs from
Deinagkistrodon acutus were cloned. The cDNA sequences
were aligned and analyzed to determine possible rules for
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sequence variations. A phylogenetic tree was constructed
and discussed.

Materials and methods

Materials Kits for RNA extraction, reverse transcription,
and plasmid rapid extraction were purchased from BioDev-
Tech Scientific and Technical Co, Beijing, China. 7ag DNA
polymerase and T4 DNA ligase were from Beijing Sino-Ameri-
can Company. The competent Escherichia coli cell prepa-
ration kit was the product of Sangon, Shanghai, China. Plas-
mid pGEM-T and E coli IM1009 strain were from Promega.
Four adult Deinagkistrodon acutus snakes were collected
from Hunan Province, China.

Reverse transcription-polymerase chain reaction and
c¢DNA cloning Isolation of the total RNA from a snake venom
gland and the reverse transcription-polymerase chain reac-
tions (RT-PCR) were performed as described previously*.,
The total RNA in the experiment was a preparation from a
single snake venom gland. For PCR, a pair of degenerate
primers was designed on the basis of the highly-conserved
N- and C-termini amino acid sequences of TLEs: T, 5'-GTC
ATTGGAGGTGA(TC)GA(AG) T-3'; T, 5'-A(CT)GGGG GGC
AAG T(TC)G C(AG)-3'. The 5' dATP was designed as per
the first nucleotide in the stop codon.

The PCR products amplified with 7ag DNA polymerase
were cloned into the pGEM-T vector and the inserted cDNAs
were sequenced with ABI Prism 377-96 by Sangon. Each
cDNA was sequenced in two directions.

Software cDNAs were translated and exported with
VISED, a freely distributed software (downloaded from http://
iubio.bio.indiana.edu). Sequence alignment was performed
with Omiga 2.0 (developed by Oxford Molecular Office)™
and exported with GenDoc (downloaded from http://www.
cris.com). Phylogenetic trees were constructed using
Megalign®. Similarity searches were carried out online us-
ing the BLAST program at the website http://www.ncbi.nlm.
nih.gov.

Results

By using the RT-PCR and cDNA cloning strategy, we
obtained 7 complete cDNA sequences coding for mature
TLEs, that is, acl, ac5, ctq, nl, R3, R5, and tler7. We com-
pared the cDNA sequences (Figure 1), and the statistical
reports show that the sequence identities range from 81% to
99%. Despite the differences, the TLE sequences have cer-
tain common features. First, all the cloned cDNAs have
open reading frames that encode 234 amino acids. Second,
their deduced amino acid sequences were homologous with

known snake venom TLEs, and an NCBI Conserved Domain
Search!” demonstrated that they were all homologous with
trypsin-like serine protease domains (CD accession num-
bers cd00190, smart00020, pfam00089, and COG5640). Third,
no amino acid substitution of the catalytic triad residues
was found, which suggests that the proteins were probably
functionally active enzymes.

ctq Byusing the BLAST program we demonstrated that
the amino acid sequence deduced from ctq cDNA had 99%
identity with the thrombin-like enzyme precursor (GenPept
accession number AAK12273) and 83% identity with acubin
(GenPept accession number CAB4643 1) from Deinagkistro-
don acutus.

acl, ac5,R3, and n1 On the basis of BLAST analysis,
the amino acid sequence of acl, ac5, R3, and n1 had the
highest degree of identity (99%) with the DAV-PA pre-
cursor™ (GenPept accession number AAF76378). Points of
difference from the DAV-PA precursor are that these se-
quences have Asp-5 instead of Asn-5, which is a conserva-
tive substitution; furthermore, Gln-191 is replaced by His-
191 inn1, and His-210 substitutes for Tyr-210 in acl. Com-
parison of the cDNAs of R3 and the DAV-PA precursor indi-
cates that there is a synonymous base substitution of CCT
with CCC, which both encode Ser-108.

acl, ac5, R3, and n1 had the second highest degree of
identity (94%) with DFA1 (Deinagkistrodon acutus throm-
bin-like defibrasel, GenPept accession number AAD19350),
DFA1 has only 233 amino acid residues because it lacks Tyr-
161 ofacl, ac5,R3 andnl.

RS and tler7 R5 cDNA has only a single base difference
from the cDNA of the thrombin-like enzyme precursor of
Deinagkistrodon acutus (GenBank accession number
AF333768); that is, at site 612 the former has an A and the
latter has a G. But this change occurs at the third position of
the codon, and both CCA and CCG code for proline. There-
fore, the amino acid sequences remain unchanged.

tler7 also had the highest degree of identity (85%) with
thrombin-like enzyme precursor (AAK12273), and its degree
of identity with acubin was 83%. tler7 cDNA was accepted
by GenBank, and its accession number is AF362127.

Abnormal sequence T4 An abnormal sequence, T4, was
alsocloned. Although T4 cDNA is similar to the other cDNAs,
it has 681 bp (shorter than the usual 702 bp), and it would
encode a truncated peptide, because a nonsense codon ap-
pears in the middle of the reading frame. We compared the
sequence with those of other TLEs and with the batroxobin
gene (GenBank accession number X12747), a thrombin-like
enzyme from Bothrops atrox moojeni venom!"”, and found
that a segment of T4, GFPLNGFERQYFLFQAMRSA-
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* 20 * 40 * &0 * 80
acl ! GICATTGGAGGTGATGAATGTGACATAAATGAACATCGT T TCCTTGTAGCCTTCT T TAACACTACT GGATT TT T (TCT[G
ach ! GTCATTGGAGGAGATGAAT GTGACATAARTGAACATCGT T TCCTTGTAGCOT T CTTTAACACTACTGEATT TTTATGT[EG
ctq ! GTCATTGGAGGTGATGAAT GTGACATAAATGAACATCATT CCCTTGCACTCGT GTATAT CACTACCGETTT TCTATGT[EG
nl ! GICATTGGAGGTGATGAAT GTGACATAAATGAACATCGT T TCCTTGTAGCCTTCTT TAACACTACTGGAT T TTTATGT[EG
R3 ! GICATTGGAGGTGACGAAT GTGACATAAATGAACATCGT T TCCTTGTAGCCTTCT T TAACACTACTGGAT T TTTATGT[ZG
RS ! GTCATTGGAGGTGATGAAT GTGACATAAATGAACATCGTTCCCTTGCACTCGT GTATAT CACTACCGETTT TCTATGT[EG
tler7 : GICATTGGAGGTGATGAR GTGACATAAATGAACATCGTTTCCTTGTAGCCTTCTTTAACACTACTGGATTTTTI%GT el

Cys Ve

* 100 * 120 * 140 * 160
acl @ TGGEEACTTTGATCAACCCGGAATGGETGETCACT GCTECACATT GOGACAGTACAAAT TTCCAGAT GCAGCT TGETGT GO
ach : TGGGACTTTGATCAACCCGGAAT GEET GETCACT GCTGCACACHT GOGACAGTACARAT TTCCAGAT GCAGCT TGETGT GO
ctq @ TGGEGACTTTGATCAACCCAGAATGGGTGOTTAGCGCTGCACATIT GOGACAGGEGACCT AT GCACATATTCCT TGETAT GO
nl : TGGEGACTTTGAT CAACCCGGAAT GEET GET CACT GCTGCACACHT GOGACAGTACARAT TT CCAGAT GCAGCTTGETGT GO
R3 ! TGGGACTTTGATCAACCCOGGAAT GEET GETCACT GCTGCACACHT GOGACAGTACARAT TT CCAGAT GCAGCTTGETGT GO
RS : TGGGACTTTGATCAACCCAGAATGGET GOTTAGCGCTGCACATI GOGACAGEGEACCTAT GCACATATT CCTTGETAT GO
tler7 : TGEGACTTTGATCAACCCGGAATGGEETGETCACTGCTGCACADT GOEACAGT ACAAAT TT CCAGAT GCAGCT TBETGT GC

Hi Cys

* 180 * 200 * 220 * 240
acl ! ATAGCAAARAGGTACTAAAT GAGGAT GAGCAGACAAGAAACCCAAAGGAGAAGT T CAT TTGTCCCAAT AAGAACAACAAT
acs : ATAGCAAAAAGGTACTAAAT GAGGAT CAGCAGACAAGAAACCCAAAGGAGAAGTTCATTT GT(COCAAT AAGAACAACAAT

oty ! ATAGCCTAAAGGECACCAAAAGAGGATGAGCAGAAAAGAATT GCAAAGGAGAAGTTCTTTT GCOCT CAGT AGCAAAAACT AT
nl ! ATAGCAAARAGGTACTAAAT GAGGATGAGCAGACAAGAAACCCAAAGGAGAAGT TCAT TIT GT(CCCAAT AAGAACAACAAT
R3 : ATAGCAAAAAGGTACTAAAT GAGGATGAGCAGACAAGAAACCCAAAGGAGAAGTTCATTIT ZT{CCCAAT AAGAACAACAAT
RS ! ATAGCCTAAAGECACCAAAAGAGGAT CAGCAGAAAAGAATT GCAAAGGAGAAGTTCTTTTGCOCT CAGT AGCAAAAACT AT
tler7 : ATAGCAAAAAGETACTAAATGAGGATGAGCAGACAAGAAACCCAAAGGAGAAGTTCATTT CTCOCAAT AAGAACAACAAT
Cys

* 260 * 260 * 300 * 3z0
acl ! GAAGTACTGGACAAGEACAT CATGTTGAT CAAGCTGGACAARCCTAT TAGCAACAGT AAACACAT CECGICTCTCAGCTT
acs ! GAAGTACTGGACAAGEACAT CATGTTGAT CAAGCTGGACAAACCTAT TAGCAACAGT AAACACAT CGCGCCT CTCAGCTT
ctg ! ACCAAATGGGGCAATEACAT CATGTTGAT CAAGCT GGACAGT COTGT TAAT AACAGT GCACACAT CGCGCCT ATCAGCTT
nl I GAAGTACTGEACAAGEACAT CATGTTEAT CAAGCT GGACAAACCTAT TAGCAACAGT AAACACAT CECGCCTCTCAGCTT
R3 ! GAAGTACTGGACAAGEACKT CATGTTGAT CAAGCT GGACAARCCTAT TAGCAACAGT AAACACAT CECGCCT CTCAGCTT

RS i ACCAAATGGGGCAATIGACRT CATGT TEGAT CRAAGCTGEACAGT CCTGT TAAT AACAGT GCACACAT CGCGCCTATCAGCTT
tler? | GAAGTACTGGACAAGEACATCATGTTGATCAAGCTGGACAGT CCTGT TAATAACAGT GCACACAT CGCGCCTATCAGCTT

* 340 * 360 * 380 * 400
acl : GUCTTCCAGCCCTCCCAGIGTGGGCTCAGTTTGOCGTATTAT GEEAT GGGEAT CAAT CACACCT GT TARAGAGACTTTTC

ach : GUCTTCCAGCCCTCCCAGIGTGGGCTCAGTTTGCCGTATTAT GGEAT GGGGAT CAAT CACACCT GTTARAGAGACTTTTC
ctqg 1 GCCTTCCAACCCCCCCAGTGTGEGCTCAGTTTGOCGTGTTAT GGEAT GGGGT TCAAT TACATCTCCTAATGTGACTATTC
nl ! GUCTTCCAGCCCTCCCAGIGTGGGCTCAGTTTGCOCGTATTAT GGEAT GGGGAT CAAT CACACCT GT TAAAGAGACTTTTIC

R3 ! GUCCTCCAGCCCTCCCAGTIGTGGGCTCAGTTT GO
RS ! GUCTTCCAACCCCCCCAGIGTGGGCTCAGTTT GO

tler7 : GOCTTCCAACCCCCCCAGTGTGEGCTCAGTTIGOCGTGT TAT GGEAT ZGEETTCAATTACAT CTCCTARTGTGACTATTC
Cys

* 420 * 440 * 450 * 480

acl : COGATGTCCCT TATCTGCT AACAT TAACCTACTTGAT CATGCACT G GTICAAGCAGGT TAT CCAGAGT TGCTGCECGEAR

ach : COGATGTOCCTTATIGTGCTAACATTAACCTACTTGAT CATGCAGT G GTCAAGCAGGT TAT CCAGAGT T GCT GECGEAR
ctq : CTGGETGTOCCT CATIGTGCTAACAT TAACATACT CEAT TATGAGET G GTCCAGCAACT AAACCAGAGT T GCOGECGARR
: GTGCTAACAT TAACCTACTTGAT CAT GCAGT GT GT[CAAGCAGGT TAT CCAGAGT T GCTGGOGGAL
GTECTAACAT TAACCTACT T GAT CAT GUAGT GI GTCAAGCAGGT TAT CCAGAGT T GCTGECGEAR
GTGCTAACAT TAACATACT CGATTAT GAGET GT GT[CGAGCAACT AAACCAGAGT T GCCEEIGAAA
GTGCTAACAT TAACATACT CGATTAT GAGET GL CICGAGCAACT AAACCAGAGT T GCCEGLGAAR
Cys
* 500 * 520
acl ! TACAGAACATTGIGTECAGGTATCGTGCAAGGAGGCARAGATAC

ach i TACAGAACATTGI GTGCAGETATCGT GCAAGGAGGTAAAGATAC, (GGGEGEEACCCCTCATOT GTIA
ctg ¢ AGCAGAACATTGI GTGCTGETATCCTGEAAGGAGGTAAAGGTTC. GGAGGACCCCTCATOT GTIA
nl i TACAGAACATTGI GTGCAGGTATCGT GCAAGGAGGTAAAGATAC, GGGGEGACCCCTCATOT GTIA

R3 i TACAGAACATTGI GTGCAGETATCGT GCAAGGAGGTAAAGATAC, GGGGEGACCCCTCATOT GTIA

RS ! AGCAGAACATTGIGIGCTGETATCCTGEAAGGAGGCAAAGGT TC, GGAGGACCCCTCAT T GT|A
tler7 : AGCAGAACATTGIGIGCTGETATCCTGEAAGGAGGCAARGGT TC, GGAGGACCCCTCATCT GTIA
Cys Cys

* 580 * 600 * 640
acl : TGGEACAATTCCAGGGCATTGTATCT TAT GGEECGCAT CCTTGHGECCAAGGTCCT AAGCCT GET AT CCACACCAAT GTCT
acs 1 TGGACAATTCCAGGGCATTGTATCT TAT GGGGCGCAT CCTT GTGECCAAGGTCCT AAGCCT GEGTATCTACACCAAT GTCT
ctq i TGGAGAAATCCAGGGCATTGTATCT TGGGREEET GATAT NI GIGCCCAACCACAT GAGCCT GECCACTACACCAAGGETCT
nl ;. TGEACAATTCCATGGCATTGTATCT TAT GEGEOGCAT COTT GTGGECCAAGGTCCT AAGCCT GETATCTACACCAAT GTCT
R3 1 TGGEACAATTCCAGGGCATTGTATCT TAT GRGECGCAT COTT GTGECCAAGGT CCT AAGCCT GGTATCTACACCAAT GTCT
RS i TGGAGAAATCCAGGGCATTGTATCT TGEGREEET GATAT T GTGCCCAACCACAT GAGCCT GEUCACT ACACCAAGGETCT
tler? : TGGAGAAATCCAGGGCATTGTATCTTGGGGGGGTGATATTEFTGCCCAACCACATGAGCCTGGCCACTACACCAAGGTCT

s

* 660 * 680 *
acl : TCGATTATACT GACTGGAT CCAGAGAAATATTGCAGGARAT ACAGAT GCGACT 702
acs : TCNATTATACTGACTGGATCCAGAGAAATATTGCAGGAAAT ACAGAT GCGACT 702
ctq : ACGATTATACTGACTGGATCAACAGCATTATTGCAGGAAATACATCTGCGACT 702
nl ! TCGATTATACT GACTGGAT CCAGAGAAATATTGCAGGAAAT ACAGAT GCGACT 702
R3 : TCGATTATACTGACTGGAT CCAGAGAARTATTGCAGGARAT ACAGAT GCGACT 702
RS ! ACGATTATACTGACTGGATCAACAGCAT TATTGCAGGARATACATCTGCGACT 702
tler7 : ACGATTATACTGACTGGATCAACAGCATTATTGCAGGAAATACATCTGCGACT 702

Figure 1. Alignment of cDNA sequences of Deinagkistrodon acutus venom TLEs. The 7 cloned cDNAs are listed for comparison. The amino
acid residues indicated below the boxed triplet codons include the 12 highly conserved cysteines and the catalytic triad of His, Asp, and Ser. In
contrast to the general structural diversification, no even synonymous nucleotide substitution was observed in the codons of the catalytic triad.
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PLVGDNGNYSSMHLGGKLZ was aberrant. It replaced the
segment normally encoded by exon 3, with the batroxobin
gene as reference, and BLAST analysis of its cDNA showed
that it has 91% identity with a region of intron 3 that con-
forms to the Breathnach-Chambon rule!"”). Intron 3 has a
tandem repeat of TTGGTTGGAGACAATGGAAA (from 6712
to 6751) in the region (Figure 2). These results suggest three
things. First, the gene structures of TLEs might be similar in
Deinagkistrodon acutus and Bothrops atrox. Second, a
putative minisatellite site exists in intron 3. Third, T4 is a
possible product of alternative splicing.

Discussion

Factors contributing to variations Snake venom TLEs
exhibit great variability, but their molecular scaffolding is
conserved'?. From a genetic viewpoint, conservativeness
and variability are normally maintained in a delicate balance
that is probably ensured by a set of mechanisms or a “super-
visor”. As for the TLEs, the balance seems to incline to-
wards variability. TLEs resemble antibodies in that they
also could be seen as armaments against all kinds of exterior
or environmental factors. A relaxed mechanism is used and
the possibility of variation is enhanced. Evolution has se-
lected the changeability itself.

Multiple alignments suggested that the variation could
be categorized into three types: type I, I, and III. Type I
relates to the differences involved in relatively large seg-
ments. The alignment of the cDNAs of R3, R5 and tler7
illustrates variation of this type. Continuous sequence iden-
tities between R3 and tler7, and between R5 and tler7, sug-
gest that the combination of R3 and RS produced tler7 (Figure
3). Judging by the organization of the batroxobin gene, so
far the only known genomic structure of TLEs of snake

5040 6640

Batroxobin intron3
T4 abnormal segment ;| ————————————————————————
* 66860 *

Batroxcbin intron3
T4 abnormal segment :

venom , it is obvious that the combination is neither the
result of alternative splicing of the pre-mRNAs nor that of
trans-splicing. A similar phenomenon was reported by Siigur
et al™. 'We propose that the variation is in fact the result of
post-transcriptional recombination, as we have previously
hypothesized for snake venom C-type lectin proteins!*'*,
The putative crossover sites at around 20-40 and 260-280
were shared by the 3 cDNAs (Figure 4), and some other
dispersed sequence identities in R3, RS and tler7 were also
observed. At the present time it is not clear whether these
regions are a prerequisite for or a consequence of recombina-
tion. Ifthe former were true, the conserved crossover sites
could be explained as the feature of the gene family; whereas
if the latter were true we would infer that the recombination
was proceeding continually in the live venom gland.

1 30 270 702
R3 _— S
RS = I
tler7 -

Figure 4. Schematic representation of the crossovers. The boxes
represent consensus regions for the 3 DNA sequences, where the
crossovers possibly occur. Sequence location identity is indicated by
numbers above the sequences.

Furthermore, we analyzed 3 cDNA sequences from
GenBank: Deinagkistrodon acutus thrombin-like protein 1
(AY861382), thrombin-like enzyme 2 (AY861138) and throm-
bin-like protein 3 (AY861383). Multiple alignment of the 3
sequences provided additional evidence for the recombina-
tion hypothesis (Figure 5).

The characteristics of the recombination coincide with

aa60

GTAGGGA « - TCTGTTTTTCCCAGCGAGTCCCTTT GAACACCTT
GATTCCCTTTGAACGGCTT

8700 *

TGAAAGACAATGCTTCCTATTCCAGGCAAGGAGAT CAGTTCCC
TGAAAGACAATACTTCCTATTCCAGGCAAT GAGAT CAGCTCC-

Batroxobin intron3

T4 abnormal segment :

Batroxobin intron3

T4 abnormal segment :

Batroxobin intron3
T4 abnormal segment

6720 * 6740 *
:|TTGGTTGGAGACAATGGAAATTGGTTGGAGACAATGGAANTTA
——————————————————— ACTGGTTGGAGACALT GSAMATTA

5760 * 6780 *
TAGCTCTAT GCATCTAAGT GGTAAATTGT GAAAGGTAAAATTT
TAGCTCTAT GCATCTAGGT GGTAAATTGTGAAA - —————————

&800 * 6620
TAATTTTTTAARRATTCTTTTCAG

Figure 2. Alignment of the T4 abnor-
mal segment with intron 3 of the
batroxobin gene (X12747). The tandem
repeat is boxed. The omitted part of
batroxobin intron 3 is indicated by dots.
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R3
RS
tler?

R3
RE5
tlar?

R3
RE5
tler?

R3
RE
tler?

R3
RS
tler?

R3
R5
tler?

R3
RE
tler?

R3
RE5
tler?

R3
RE
tler?

R3
RS
tler?

R3
RS
tler?

* g0 * 100 * 1=20 *

200 * 220 * 240 * 260

* 280 * 300 * 320

* 340 * 360 * 380 *

400 * 420 * 440 *

460 * 480 * 500 * 520

* 540 * 560 * 580

* 600 * 6210 * 640 *

Figure 3. Multiple alignments of R3, R5, and tler7 cDNAs. Identity is indicated by a dot. The alignment suggests two crossovers between R3

and RS, one of which occurred at approximately 20—40, and the other at approximately 260-280, leading to the formation of tler7.
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tlez
tlpl
tlp3

* ga * 100 * 120 *
tlel
tlpl
tlp3

140 * 160 * 180 *
tlel
tlpl
tlp3

=00 * =220 * =40 * 260
tlel
tlpl
tlp3

* =80 * Z00 * 320
tlel 2
tlpl
tlp3

* 340 * 360 * 380 *
tleZ
tlpl
tlp3

400 * 420 * 440 *
tleZ
tlpl
tlp3

460 * 480 * 500 * 520
tleZ
tlpl
tlp3

* 540 * 560 * 580
tleZ
tlpl
tlp3

* 600 * 620 * 640 *
tlez
tlpl
tlp3

660 * 680 * 700
tleZ
tlpl
tlp3

Figure 5. Alignment of cDNAs of Deinagkistrodon acutus thrombin-like protein 1 (AY861382), thrombin-like enzyme 2 (AY861138) and
thrombin-like protein 3 (AY861383), abbreviated as tlpl, tle2 and tlp3 in the figure. From the first base to 434, tlpl and tlp3 are continuously
identical, and from 367 to 708, tlpl and tle2 are continuously identical. The segment from 367 to 434 might be a “switching” region. Identity
is indicated by a dot.
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A

acl :

DAV-PAD :

nl

R3

acl

DAaV- PAp Figure 6. Comparison of acl, the DAV-PA

E%’ precursor (AAF76378, abbreviated as “DAV-

PA p” in the figure), nl and R3. (A) cDNA

B sequence alignment showing transitions and
1 transversions . (B) Amino acid sequence align-

giV—PAp ment showing substitution of amino acid

nl residues. The omitted segments (indicated by

R3 dots) are identical in the 4 DNA sequences.

ach T S=DECDIHN 1 ¥ T T = 13C =T LTNBEWIALHCDISH ]
acubin TLINBEWWVLEAAHCDISIE=LNy|
R3 A STHNE QI
rf STHNE QI
DFAL TALH DR Ee
tlel E ERGLH]
VIGGDECDINEHRfL a 5 3t gF CgGTLIanWVG AAHCA 6 LGaHs k

an * lﬂD * 120
ach TS PHNENSNEVLDENESUIME RN )
acubin I ISR AT N AIE N T M T, T F T D
R3 T PN ENSINEVLDENESUS NN
ré I & PNENSNEVLDERENCINS AN S
DFAL TS PNENPNEVLDERESUIME SRR
tlel ! AI EHYYRCDEERLT EWEN|EETSE

elEQ R kEkKf ¢ n
160
ach EINLAEY |3H Aat e
acubin EIfPAK S isuar
R3 EMLAEY SHSH
rf EIfPAK S EHS
DFAL SCWRN- Tl
tlel
P rtl1CAGLIAZGGEL 3C g

ach 234
acubin : 234
R3 : 234
rs 234
DFAL : 233
tlel 236

DEGGEPLICIGZ QGIVsS5G c Q

Figure 7. Alignment of amino acid sequences of TLEs reveals a multitude of type II variations.

deletion/insertion are indicated by a dash.

those of some homologous or non-replicative homologous
RNA recombination models!®. The mechanism and the en-
zymatic basis of this proposed post-transcriptional recombi-
nation remain to be elucidated, and its evolutionary origin is
also mysterious. Viral RNA genomes undergo rapid evolu-

190

IAGnT atCPP

Pg YT V 1¥YTDWI

Gaps that were presumably caused by base

tion!"”), and so far RNA recombination has been found only
in RNA molecules that have genomic functions, such as ge-
nomes of RNA viruses, excluding RNA processing!'®"”!. We
wonder if there exist evolutionary connections between eu-
karyotic recombination and viral genomic recombination.
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DEAL
ancrod :
nl
DFAL
Edlal 4 Y« BHEF DD E OEREF PKEKHETRCNEPRTRWGED IMLIRLI
nl H L EDE QTRNPEEEFICPNENNNEVLDEDIMLIELDEPT SN
& 140 b 160
DFAL QTGY
ancrod :
nl
DEAL
ancrod :
nl
R3
4':[ acutobin
defibrasel
— 5
R5
— calobin
] L panabin
ancrod
batroxobin
288.9 T T T T T 1
250 200 150 100 50 0

Nucleotide substitutions (x100)

Figure 9. Phylogenetic tree of TLE cDNAs from different genera
or species. Calobin is from Agkistrodon ussuriensis, pallabin from
Agkistrodon halys pallas (Glodius halys), batroxobin from Bothrops
atrox, and ancrod from Calloselasma rhodostoma. Their GenBank
accession numbers are U32937, AJ001210, J02684, and L07308,
respectively. The remaining cDNAs are from Deinagkistrodon
acutus.

Type Il variation in alignment relates to point mutations,
including deletions/insertions of one or several bases and
base substitutions (missense mutations or synonymous/
conservative mutations) as illustrated in Figures 6 and 7.
For base substitutions, all 6 possible shifts have been found,
but shifts between A and G seem to occur with the greatest
frequency, according to our preliminary statistics. In some
alignments, shifts between C and T were the second most
frequent. Our BLAST analyses and comparison data sug-
gest that type II variations were the most widely dispersed
in the present study. The origins of type Il variations are not
yet understood, but RNA editing, gene conversion or point
mutation caused by RNA recombination might be the pri-
mary cause®?!, Therefore, the relationships between type
I and II variations are worth studying in the future.

0 {CHRY]
CREUr rREERE Bl L cAcHL

TTLCAGFL

Figure 8. Multiple alignment of the
r 233
234
1 233

amino acid sequence of ancrod
(S36783), DFA1( AAD19350) and nl.

Type III variation in alignment comprises mistakes. T4 is
not the sole example of this type. We have also cloned
another partial cDNA sequence, O1, which had the same
abnormal splicing as T4 cDNA; that is, a segment of intron 3
took the place of exon 3. However, Ol is different from T4
cDNA because of some type II variations. These findings
again highlight the instability inherent in the flow of genetic
information in snake venom.

The preceding discussion is based on data gathered us-
ing some traditional techniques, such as PCR. Therefore,
replication errors or template switching in DNA amplifica-
tion should be considered. To circumvent these potential
problems, high-fidelity Pfu DNA polymerase was also used
to validate the accuracy of PCR reactions catalyzed by Tag
DNA polymerase, and the errors proved to be negligible as
far as our experiments were concerned. In future studies,
cDNA libraries and genomic DNA libraries should be used.
However, an overall understanding of snake genomes is nec-
essary to answer questions regarding the diversity of TLEs.

Horizontal gene transfer Alignment of defirase 1, acubin
and ancrod (Figure 8) revealed a segment that is peculiar to
ancrod: PRTRWGE (81-87). Ancrod is purified from the
venom of Calloselasma rhodostoma, and is being clinically
used for the treatment of conditions such as acute ischemic
stroke. BLAST analysis (expect=10000) of the segment hit
only 2 unknown proteins from Arabidopsis thaliana (aside
from ancrod itself), and the degree of similarity between them
was 85%. That segment probably represents a novel motif,
and it possibly originated from other organisms through
horizontal gene transfer. A retrovirus might have played a
role in the horizontal transfer!'**],

Phylogenetic analysis Phylogenetic trees (Figure 9) con-
structed by using some TLE amino acid sequences are con-
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sistent with conventional taxonomy; that is, the degree of
variation is greater between species than within species.
TLEs seem to have some value for relationship estimation.
However, TLEs of the species Deinagkistrodon acutus do
not possess geographic features according to our phyloge-
netic analysis. Wang ef al constructed TLE phylogenetic
trees to find functional groups™. Because functional alter-
ations may involve a very limited number of key amino acid
residues, direct experiments on structure-function relation-
ships at the DNA and protein level need to be conducted: an
important task for studying the structural biology of TLEs.

References

1 Li M, Fry BG, Kini RM. Putting the brakes on snake venom
evolution: the unique molecular evolutionary patterns of Aipysurus
eydouxii (marbled sea snake) phospholipase A2 toxins. Mol Biol
Evol 2005; 22: 934-41.

2 Srinivasan KN, Sivaraja V, Huys I, Sasaki T, Cheng B, Kumar
TKS, et al.
Heterometrus fulvipes with unique structure and function. J Biol
Chem 2002; 277: 30040-7.

3 Zha XD, Ren B, Liu J, Xu KS. c¢DNA cloning and high-level
expression of a thrombin-like enzyme from Agkistrodon acutus
venom. Methods Find Exp Clin Pharmacol 2003; 25: 253-7.

4 Deshimaru M, Ogawa T, Nagashima K, Nobuhisa I, Chijiwa T,
Shimohigashi Y, et al. Accelerated evolution of crotalinae snake
venom gland serine proteases. FEBS Lett 1996; 397: 83-8.

5 Searby C. OMIGA 2.0. Biotech Software Internet Rep 2000; 1:
198-207.

6 Clewley JP, Arnold C. MEGALIGN. The multiple alignment
module of LASERGENE. Methods Mol Biol 1997; 70: 119-29.

7 Marchler-Bauer A, Bryant SH. CD-Search: protein domain an-
notations on the fly. Nucleic Acids Res 2004; 32: W327-31.

8 Wang YM, Wang SR, Tsai IH. Serine protease isoforms of

K-Hefutoxinl, a novel toxin from the scorpion

Deinagkistrodon acutus venom: cloning, sequencing and phylo-
genetic analysis. Biochem J 2001; 354: 161-8.

9 Pan H, Du X, Yang G, Zhou Y, Wu X. cDNA cloning and expres-
sion of acutin, a thrombin-like enzyme from Agkistrodon acutus.
Biochem Biophys Res Commun 1999; 255: 412-5.

10 Itoh N, Tanaka N, Funakoshi I, Kawasaki T, Mihashi S, Yamashina

192

11

12

13

14

15

16

17

18

19

20

21

22

23

I. Organization of the gene for batroxobin, a thrombin-like
snake venom enzyme. Homology with the trypsin/kallikrein
gene family. J Biol Chem 1988; 263: 7628-31.

Breathnach R, Benoist C, O’hare K, Gannon F, Chambon P.
Ovalbumin gene: evidence for a leader sequence in mRNA and
DNA sequences at the exon-intron boundaries. Proc Natl Acad
Sci USA 1978; 75: 4853-7.

Fry BG, Wiister W. Assembling an arsenal: origin and evolution
of the snake venom proteome inferred from phylogenetic analysis
of toxin sequences. Mol Biol Evol 2004; 21: 870-83.

Siigur E, Aaspollu A, Siigur J. Sequence diversity of Vipea lebetina
snake venom gland serine protease homologs: result of alterna-
tive-splicing or genome alteration. Gene 2001; 263: 199-203.
Zha XD, Zhou LZ, Huang HS, Liu J, Xu KS. Analysis of cDNAs
and genomic DNA of snake venom CTL-like proteins revealed
an extraordinary post-transcriptional processing event. Chin J
Biochem Mol Biol 2004; 20: 713-8.

Zha XD, Liu J , Xu KS. cDNA cloning, sequence analysis and
recombinant expression of akitonin beta, a C-type lectin-like
protein from Agkistrodon acutus. Acta Phamacol Sin 2004; 25:
372-7.

Onodera S, Sun Y, Mindich L. Reverse genetics and recombina-
tion in @8, a dsRNA bacteriophage. Virology 2001; 286: 113-8.
Holland J, Spindler K, Horodyski F, Grabau E, Nichol S, Van de
Pol S. Rapid evolution of RNA genomes. Science 1982; 215:
1577-85.

Alejska M, Kurzyfiska-Kokorniak A, Broda M, Kierzek R,
Figlerowicz M. How RNA viruses exchange their genetic material.
Acta Biochim Pol 2001; 48: 391-407.

Nagy PD, Zhang CX, Simon AE. Dissecting RNA recombination
in vitro: role of RNA sequences and the viral replicase. EMBO J
1998; 17: 2392-403.

Blanc V, Davidson NO. C-to-U RNA editing: mechanisms lead-
ing to genetic diversity. J Biol Chem 2003; 278: 1395-8.
Maas S, Rich A, Nishikura K. A-to-I RNA editing: recent news
and residual mysteries. J Biol Chem 2003; 278: 1391-4.

Au LC, Lin SB, Chou JS, Teh GW, Chang KJ, Shih CM. Molecu-
lar cloning and sequence analysis of the cDNA for ancrod, a
thrombin-like enzyme from the venom of Calloselasma
rhodostoma. Biochem J 1993; 294: 387-90.

Martin J, Herniou E, Cook J, O’Neill RW, Tristem M. Interclass
transmission and phyletic host tracking in murine leukemia vi-
rus-related retroviruses. J Virol 1999; 73: 2442-9.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


