
Fig. 2. Electrophoresis of PCR-
amplified F1 and F2 PI_SVMP 
fragments.F1 and F2 were cut, 
purified, and cloned into the 
vector pJET1.2 . 

Genomic	  organiza-on	  of	  Echis	  ocellatus	  PI-‐	  and	  PII-‐SVMP	  genes	  
Libia Sanz1, Juan J. Calvete1  

1 1Instituto de Biomedicina de Valencia, Jaume Roig 11, 46010 Valencia, Spain.    
2 E-mail: libia.sanz@ibv.csic.es, jcalvete@ibv.csic.es  

The	   evolu)onary	   pathway	   and	   the	   mechanism	   of	   selec)ve	   expression	   of	   toxins	   in	   the	   snake	   venom	   gland	   remain	   poorly	  
understood.	   The	   snake	   venom	   metalloproteinases	   are	   a	   large	   mul)gene	   toxin	   family	   that	   encode	   differing	   mul)domain	  
proteins.	   SVMP	   are	   typically	   characterized	   by	   the	   presence	   of	   a	   cataly)c	   “	   H-‐box”	   amino	   mo)f	   (	   HEX2HX2GX2HD)	   in	   the	  
metalloproteinase	   domain,	   and	   categorized	   into	   classes	   (	   PI,	   PII,	   PIII)	   based	   upon	   the	   presence	   or	   absence	   of	   addi)onal	  
nonproteinase	  domains.	  The	  origin	  of	  SVMPs	  has	  been	  inferred	  to	  have	  occurred	  following	  the	  split	  of	  the	  Parea)dae	  from	  the	  
remaining	   Caenophidians,	   approximately	   54-‐64	  Mya,	   through	   recruitment,	   duplica)on,	   and	   neofunc)onaliza)on	   by	   posi)ve	  
Darwinian	  selec)on	  of	  a	  closely	  related	  body	  cellular	  ADAM	  7	  or	  28	  ancestor	  gene.	  However,	  details	  on	  the	  molecular	  events	  
underlying	  the	  origin	  and	  evolu)on	  of	  the	  SVMP	  mul)gene	  family	  remain	  elusive.	  The	  genomic	  structure	  of	  the	  15652	  bp	  Echis	  
ocellatus	   pre-‐pro-‐EOC00089-‐like	   PIII-‐SVMP	   gene	   (Sanz	   et	   al.,	   Toxicon	   2012;	   60:	   455–469)	   pointed	   to	   introns	   as	   possible	   key	  
elements	  in	  the	  recruitment	  and	  amplifica)on	  process	  of	  SVMPs	  into	  the	  venom	  gland	  of	  extant	  snakes.	  In	  order	  to	  understand	  
the	  structure	  and	  evolu)on	  of	  SVMP	  genes,	  we	  have	  determined	  the	  genomic	  structures	  of	  the	  17768	  bp	  Echis	  ocellatus	   long	  
ocellatusin	  precursor	  PII-‐SVMP	  EOC00006,	  and	  the	  21643	  bp	  Echis	  ocellatus	  PI-‐snake	  venom	  metalloproteinase	  EOC00028.	  

We	  employed	  an	  itera)ve	  process	  for	  sequencing	  the	  genes	  coding	  for	  PII-‐SVMP	  EOC00006	  and	  PI-‐SVMP	  
EOC00028	  .	  We	  took	  advantage	  of	  knowledge	  of	  the	  genomic	  organiza)on	  of	  pre-‐pro-‐EOC00089-‐like	  PIII-‐
SVMP	  gene	  [Sanz	  et	  al,	  Toxicon	  2012;	  60:	  455-‐69],	  the	  organiza)on	  of	  disintegrin	  domains	  of	  SVMPs	  from	  
E.	  ocellatus	   [Bazaa	  et	  al.,	   J.	  Mol.	  Evol	  2007;	  64:	  261-‐71],	  and	  the	  cDNAs	  sequences	  of	  con)gs	  EOC00006	  
(GenBank	   accession	   code	   AM039693)	   and	   EOC000028	   (GenBank	   accession	   code	   AM039698),	   to	   design	  
primers	  for	  the	  PCR	  amplifica)on	  of	  genomic	  sequences.	  Using	  an	  itera)ve	  process	  of	  PCR-‐amplifica)on	  
and	   sequencing	   we	   have	   determined	   the	   genomic	   structures	   of	   the	   17768	   bp	   Echis	   ocellatus	   long	  
ocellatusin	   precursor	   PII-‐SVMP	   EOC00006,	   and	   the	   20941	   bp	   Echis	   ocellatus	   PI-‐snake	   venom	  
metalloproteinase	  EOC00028.	  	  

Figure 6. Scheme of the genomic organization of EOC00089-like PIII-SVMP 
gene. The distribution, phase, and size of the introns and the boundaries of 
the protein-coding regions are also highlighted.The insertion positions of 5 
introns present in human and A. carolinensis ADAM 28 but absent in the 
E.ocellatus are shown in red. SP, signal peptide; Disi-like, disintegrin-like 
domain; Cys-rich, Cysteine-rich domain 
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Fig.3 Overlapping PCR-amplified 
genomic fragments used to 
assemble the full- length PII long 
ocellatusin  

Transposable elements occupy a large fraction of eukaryotic genomes.Their mobility and amplification represent a major source of genomic variation. RepeatMasker identified sequences of 
long interspersed nuclear retroelements (LINE) beloging to the L2/ CR1 (chicken repeat 1), short interspersed nuclear retroelements SINE/ Sauria, and hobo-activator DNA (Charlie, hobo AT) 
transposon in some introns of both genes (Table 1). Table 2 displays the degree of sequence identity between the introns of the PII and the PI genes. 

Ancestral	  ADAM	  recruitment	  

Figure 1.  Diagram of the different domains present in PIII-, PII- and PI SVMP. SP-
signal peptide, Pro-prodomain, Metalloproteinase-metalloproteinase domain, DIS-
disintegrin domain, DIS-like-disintegrin-like domain and CYS-cysteine-rich domain.  
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Figure 8. Scheme of the genomic organization of EOC00028 PI-SVMP 
gene. The distribution, phase, and size of the introns and the boundaries 
of the protein-coding regions are also highlighted. SP, signal peptide.  

Table	  2.	  Percentage	  of	  nucleo)de	  sequence	  iden)ty	  	  between	  PII	  and	  PI	  introns	  
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Figure 7. Scheme of the genomic organization of EOC00006 PII-SVMP gene. 
The distribution, phase, and size of the introns and the boundaries of the 
protein-coding regions are also highlighted. SP, signal peptide.  
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Fig.4 Set of PCR-ampl i f ied 
overlapping genomic fragmets 
used to assemble the full- length 
PI EOC00028 

 
                    310       320       330       340       350       360 
                      |         |         |         |         |         | 
Ac_ADAM28    LTDIDFTGPTVGLAYVGTMCTPKHSLGVVQDHNTSPIAIGATMAHEMGHNFGMNHDTSFC 
Eoc6PII      ITAVHLD-NLIGYGYLGTMCDPQSSVAITEDHSTDHLWVAATMAHEMGHNLGMNHDGNQC 
Eoc28PI      LTAVNLNGDTIGRAYMESMCDPKKSVGINQDHSTVHLLVAVTMAHELGHNLGMDHDENQC 
Consensus    lTa! l g t!G aY gtMCdPk Svg! #DHsT hl !aaTMAHE$GHNlGM#HD nqC 
Prim.cons.   LTAV3L3G3TIG3AY3GTMCDPK3SVGI3QDHST3HL3VAATMAHEMGHNLGMNHD3NQC 
 
                    370       380       390       400       410       420 
                      |         |         |         |         |         | 
Ac_ADAM28    KCSSESCIMAGQLSYKTPRDFSSCSLQDFQKYMMDRSPDCVINMPSPKEIIATPVCGNNF 
Eoc6PII      NCGAAGCIMSAIISQYRSYQFSDCSMNEYRNYITTHNPPCILNQALRTDTVSTPVSENEL 
Eoc28PI      NCGASGCVMSGELRAQDSYHFSDCSKNEYQSYIATYNPQCILNQPLRTDTVSTPVSENEL 
Consensus    nCga gC!Msg ls   sy FSdCS ##%q Yi t nP C!lNqplrt#t!sTPVseN#l 
Prim.cons.   NCGA3GCIMSG3LS333SY3FSDCS3NEYQ3YI3T3NP3CILNQPLRTDTVSTPVSENEL 
 
                    430       440       450       460       470       480 
                      |         |         |         |         |         | 
Ac_ADAM28    VEEGEECDCGSPKECMNECCDAATCKLKPGAKCGYGECCERCQLRRAGAVCRPVKHDCDL 
Eoc6PII      LQNS-----------VNPCYDPVTCQPKEKEDCESGPCCDNCKFLKEGTICKMARGD-NM 
Eoc28PI      LQ-----------------------------------------FLRARTVSKRAVSD-DM 
Consensus    l#              n c d  tc  k    c  g cc  c flragt!ck a  D #$ 
Prim.cons.   LQ22EECDCGSPKEC2N2C2D22TC22K2222C22G2CC22C2FLRAGTVCK3A33DCDM 
 
                    490       500       510        
                      |         |         |          
Ac_ADAM28    PEMCTGQSHQCPSDRFRQNGHPCRNKQGYCYMGQC 
Eoc6PII      HDYCNGKTCDCPRNPYKGEHDPMEWPAPAKGSVLM 
Eoc28PI      DDYCSGITSDCARNPTKAKQQRWNDLQ-------- 
Consensus     #yC G t #Cpr#p k    p    q                                  
Prim.cons.   3DYC3G3T3DCPRNP3K3333P3333Q22222222 
 

 

 
                     10        20        30        40        50        60 
                      |         |         |         |         |         | 
Ac_ADAM28    MIKALLLALCFVLFQHQGSSLKELSA-VKDFEVVYPQKLHALHKRDVGGIQNSHKKDKYD 
Eoc6PII      MIQVLLVTICLAVFPFQGSSKTLKSGNVNDYEVVNPQKITGL---PVGAFKQPEKK--YE 
Eoc28PI      MIQVLLVTICLAVFPYQGSSKTLKSGNVNDYEVVNPQKITGL---PVGAVKQPEKK--YE 
Consensus    MIqvLLvtiClavFp QGSSktlkSgnVnD%EVVnPQKitgL   pVGa k#peKK  Y# 
Prim.cons.   MIQVLLVTICLAVFP3QGSSKTLKSGNVNDYEVVNPQKITGLHKRPVGA3KQPEKKDKYE 
 
                     70        80        90       100       110       120 
                      |         |         |         |         |         | 
Ac_ADAM28    DTMQYEFEMKGEKVLLHLEKNKGLFSKDYTETHYSTDGKEITTSPQIEDHCYYGGQIPND 
Eoc6PII      DAVQYEFEVNGEPVVLHLEKNKGLFSEDYSETHYSPDGSEITTNPPVEDHCYYHGRVQND 
Eoc28PI      DAVQYEFEVNGEPVVLHLEKNKGLFSEDYSETHYSPDGSEITTNPPVEDHCYYYGRIQND 
Consensus    DavQYEFEvnGEpVvLHLEKNKGLFSeDYsETHYSpDGsEITTnPp!EDHCYY Gr!qND 
Prim.cons.   DAVQYEFEVNGEPVVLHLEKNKGLFSEDYSETHYSPDGSEITTNPPVEDHCYY3GRIQND 
 
                    130       140       150       160       170       180 
                      |         |         |         |         |         | 
Ac_ADAM28    TDSAASISACSGLRGYFKSRGKRYIIEPLKASEPDAHAVFRYESLEKEDETSKVCGVTNT 
Eoc6PII      ADSTASISTCNGLKGFFTLRGETYLIEPLKVPDSESHAVYKYEDAKKKDEAPKMCGVTLT 
Eoc28PI      ADSTASISACNGLKGFFTLRGETYLIEPLKVPDSESHAVYKYEDAKKKDEAPKMCGVTLT 
Consensus    aDStASISaCnGLkG%FtlRGetYlIEPLKvp#s#sHAV%kYEdakKkDEapKmCGVTlT 
Prim.cons.   ADSTASISACNGLKGFFTLRGETYLIEPLKVPDSESHAVYKYEDAKKKDEAPKMCGVTLT 
 
                    190       200       210       220       230       240 
                      |         |         |         |         |         | 
Ac_ADAM28    TWQSDDEPMKKTSRMSTSAEKQNYLKARKYVELYIAVDNRVFRKYSRNMTGVKTRVFEIV 
Eoc6PII      NWESD-EPIKKASHLVATSEQQHF--HPRYVQLVIVADHSMVTKNNNDLTALTTWIHQIV 
Eoc28PI      NWESD-KPIKKASHLVATSEQQHF--DPRYIQLVIVADHAMVTKNNNDLTAITTWIHQIV 
Consensus    nW#SD ePiKKaSh$vatsEqQh%   prY!#LvIvaDh mvtKnnn#$Ta tTw!h#IV 
Prim.cons.   NWESDDEPIKKASHLVATSEQQHFLK3PRYVQLVIVADH3MVTKNNNDLTA3TTWIHQIV 
 
                    250       260       270       280       290       300 
                      |         |         |         |         |         | 
Ac_ADAM28    NYINLVYKAINIHVALIGLEIWSDGDKIAVDSSAGVTLDRFSAWRQEILLKRKHNDNAQL 
Eoc6PII      NDMIVMYRILNIHITLANVEIWSSGDLIAVTSSAPTTLRSFGEWRARNLVNRITHDNAQL 
Eoc28PI      NDMIVMYIDLNIHITLAAVEIWSNGDLITVTSSAREILNSFGEWRQRDLVNRITHDNAQL 
Consensus    NdmivmY  lNIH!tLa vEIWS GDlIaVtSSA  tL sFgeWRqr LvnRithDNAQL 
Prim.cons.   NDMIVMY33LNIHITLA3VEIWS3GDLIAVTSSA33TL3SFGEWRQR3LVNRITHDNAQL 

PII
PI

Intr_1 Intr_2 Intr_3 Intr_4 Intr_5 Intr_6 Intr_7 Intr_8 Intr_9 Intr_10 Intr_11 Intr_12 Intr_13 Intr_14
Intr_1 69% 31% 49% 27% 48% 49% 24% 42% 21% 39% 9% 35% 33% 18%
Intr_2 31% 96% 36% 50% 37% 28% 47% 40% 42% 47% 22% 50% 50% 36%
Intr_3 48% 36% 95% 33% 53% 46% 28% 48% 26% 45% 11% 41% 39% 22%
Intr_4 28% 50% 33% 92% 34% 26% 49% 38% 46% 43% 26% 46% 48% 42%
Intr_5 47% 37% 53% 33% 99% 46% 29% 49% 26% 46% 12% 41% 39% 22%
Intr_6 49% 33% 50% 29% 48% 82% 24% 44% 22% 40% 10% 37% 35% 18%
Intr_7 24% 46% 29% 48% 29% 22% 88% 32% 48% 39% 29% 43% 45% 45%
Intr_8 45% 38% 49% 34% 49% 42% 29% 66% 27% 45% 12% 42% 41% 23%
Intr_9 37% 47% 43% 44% 44% 35% 40% 46% 44% 49% 18% 49% 49% 32%
Intr_10 39% 48% 45% 44% 45% 37% 38% 47% 33% 95% 17% 49% 47% 30%
Intr_11 43% 22% 39% 20% 38% 46% 16% 33% 15% 28% 6% 25% 25% 12%
Intr_12 50% 32% 50% 29% 48% 48% 24% 44% 22% 40% 10% 45% 39% 19%

Percentage	  IdentitiesAc_ADAM28
Intron bp Inserted retroelements bp bp Intron bp Inserted retroelements
Eo1 668 Eo1 2246 SINE/ Sauria 2888 2 SINE/ Sauria Ac1 8815 SINE/ Sauria, LINE/ Penelope, L2/ CR1,

 1 hobo AT  4 hobo AT,4 Tc1- IS630-Pogo
Eo2 842 Eo2 870 864 Ac2 347
Eo3 2348 LINE/ L2/ CR1,RTE/ Bov-B, SINE/ Sauria Eo3 1807 LINE/ L2/ CR1 1812 LINE/ L2/ CR1 Ac3 3579 SINE/ Sauria

Eo4 746 755 Ac4 6791 7 SINE/ Sauria
Eo5 1710 LINE/ L2/ CR1 1716 LINE/ L2/ CR1 Ac5 2935 SINE/ Sauria

Eo4 2304 RTE/ Bov-B Eo6 2487 2127 Ac6 1892 SINE/ Sauria
Eo5 545 Eo7 611 629 Ac7 4009 SINE/ Sauria
Eo6 540 Eo8 1450 2 LINE/ L2/ CR1 1646 Ac8 1064 SINE/ Sauria
Eo7 1661 SINE/ Sauria, SINE Eo9 546 1131 2 SINE/ Sauria Ac9 236
Eo8 1917 hobo AT Eo10 1143  hobo AT 1204  hobo AT Ac10 2840 2 LINE/ Dong-4,2 hobo AT, 3 Tc1 IS630-Pogo
Eo9 1331 Eo11 220 3386 Ac11 2135
Eo10 797 Eo12 1012 2134 Ac12 278
Eo11 872 Eo13 975 Ac13 2386 2 SINE/ Sauria, hobo AT, 2 Tc1- IS630-Pogo

Eo14 449 Ac14 1071 SINE/ Sauria
Ac15 183
Ac16 1032 SINE/ Sauria

Inserted retroelements
EOC00089-like PIII-SVMP EOC00006 PII-SVMP EOC00028 PI-SVMP

Inserted retroelements

Fig 5. Alignment of the amino acid sequences of  EOC00006 PII- , EOC00028 PI-SVMP and A. carolinensis (Ac) 
ADAM28. 

PII-‐SVPM	  EOC00006	  
	  
MIQVLLVTICLAVFPFQGSSKTLKSGNVNDYEVVNPQKITGLPVGAFKQPEKKYED	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B10	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B9	  
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The	  PII-‐SVMP	  EOC00006	  gen	  consists	  of	  15	  exons	  interrupted	  by	  14	  introns,	  while	  the	  PI-‐	  EOC00028	  comprises	  13	  exons	  interrupted	  by	  12	  introns.	  In	  both	  of	  them	  the	  signal	  pep)de	  is	  encoded	  by	  exon	  1,	  the	  pro-‐pep)de	  
comprises	  exons	  2-‐6	  ,	  the	  metalloproteinase	  domain	  of	  PII	  is	  code	  ford	  by	  exons	  7-‐11	  and	  part	  of	  exon	  12,	  and	  by	  exons	  7-‐13	  	  in	  the	  case	  of	  PI	  EOC00028.	  The	  PII	  gene	  contains	  a	  C-‐terminal	  disintegrin	  domain	  that	  is	  encoded	  
by	  part	  of	  exon	  12	  and	  by	  the	  13-‐15	  exons.	  The	  distribu)on	  and	  length	  of	  the	  introns	  are	  schema)zed	  in	  Figures	  6	  and	  7.	  Most	  introns	  belong	  to	  phase	  0,	  followed	  by	  phase	  2,	  and	  only	  the	  first	  intron	  is	  classified	  as	  phase	  1.	  	  

Fig.4 Set of PCR-amplified 
overlapping genomic fragments used 
to assemble the PI EOC00028 gene. 

Pairwise	  amino	  acid	  sequence	  comparisons	  between	   	  Ac_ADAM28	  and	  PII-‐	  EOC00006	  and	  PI-‐SVMP	  EOC	  00028	  
indicated	   that	   the	   ORFs	   of	   the	   proteins	   	   Ac_ADAM28/	   PII	   and	   Ac_ADAM28/	   PI	   share	   35%	   and	   41%	   iden)ty	  
repec)vely.	  	  	  	  
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E.	  ocellatus	  EOC00006	  (PII-‐SVMP)	  and	  EOC00028	  (PI-‐SVMP)	  genes	  have	  iden)cal	  genomic	  organiza)on	  regarding	  the	  number	  and	  posi)on	  of	  the	  13	  superimposable	  exon	  sequences,	  as	  well	  as	  the	  number,	  
phase,	  and	  boundaries	  of	  the	  12	  introns	  that	  interrupt	  these	  homologous	  coding	  sequences.	  In	  addi)on,	  topologically	  equivalent	  introns	  	  contain	  the	  same	  class	  of	  retroelements.	  However,	  the	  size	  and	  degree	  
of	   sequence	   similarity	   is	   highly	   conserved	   in	   some	   (introns	   2-‐5),	   but	   varies	   among	   other	   (1,	   6-‐12),	   topologically	   equivalent	   introns.	   The	   degree	   of	   structural	   conserva)on	   of	   homologous	   exons	   between	  
Eoc00006	  	  PII-‐SVMP	  and	  Eoc00028	  PI-‐SVMP	  also	  shows	  a	  palern	  of	  decreasing	  similarity	  from	  5'-‐3'.	  Hence,	  PII	  and	  PI	  exons	  1,	  3,	  4,	  6	  and	  8	  share	  94-‐100%	  amino	  acid	  sequence	  iden)ty,	  whereas	  this	  figure	  is	  
11-‐	  85%	  for	  exons	  	  5,	  7,	  and	  9-‐13.	  This	  disparity	  in	  the	  dis)nct	  diversifica)on	  of	  various	  structural	  elements	  of	  homologous	  PI	  and	  PII	  SVMPs	  is	  puzzling.	  Clearly,	  the	  sequence	  of	  larger	  genomic	  regions	  encoding	  
clusters	  of	  homologous	  genes	  are	  eagerly	  required	  to	  dis)nguish	  between	  a	  "whole-‐gene-‐duplica)on"	  mechanism	  and	  a	  mechanism	  involving	  the	  combinatorial	  arrangement	  of	  duplicated	  structural	  domains.	  	  	  	  	  

Table	  1.	   Comparison	  of	   intron	   size	   and	   retroelements	   iden)fied	   in	  E.	  ocellatus	  Eoc00089-‐like	  PIII-‐SVMP,	   Eoc00006	   	  PII-‐
SVMP,	  Eoc00028	  PI-‐SVMP	  and	  	  A.	  carolinensis	  ADAM28	  genes.	  


