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Abstract

Novel phenotypes are commonly associated with gene duplications and neofunctionalization, less documented are the
cases of phenotypic maintenance through the recruitment of novel genes. Proteolysis is the primary toxic character of
many snake venoms, and ADAM metalloproteinases, named snake venom metalloproteinases (SVMPs), are largely
recognized as the major effectors of this phenotype. However, by investigating original transcriptomes from 58 species
of advanced snakes (Caenophidia) across their phylogeny, we discovered that a different enzyme, matrix metallopro-
teinase (MMP), is actually the dominant venom component in three tribes (Tachymenini, Xenodontini, and Conophiini)
of rear-fanged snakes (Dipsadidae). Proteomic and functional analyses of these venoms further indicate that MMPs are
likely playing an “SVMP-like” function in the proteolytic phenotype. A detailed look into the venom-specific sequences
revealed a new highly expressed MMP subtype, named snake venom MMP (svMMP), which originated independently on
at least three occasions from an endogenous MMP-9. We further show that by losing ancillary noncatalytic domains
present in its ancestors, svMMPs followed an evolutionary path toward a simplified structure during their expansion in
the genomes, thus paralleling what has been proposed for the evolution of their Viperidae counterparts, the SVMPs.
Moreover, we inferred an inverse relationship between the expression of sMMPs and SVMPs along the evolutionary
history of Xenodontinae, pointing out that one type of enzyme may be substituting for the other, whereas the general
(metallo)proteolytic phenotype is maintained. These results provide rare evidence on how relevant phenotypic traits can
be optimized via natural selection on nonhomologous genes, yielding alternate biochemical components.

Key words: matrix metalloproteinase, protein family evolution, genotype—phenotype link, gene co-option, venom,
snake.

Introduction

Phenotypes are heavily influenced by the recruitment and
modification of novel genes. At the initial moment of recruit-
ment, genes may be selected over others with similar function
due to subtle characteristics that make them prone to evolve
a new function. Gene duplication facilitates the acquisition of
new functions by either providing a new copy to freely neo-

functionalize or by allowing genes with a latent new function
to escape from the adaptive conflict that once prevented its
emergence (Hughes 1994; True and Carroll 2002). In both
cases, once the phenotype is established, it is counterintuitive
to imagine a nonorthologous gene product assuming the
function of another and driving this phenotype. Instances
where similar biochemical phenotypes could be explicitly
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associated with distinct genes rarely occur (Matsutani et al.
2014; Wheeler et al. 2015), and such situations generally in-
volve distantly related organisms.

Snake venom has been an excellent model for exploring
gene recruitment, duplication, and neofunctionalization
(Casewell et al. 2011; Wong and Belov 2012; Vonk et al.
2013; Hargreaves et al. 2014; Junqueira-de-Azevedo et al.
2015). A small number of protein families are responsible
for the major toxic activities (Tasoulis and Isbister 2017)
and the quantitative balance between them and the modifi-
cations in their sequences dictate the differences in the
venom phenotypes among snake taxa (Mackessy 2010).
Proteinases are among the major constituents of viper ven-
oms (Fox and Serrano 2008; Mackessy 2010), and only two
types of them are recognized—snake venom metalloprotei-
nases (SVMPs) and snake venom serine proteinases (SVSPs).
Although SVSPs act at specific targets disrupting the regula-
tion of the coagulation cascade and in the equilibrium of
blood pressure (Serrano and Maroun 2005), SVMPs act
more broadly through the destruction of the extracellular
matrix (ECM), thus inducing local hemorrhage (Gutiérrez
et al. 2009).

Despite the extensive knowledge regarding the composi-
tion and pharmacological properties of front-fanged snake
venoms, the toxin repertoire of rear-fanged snakes remains
largely neglected (Junqueira-de-Azevedo et al. 2016). Rear-
fanged snakes commonly use their venom to predate
(Mackessy 2010; Saviola et al. 2014) and sometimes cause
mild envenomation in humans (Salomao et al. 2003;
Medeiros et al. 2019; Menegucci et al. 2019). These snakes
represent the most prominent parcel of snake biodiversity,
with the family Dipsadidae being the most diverse in number
of species (Uetz 2010). Similar to vipers, Dipsadidae venoms
(specially within the Xenodontinae subfamily) have been
reported to possess high proteolytic and hemorrhagic effects,
and SVMPs have been suggested as the primary agent of their
proteolytic activity (Gutiérrez and Sasa 2002; Acosta et al.
2003; Lemoine and Rodriguez-Acosta 2003; Ching et al.
2012). However, we previously described compositionally
unique venoms in the family (Ching et al. 2012; Junqueira-
de-Azevedo et al. 2016), in which the dominant component
was an unknown type of matrix metalloproteinase (MMP)—
termed snake venom MMPs (syMMPs). These proteins are
related to the Matrixin family of Zn>" proteinases rather than
to the Adamalysins, where traditional SVMPs belong.
Although both families share conserved catalytic features,
each one represents an independent ancient protein lineage
within the Metzincin clan of proteinases (Massova et al. 1998;
Huxley-Jones et al. 2007; Stocker et al. 2008).

In this study, we sought to investigate the prevalence of
sVMMPs across venomous snake lineages, their origin and
evolution, and the impacts of their recruitment in the avail-
ability of functionally similar SYMPs. To do this, we per-
formed a large-scale omics-screening and estimated
expression levels across the advanced snake (Caenophidia)
phylogeny. We discovered clades in which syMMPs are the
dominant venom component; and we inferred an alternation
between SVMP and svMMP expression in the venom glands
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during the evolution of snakes. Additionally, we recognized an
evolutionary path toward a simplified molecular structure,
paralleling that of SVMPs (Casewell et al. 2011; Sanz et al.
2012; Brust et al. 2013; Sanz and Calvete 2016). Herein, we
discuss how both enzyme families may be functionally equiv-
alent to maintain (or optimize) a similar phenotype (prote-
olysis). This peculiar race represents an opportunity to
understand how genes can evolve and be replaced when a
relevant trait is actively maintained.

Results

svMMPs Dominate the Venoms of Three Tribes within
Xenodontinae

To investigate the occurrence of matrix metalloproteinases
across the snake phylogeny, we sequenced the venom gland
transcriptomes of 58 species, some with more than one indi-
vidual, representing various families of advanced snakes.
Based on previous research (Ching et al. 2012; Junqueira-de-
Azevedo et al. 2016), we focused our investigation on the
subfamily Xenodontinae (Dipsadidae). The transcriptomes
of individual samples were de novo assembled and screened
against a compiled list of MMP-9-related sequences.

We discovered MMP sequences in most of the transcrip-
tomes, albeit at contrasting expression levels (fig. 1 and sup-
plementary table S1, Supplementary Material online). MMP
coding transcripts were highly expressed only in the venom
glands from three tribes (groups of closely related genera)
within ~ Xenodontinae  (Dipsadidae):  Tachymenini,
Xenodontini, and Conophiini. The first two tribes include
the species in which svMMPs were first reported (i.e,
Thamnodynastes strigatus and Erythrolamprus miliaris, re-
spectively) as well as many additional taxa. The third tribe
(Conophiini), whose venom has never been characterized,
contains the species Conophis lineatus tested here.

The average expression level of MMPs in species from
these three tribes varied from 5.8% to 72.1% of whole tran-
scriptomes, which is comparable with SVMP expression in
viperids (Junqueira-de-Azevedo et al. 2015). MMPs corre-
spond to the predominant product coded in the transcrip-
tomes of the genera Thamnodynastes, Tomodon, Ptychophis,
and Gomesophis (Tachymenini), Erythrolamprus and Lygophis
(Xenodontini), and Conophis (Conophiini), indicating that
MMPs should be relevant components of their venoms.
We tested the secreted venom of 17 representative species
with a high abundance of MMP transcripts for the presence
of the respective proteins by MS/MS spectrometry. The pro-
teomic analysis unequivocally confirmed the occurrence of
sVMMPs as abundant proteins within all venoms tested (blue
cross-marked tips on fig. 1), as demonstrated by the high
proportion of the MS/MS spectral counts for peptides cov-
ering most of the mature enzymes (supplementary table S2
and fig. S1, Supplementary Material online).

Certain species within other Xenodontinae tribes exhibited
much lower expression levels of MMP-9-like transcripts
(fig. 1), and, in some of these venoms, endogenous MMP-9-
derived peptides could be identified (yellow cross-marked tips
on fig. 1). This low expression is in line with previous research,
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Fic. 1. Occurrence of MMP-9-like transcripts and proteins across snake phylogeny. In the right panel, the red bars represent the average transcripts per million
(TPM) value for total MMPs (svMMPs and/or seMMP-9) for each sampled species. The three tribes with MMPs in high abundance are highlighted within a red
box; in these cases, the expression values correspond to the total amount of svMMPs and seMMP-9s detected together in the initial screening. For the species
outside the boxes, no sYMMP sequence was identified and the expression values correspond to seMMP-9 solely. In the columns, blue and yellow crosses
indicate the presence in the venom of syMMP and seMMP-9, respectively, detected by proteomics. An open circle indicates that the venom was tested but the
protein was not identified (for all other species without marks, the venom was not tested).

which demonstrated that MMPs are minor components of
other venoms (Ching et al. 2006; Komori et al. 2006; Campos
et al. 2016). The mRNA expression levels in other snake fam-
ilies (outside Dipsadidae) showed even lower expression of
MMP coding transcripts (<0.1%) (fig. 1 and supplementary
table S1, Supplementary Material online). These results indi-
cate that MMP-like proteins could be present at basal levels in
various snake venoms, but they have a uniquely high expres-
sion in species of three tribes within the subfamily
Xenodontinae.

Different Types of MMPs Exist in Snake Venoms

A thorough revision of the newly discovered sequences from
all species (supplementary table S3, Supplementary Material
online) indicates that there are two distinct cases of MMPs
produced in snake venom glands and secreted in the venom
(fig. 2A). The first case is a bona fide MMP-9 with the same
domain organization of MMP-9s commonly found in verte-
brates. This protein corresponds to the endogenous MMP-9
of the snakes, usually secreted in several other snake tissues
(fig. 3A), and mainly used for their endophysiological func-
tions. Hereafter, we refer to this protein as snake-endogenous
MMP-9 (seMMP-9). The second case is an atypical MMP that
lacks one or more domains present in MMP-9. We refer to
these proteins as the true snake venom matrix

metalloproteinases (svMMPs), since this configuration corre-
sponds to the protein arrangement that we previously iden-
tified in two species (Ching et al. 2012; Junqueira-de-Azevedo
et al. 2016). In syMMPs, a stop codon terminates a short and
variable C-terminal tail after the catalytic domain (fig. 4B and
supplementary figs. ST and S4-S6, Supplementary Material
online), leading to the absence of the hemopexin domain, a
key structural difference from seMMP-9.

Further within the svMMPs, we recognize two protein
subtypes: sYMMP-A, characterized by the presence of three
fibronectin type 2 (FN2) domain repeats placed before the
Zn”" binding site, as observed in MMP-9 (Gelatinase B)
(Elkins et al. 2002); and svMMP-B, with an uninterrupted
catalytic domain (without FN2). Both forms could be un-
equivocally distinguished in the venom proteome by
detected peptides crossing the border between the catalytic
and fibronectin domains (in sYMMPA) and specific peptides
of the catalytic domain that span over the region where the
fibronectin domain is missing (in svMMP-B), as shown in
supplementary fig. S1, Supplementary Material online. The
proportions of syMMP-A and svMMP-B are different among
the three tribes (fig. 2B and supplementary table S4,
Supplementary Material online). Although xenodontins gen-
erally show variable amounts of syMMP-A and svMMP-B,
tachymenins have more syMMP-B than syMMP-A, and con-
ophiins possess only syMMP-A.
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Fic. 2. The three types of MMPs found in snake venoms: one endogenous MMP-9 (seMMP-9) and two venom-specific MMPs (syMMP-A and
sVMMP-B). (A) Structural comparison between the three different types of MMPs identified in snake venom glands. Domains described in the
linear model are: CATALY (first portion of catalytic), FN2 (fibronectin), TIC (second part of catalytic), L (linker), and H (hemopexin). 3D structures
of seMMP-9, syMMP-A, and syMMP-B were modeled by homology using the SWISS-MODEL online platform on default parameters. The
templates used were 1L6) (Elkins et al. 2002) for syMMP-A and B, and theoretical model 1LKG (https://www.modelarchive.org/doi/10.5452/
ma-coftn, last accessed August 3, 2020) for seMMP-9. (B) Proportion of both types of syMMP, in both the venom gland transcriptome and the
venom proteome, for one species of Conophiini, six species of Xenodontini, and seven species of Tachymenini.

In summary, seMMP-9 is a classic vertebrate MMP-9,
SVMMP-A is a seMMP-9 lacking the hemopexin domain,
and svMMP-B has a more compact arrangement, similar to
that observed in MMP-7 (Matrilysin) (fig. 2A). More impor-
tantly, although seMMP-9 is generally expressed at low levels
in the venom glands and other tissues of many snake species
across the phylogeny, sYyMMPs are highly expressed in the
venom glands of three tribes within Xenodontinae
(Tachymenini, Xenodontini, and Conophiini) (fig. 1).
svMMPs are not detected, or detected only as a minor con-
stituent, in other tissues than the venom gland from the same
svMMP-positive individuals (fig. 3A); nor are they detected in
the venom glands of species outside these three groups, even
in those with high seMMP-9 content (fig. 3B).

sVMMP Arose More Than Once from Endogenous
MMP-9 in Xenodontinae

To trace the evolutionary origin of syMMPs and their rela-
tionships to seMMP-9 and other MMPs, a phylogenetic anal-
ysis of all curated sequences for each type of protein (sveMMP-
A, syMMP-B, seMMP-9, other MMP-9, and other MMP clas-
ses) was performed in two ways: 1) using DNA coding regions
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for complete proteins (supplementary fig. S2, Supplementary
Material online); and 2) using the core catalytic domain alone
(supplementary fig. S3, Supplementary Material online).

The results, summarized in the schematic tree of figure 4A,
were consistent between analyses and revealed three key
findings. 1) svMMPs and seMMP-9s form a strongly sup-
ported monophyletic group nested within the MMP-9s of
other vertebrates, suggesting svMMPs originated from
MMP-9 rather than another MMP family. 2) svMMPs evolved
independently in the three tribes of Xenodontinae in which
they were detected. That is, sYyMMPs and seMMP-9s from
Xenodontini, Tachymennini, and Conophiini each form
monophyletic groups, not related to each other. Although
no seMMP-9s could be retrieved from C. lineatus, they are
likely to be found with increased sampling or sequencing.
Given these results, we conclude that there is not a single
common ancestral gene for syMIMPs, and instead, these pro-
teins have evolved independently multiple times from
seMMP-9. 3) syMMP-B is derived from a svMIMP-A rather
than from a seMMP-9 directly. This is observed in the two
tribes where svMMP-Bs were found, suggesting two indepen-
dent transitions from svMMP-A to syMMP-B, either by a
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Fic. 3. Expression of putative toxins and MMPs in snake transcriptomes. (A) Expression levels of seMMP-9s and svMMPs in the transcriptomes of
various tissues of representative species of svMMP-positive snakes. Note that svMMPs (orange bars and slices) may be detected in restricted
amounts in other tissues but are only highly expressed in venom glands. (B) Comparison of the putative toxin proportions in the venom gland
transcriptomes of representative species of syMMP-negative snakes. Note an increased proportion of seMMP-9 (yellow slice) in Dipsadidae. All

expression values are expressed in TPM.

genomic deletion of the exons corresponding to the fibronec-
tin domain (fig. 4C) or by a change in the splicing site leading
to an intronization of the exons.

In addition to the phylogenetic evidence for independent
recruitments of sYMMPs from seMMP-9, we observed some
traceable genetic differences between svMMPs from different
tribes. Alignments of whole svMMP contigs (i.e, containing
the 3/-UTR region) from the three tribes revealed different
patterns in the positioning of the stop codon among
Xenodontini, Tachymenini, and Conophiini (fig. 4B and sup-
plementary figs. S4-S6, Supplementary Material online). In
Xenodontini, a deletion from the end of the linker to the final
quarter of the hemopexin domain resulted in the ablation of
this domain. The original stop codon of seMMP-9 was used in
most isoforms, whereas other isoforms evolved upstream
stop codons likely by mutation. In Tachymenini, the deletion
is longer and advances further into the 3'-UTR region. Thus,
changing the open read frame, resulting in a downstream
stop codon in all isoforms. Finally, in Conophiini, the region
deleted is shorter than in the others and completely confined
within the hemopexin domain. The stop codon in this case is
uniquely positioned inside the region previously coding for
the hemopexin domain. These differences are indicative of
distinct deletional and mutational events in each tribe that
led to a suppression of the hemopexin domain, further sup-
porting the hypothesis of independent origins in the family.

Overall, our data indicate that svMMPs were recruited to
venom three times during the evolution of xenodontines. If
the evolution of syMMPs was due to a single recruitment

event, we would expect all seMMP-9s to cluster together in
the tree with one single-derived clade containing svMMPs
from all three tribes, and all of them having similar C-termi-
nals. Another explanation, however, could be a single early
origin at the base of Xenodontinae, since Conophiini is the
sister taxon to the remaining tribes (Zaher et al. 2018), fol-
lowed by several independent losses of svMMPs. However,
this explanation is less parsimonious and not supported by
the genetic structure of the C-terminal region, which indi-
cates independent solutions for abolishing the hemopexin
domain in each tribe (fig. 4B).

A Parallel Trend in the Evolution of
Metalloproteinases toward a Simplified Structure
The successive origins of syMMP-A from seMMP-9, and
sVMMP-B from svMMP-A (fig. 4C), involved the loss of the
hemopexin and fibronectin domains, respectively. Three se-
quential exons code the three FN2 domains in seMMP-9, and
the C-terminal hemopexin domain is encompassed in other
3’ exons exclusively coding for this domain (as observed in
Python bivittatus gene XM_007436046.3). Therefore, the loss
of these domains in the transitions from seMMP-9 to
SVMMP-A, and subsequently, to svMMP-B requires relatively
simple gene deletions that would not compromise other
parts of the protein. In fact, exon shuffling—along with
gene duplication—is the proposed mechanism for the ances-
tral diversification of MMPs and the subsequent generation of
shorter MMP types (Fanjul-Fernandez et al. 2010).
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FiG. 4. Evolution of syMMPs. (A) Schematic ML tree of vertebrate MMPs, seMMP-9s, and svMMPs showing the phylogenetic relationships between the three
types of proteins (the complete phylogenetic trees are supplied in supplementary figs. S2 and S3, Supplementary Material online). Dashed boxes indicate
relevant taxa. Independent origins could be assumed at least for Xenodontini and Tachymenini, as sYvMMPs from these groups cluster with their endogenous
seMMP-9. Bootstrap support values shown for relevant nodes were estimated from the full-length CDS analysis. (B) Schematic representation of the C-terminal
partand 3'-UTRs of sMMPs from the three tribes aligned against their endogenous counterparts (the complete alignments are supplied in supplementary figs.
S4-56, Supplementary Material online). Red marks indicate the position of the stop codon in each protein. The syMMP type (A or B) in which each pattern was
found is specified to the right. (C) Proposed evolution of svMMPs through sequential domain losses. Numbered boxes over the protein domains of seMMP-9
represent the exons coding them, based on the reported MMP-9 gene from Python bivittatus (Gene ID: 103064710). For syMMP-A and sueMMP-B, the
numbered boxes represent the exons expected to code for the domains, numbered according to the seMMP-9 gene. (D) Sequential domain losses via exon
shuffling previously suggested to have occurred during SYMP evolution from ADAM?28 (Sanz et al. 2012; Giorgianni et al. 2020), indicating a similar trend
toward a simplified derived structure.

Interestingly, this pattern of structural evolution is similar sequence of events was also associated with exon deletions
to that documented for SVMPs (fig. 4D), where the ancestral resulting in a shortening of the proteins (Sanz et al. 2012;
endophysiological gene ADAM?28 (Sanz et al. 2012; Sanz and Brust et al. 2013; Sanz and Calvete 2016; Giorgianni et al.
Calvete 2016; Giorgianni et al. 2020) gave birth to a shorter 2020). Moreover, expansion and retraction in SVMP gene
form in venom, known as SVMP P-lIl precursor, by losing numbers were demonstrated among related species in
EGF-like and transmembrane regions (Sanz and Calvete Crotalus (Viperidae), with evidence that recombination be-
2016). Uniquely within the family Viperidae, an ancient tween genes of different classes evolved mixed isoforms
gene duplication led to the appearance of P-l precursor lack- (Giorgianni et al. 2020).
ing the cysteine-rich domain, and, ultimately, several lineage- We thus recognize a parallel trend for the evolution of these
specific duplications caused the appearance of SVMP P-| pre- two types of venom metalloproteinases (svMMPs and SVMPs)
cursor that lost the disintegrin domain in different genera toward simpler functional structures. In both cases, ancestral
(Sanz et al. 2012; Brust et al. 2013). In the genome, this endophysiological proteins with multiple domains were
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toxins (pistachio): species from Elapidae, Hydropsini, Mastigodryas, and Crotalus.

recruited and, via subsequent domain losses associated with
exon shuffling, simplified until their mature products com-
prised only the catalytic domain (as seen in the most-
derived venom forms). Nevertheless, all forms continued to
exert the proteolytic effects in the venom, as further discussed.

A Substitution of SVMP per syMMP Maintains the
Proteolytic Phenotype of Xenodontinae Venoms
Although the recruitment of SVMPs is thought to have hap-
pened at the base of advanced snakes, as these enzymes are
found across snake families (Tasoulis and Isbister 2017), we
demonstrate here that svMMP recruitment was a more de-
rived event, occurring in the subfamily Xenodontinae. But,
how did the appearance of this second type of proteinase
impact the availability of SYMP in Xenodontinae venoms?
We observed that even in the species where syMMPs are
highly abundant, SVMPs still coexist in the venom, but gen-
erally at reduced levels (fig. 3A). Nevertheless, using ancestral
state reconstruction, we inferred changes in the expression of
SVMPs and MMPs along the phylogeny (fig. 5A and supple-
mentary table S5, Supplementary Material online). This anal-
ysis reveals that the ancestor of the Xendontinae, and possibly
the ancestor of the whole family (Dipsadidae), may have had
elevated expression of seMMP-9 in their venom glands

(predicted TPM level ~70,000), that is, prior to the appear-
ance of svMMPs. These hypothesized ancestors (lineages 6, 9,
and 7 in fig. 5A left) show the first increases in predicted TPM
values for MMPs, representing a time interval when this pro-
tein type, still in its endogenous configuration (seMMP-9),
potentially became evolutionarily relevant to venom func-
tion. Accordingly, more substantial increases in the expression
of MMP-like proteins are observed only in the three tribes
where syMMP was detected (lineages 1, 2, and 3), indicating
that the abundance of MMPs in these venoms is associated
with the appearance of the derived form (svMMP).
Conversely, the ancestral state reconstruction of SVMP
expression levels (fig. 5A right) demonstrated that notewor-
thy reductions in SVMP occurred within the three tribes
where syeMMPs evolved (as seen in the lineages 1, 2, and 3).
In the tribe Tachymenini (node 2), all genera have low ex-
pression of SVMP (< 10% of total transcriptome). In the ge-
nus Tomodon, for example, SVMP represents <5% of the
transcriptome and the average proportion of MMP/SVMP
is 23:1. Within the tribe Xenodontini, the genera
Erythrolamprus and Lygophis have an 8:1 and 5:1 ratio of
MMP/SVMP,  respectively. In all other tribes of
Xenodontinae (except Hydropsini), SVMP is highly expressed
and corresponds to the dominant type of transcript
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Fic. 6. Metalloproteolytic activities of Xenodontinae venoms. (A)
Fibrinogenolytic activity of E. aesculapii (E. aes) and E. miliaris
(E. mil) venoms over fibrinogen (F) in the absence or presence of
the metalloproteinase inhibitor O-phenanthroline (O-phen).
Fibrinogen alpha, beta, and gamma chains are indicated in the first
lane. Single-headed arrows indicate bands of alpha chain that were
visibly degraded when the inhibitor was not added. Double-headed
arrows indicate degradation products, which are absent when the
inhibitor was added. (B) Gelatinolytic activity assay of SVMP-rich
venoms (upper panel) or syMMP-rich venoms (lower panel). V,
Venoms from the species indicated on the side run in SDS-PAGE
(without gelatin); G, Gelatinolytic activities of the same venoms run
in SDS-PAGE polymerized with gelatin; G + |, Gelatinolytic activities
of the same venoms run in SDS—PAGE polymerized with gelatin, and
in the presence metalloproteinase inhibitor EDTA.

produced in the venom glands. Moreover, the deep nodes of
Dipsadidae phylogeny (6, 7, and 9), which demonstrated an
increase in MMP expression, did not show a reduction in
SVMP levels, suggesting that SVMP decay succeeded, and
not preceded, the appearance of high levels of MMPs in snake
venoms.

Moreover, after correcting for the negative correlation bias
of compositional data sets, the expression levels in
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Tachymenini and Xenodontini are still significantly different
when compared with other tribes of Dipsadidae (P < 1E-3 in
all pairwise comparisons) (supplementary table S6,
Supplementary Material online). The post hoc analyses of
expression levels indicate that the values of expression for
SVMPs are significantly lower in these two tribes when com-
pared with other dipsadids and are higher for MMPs (P < 1E-
3 in all pairwise comparisons). Although Tachymenini and
Xenodontini are significantly different from all other tribes,
they do not differ statistically among themselves (P = 0.15 for
SVMPs; P =0.194 for MMP, and P = 0.895 for other toxins)
(supplementary table S6, Supplementary Material online).

In summary, MMP expression levels negatively correlate to
SVMP levels among the evaluated species (fig. 5B), even after
the statistical transformations (supplementary fig. S7,
Supplementary Material online). In addition, a linear discrim-
inant analysis of transcriptomic venom composition (fig. 5C)
corroborates the major role of metalloproteinases in differen-
tiating the contrasting venom expression profiles found
among snake taxa (LD1 represents 93.9% of observed vari-
ance). Besides, it indicates that syMMP-positive taxa cluster
together and separate themselves from SVMP-positive taxa.
These data also indicate that metalloproteinases in general
(MMP or SVMP) are always the predominant venom toxin in
most species of Dipsadidae, with the sum of MMP and SVMP
kept consistently high (between 25% and 60% of total tran-
scriptome). Accordingly, proteome data obtained here and
elsewhere consistently reveal metalloproteinase as the major
protein type secreted to the venoms of the group (Junqueira-
de-Azevedo et al. 2016).

To functionally evaluate the contribution of metallopro-
teinases to the proteolytic phenotype of Xenodontinae ven-
oms, we further examined metalloproteinase activity in
representative species of syMMP-rich and SVMP-rich venoms
(fig. 6). The high syMMP venom:s of E. miliaris and E. aesculapii
were able to cleave the fibrinogen alpha chain and generate
degradation products (fig. 6A). This cleavage was completely
inhibited by ortho-phenanthroline, a classic metalloprotei-
nase inhibitor. In a comparative gelatin zymography
(fig. 6B), all tested venoms with predicted metalloproteinases
(svMMP or SVMP) showed marked proteolytic bands, and
these bands were entirely absent when treating the venom
with the metal chelating EDTA, a metalloproteinase inhibitor.
It is then possible to conclude that the proteolytic character,
and more specifically, the “metalloproteolytic” character, is
maintained within Xenodontinae venoms, independent of
which type of enzyme (svMMP or SVMP) is dominating those
venoms. However, to obtain a complete understanding of the
contribution of each enzyme type (SVMP or svMMP) in
sVMMP-rich venoms, further experiments would be required
to correctly determine the exact enzymes responsible for the
observed strong proteolysis.

Discussion

In this study, we demonstrate an instance of parallel evolution
between two distantly related proteinases, leading to a pos-
sible functional replacement of one with the other in certain
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groups of snakes. Considering the number of species in the
three syMMP-positive tribes (Uetz 2010), we predict that this
biochemical innovation could be present in the venoms of
more than 100 species throughout the New World. Although
the effects of Dipsadidae venoms are usually mild, the recog-
nition of sYMMPs as a major venom component may have
treatment implications in the occasional human envenom-
ation. For example, the antigenic determinants of syMMPs
are certainly different from those of SVMPs present in the
venoms used for antisera production. We can anticipate that
antivenoms regularly used for treating envenomation caused
by the proteolytic venoms of viperids, and occasionally ap-
plied for some SVMP-rich rear-fanged snakes (Prado-
Franceschi and Hyslop 2002; Rocha et al. 2006), will likely
not help the patients affected by syMMP abundant venomes.

We hypothesized here that syMMPs arose from an MMP-9
ancestor  through independent gene duplications.
Endogenous MMP-9s exert various functions in vertebrates
through their proteolytic action on the ECM or their regula-
tion of cytokines (Heikinheimo and Salo 1995; Chin and Werb
1997; Pilcher et al. 1999; Le et al. 2007). MMP-9 is typically
expressed in a variety of tissues and cells and secreted into the
extracellular space (Vandooren et al. 2013), which is markedly
different from many other types of MMPs that remain at-
tached to the cellular membrane through a C-terminal trans-
membrane domain (Fanjul-Fernandez et al. 2010). The other
ancillary noncatalytic domains present in MMP-9, and lost in
SVMMPs, are associated with the recognition of their natural
substrates, guidance to the cleavage promoted by the cata-
lytic domain, and interactions with inhibitors (Murphy et al.
1994; Shipley et al. 1996; Chung et al. 2004; Rosenblum et al.
2007; Vandooren et al. 2013). Thus, the co-option of a broadly
expressed and secreted member of MMP family to venom is a
reasonable evolutionary hypothesis. However, how the loss of
ancillary domains impacted the function of svMMPs in vivo is
a more open question.

A clue to understand these domain losses could be in the
fact that most snake toxins, like three-finger toxins, C-type
lectins, SVMPs, among others, evolved a more simplified
structure than their physiological counterparts (Ogawa
et al. 2005; Kini and Doley 2010; Casewell et al. 2011; Sanz
and Calvete 2016; Giorgianni et al. 2020). In the latter exam-
ple, all derived forms (SVMP PI, PlI, PIll) exert the proteolytic
effects in venom, whereas the ancestral ADAM?28 is main-
tained in the genome playing the physiological function.
Thus, the evolution of svMMPs from a multidomain ancestral
MMP-9 through successive domain losses not only agrees
with a common tendency toward a simpler functional struc-
ture in snake toxins but it also represents a parallel trend for
these two types of metalloproteinases.

The parallel between SVMPs and svMMPs extends to the
observation that svMMP appearance is accompanied by a
reduction in all other components, including SVMPs. The
resulting low amount of SVMPs might potentially compro-
mise the proteolytic character of the venom in these three
tribes. However, since both enzymes can promote the de-
struction of ECM, perhaps sYMMPs have assumed a similar
function in these cases. The effects of Xenodontinae venoms

are not as well characterized as the ones from more venom-
ous taxa, but the available studies are consistent in demon-
strating that venoms of both svMMP-rich and SVMP-rich
groups have high proteolytic action over gelatin, fibrinogen,
and synthetic substrates, which was associated with metal-
loproteinases in a Ca>" dependent manner (de Aradjo and
dos Santos 1997; Da Rocha and Furtado 2007; Zelanis et al.
2010; Ching et al. 2012; Sanchez et al. 2019). In addition to
those previous evaluations, the results of in vitro tests per-
formed here confirm the general proteolytic character of both
venom types. The fact that proteolysis is equally present and
relevant in SVMP-rich and svMMP-rich venoms indicates a
certain functional redundancy of both enzymes, making the
former, which came first, more easily replaceable if the right
pressures favor the latter. Interestingly, it was recently shown
that, within Viperidae, SVMP has also taken various evolu-
tionary paths, from continuing to be the predominant com-
ponent in the Viperinae subfamily to becoming less present in
the neurotoxic venoms of some Crotalinae species (Barua and
Mikheyev 2019).

MMPs and SVMPs are classified, respectively, in families
M10 and M12 of the same MA clan in the Merops database
(Rawlings et al. 2009). Each Merops clan is assumed to have a
single evolutionary origin, but origins and time of divergence
of families within the clan are more challenging to determine.
Enzymes from the MA clan were not listed among typical
nonhomologous isofunctional enzymes (NISEs)
(Omelchenko et al. 2010), although this concept depends
on the extent that conservation is recognized. Nevertheless,
each family indeed represents long independent protein lin-
eages within the MA clan, since they are present as different
gene products at least from the base of Deuterostomia
(Massova et al. 1998; Huxley-Jones et al. 2007; Stocker et al.
2008; Fanjul-Fernandez et al. 2010). Congregated as metal-
loenzymes, however, they share conserved Zn>" binding
pockets, likely with similar entatic states (Vallee and
Williams 1968), which may facilitate an interchangeable func-
tion between them. Provided that ECM degradation capacity
was maintained, or even optimized by the loss of ancillary
domains in later events, the adaptive conflict (Hughes 1994;
True and Carroll 2002), that is, the transformation of the
original function of MMP-9 into a new venom function sim-
ilar to that of SVMPs, should not be particularly constraining.
Thus, the substitution suggested here may not be associated
with a classic case of enzyme convergence, defined by
Galperin and Koonin (2012) as involving members of distinct
superfamilies being recruited to catalyze the same metabolic
reaction; however, it could be interpreted as a particular case
of phenotypic maintenance through the selection of different
enzymes. This kind of interchange is more likely for recently
diverging homologous enzymes with high similarity; for ex-
ample, the substitution of ERK2 by ERK1 in Squamate reptiles
(Busca et al. 2015). However, it is less expected for cases in-
volving distantly related sequences such as the two protein
families discussed here.

Beyond the possibility of a functional replacement, the
acquisition of syMMPs may have contributed novel activities
to the venom of these tribes. The snakes possessing svMMPs
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are very diverse, with species adapted to fossorial, aquatic, and
arboreal habitats, living in environments as distinct as dry and
wetlands over the New World, and feeding on different types
of vertebrate and invertebrate prey. It is then challenging to
imagine a unique role for syMMPs that attends the different
demands they have. However, during snake evolution, pro-
teinases have been selected at least three times to venom: 1)
kallikrein-like SVSPs at a Toxicofera ancestral, 2) SVMPs at the
base of advanced snakes, and 3) factor X/V-like serine protei-
nases in the Australian Elapidae lineage (Fry et al. 2008).
Through gene duplications and selection, different paralogs
of each of these proteinases, specially (1) and (2), specialized
into a wide range of substrates and targeted multiple biolog-
ical pathways. Similarly, a fourth family of venom-secreted
proteinase (svMMPs) would represent a new asset that nat-
ural selection could optimize over multiple functions in dif-
ferent situations.

In conclusion, the biological contest represented by
sVMMPs and SVMPs in venoms across multiple clades illus-
trates how genes can be substituted or complemented in the
coordination of a phenotype once their products have suffi-
cient functional overlap and freedom to converge.
Uncovering if a functional substitution in fact occurred, and
why, will represent an important next step for understanding
the processes underlying gene co-option and gene replace-
ment. It further exemplifies the utility of studying snake ven-
oms to explore gene evolution.

Materials and Methods

Collection and Storage of Samples

Specimens from 29 genera and 58 species across five different
snake families were collected in different field trips in several
localities (ICMBio permits 56576, 57585, and 66597) and de-
posited at the Herpetology Collection of Instituto Butantan.
Their venom was extracted using pilocarpin on sedated indi-
viduals as described in previous works (Mackessy et al. 2006).
Four days after extraction, their venom glands and other
tissues were surgically collected and stored in RNAlater at
—80 °C. All protocols were certified by the ethical committee
of Instituto Butantan (CEUA No. 4479020217). For the species
Borikenophis portorricensis, raw transcriptomic data were re-
trieved from the NCBI Sequence Read Archive (SRA) under
the code SRP137035 (Modahl et al. 2018).

RNA Extraction and Analysis

Tissues were pulverized in a Precellys 24 homogenizer and
RNA was extracted with TRIZOL (Thermo Fisher Scientific)
following the modification of the method described by
Chomczynski and Sacchi (1987). Total RNA was quantified
by Quant-iTTMRiboGreen RNA reagent and Kit (Thermo
Fisher Scientific). Quality control of the extracted RNA was
then performed in an Agilent 2100 Bioanalyzer using Agilent
RNA 6000 Nano Kit, to verify the integrity of total RNA,
through band discrimination corresponding to fractions 18S
and 28S of total RNA. All procedures with RNA were made
with RNAse-free tubes and filter tips and using water treated
with diethylpyrocarbonate (DEPC, Sigma).
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Transcriptome Sequencing

cDNA libraries were prepared for each individual sample.
About 1 ug of total RNA was used with lllumina TruSeq
Stranded RNA HT Kit (lllumina). Fragment size distribution
was evaluated by microfluidic gel electrophoresis in the
Bioanalyzer device (Agilent 2100), using the Agilent DNA
1000 Kit, according to the manufacturer's protocol.
Quantification of each library was then performed by Real-
Time PCR using the KAPA SYBR FAST Universal gPCR Kit,
according to the manufacturer's protocol, using the
StepOnePlusTM Real-Time PCR System. Aliquots of each
cDNA library were diluted to a concentration of 2nM.
Next, a pool of all samples, 5ul of each library, was prepared,
and the concentration of the pool was again determined by
real-time PCR. The cDNA libraries were sequenced on an
lllumina HiSeq 1500 System on Rapid Run mode, using a
paired-end flowcell for 300 cycles of 2x 151 bp.

Screening of MMPs in the Transcriptomes

The screening process began with the transcriptome as-
sembly of the samples in which we checked and removed
cross-contamination and then trimmed the sequencing
adaptors using TrimGalore (www.bioinformatics.babra-
ham.ac.uk, last accessed August 3, 2020). We merged
our reads using the PEAR software (Zhang et al. 2014),
taking advantage of the common overlap on the 3'-ends
that characterize paired-end short reads (Rokyta et al.
2012), and used those merged reads as an input for our
assembly. We run all the assemblies in a standardized way
using the Trinity v2.6.6 assembler with a k-mer value of 31,
since it is optimized for lllumina paired-end read data
(Grabherr et al. 2011; Bankar et al. 2015). We performed
BlastN searches using the obtained contigs against a cu-
rated database of MMP sequences obtained from our
previous works, from GenBank and it was interactively
upgraded with newly retrieved sequences from key spe-
cies. The curation process of MMPs sequences involved
the use of various de novo assemblers (NGen, RNASpades,
Bridger, Extender, and Trinity) (Rokyta et al. 2012; Chang
et al. 2015; Bushmanova et al. 2019) to correctly reassem-
ble full-length ORFs coding for these proteins and to dis-
tinguish the various paralogous forms in each species.
Manual curation of complete ORFs was performed on
the Geneious v.2020.0.5 software, and coverage analysis
was done both by manually examining the read mapping
profile and by using the ChimeraCheck software
(Hofmann et al. 2018). Nonredundant sequences that
passed all filters were incorporated into the screening
database. The expression of each individual contig was
estimated using RSEM (Li and Dewey 2011) by mapping
reads from each sample using bowtie2. Expression was
estimated in transcripts per million (TPM) (Wagner
et al. 2012, 2013). Afterward, MMP-like contigs were iden-
tified and their expression values summed in order to
obtain an approximate value for MMP participation in
each individual transcriptome.
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Proteomics: Liquid Chromatography—-Tandem Mass
Spectrometry

Shotgun liquid chromatography-tandem mass spectrometry
analyses of the venoms from 11 species were performed by
the Florida State University College of Medicine Translational
lab and by the University of Sao Paulo BIOMASS—Core
Facility for Scientific Research-USP (CEFAP-USP), as detailed
in supplementary methods, Supplementary Material online.
Protein identification of obtained spectra was performed us-
ing MASCOT (Matrix Science, London, UK; version 2.6.2) and
X! Tandem (The GPM, thegpm.org, last accessed August 3,
2020; version X! Tandem Alanine [2017.2.1.4]) as the search
engine with custom-generated FASTA databases containing
curated sequences of MMPs for each specimen and trans-
lated protein sequences from the assembled transcriptome
(Trinity contigs) for the species, as detailed in supplementary
methods, Supplementary Material online.

MMPs and SVMPs Comparison

To compare the relationship between MMPs and SVMPs, we
performed the same screening approach for SVMPs as we did
for syMMPs (described above). With the obtained mean ex-
pression values in TPM for both types of proteinases, we
performed an ancestral state reconstruction analysis using
the default parameters of the fastAnc function implemented
in the Phytools package (Revell 2012) on the R software using
the phylogeny proposed by Zaher et al. (2018) to estimate
branch lengths. Then we built a tree using the contMap func-
tion in Phytools to represent the continuous variations in
MMP expression values (TPM) for each node using a color
gradient. Afterward, using the TPM values of the screening
data for MMPs, SVMPs, and other toxins, we performed a
linear discriminant analysis (LDA) and a nonparametric or
permutational ~ multivariate  analysis  of  variance
(PerMANOVA) to check if variations in the expression of
these proteinases and other toxins in the venom gland could
cluster species following their venom gland expression pat-
terns. To avoid spurious correlations due to the composi-
tional nature of the transcriptomic data set, before
comparing the expression levels among groups of snakes,
the proportions of toxins sequenced were transformed by
using the clr (centered logratio coefficients) and ilr (isometric
logratio transformations) functions in R (see supplementary
methods, Supplementary Material online). MMP and SVMP
expression levels were further analyzed in species for which
we managed to assemble a seMMP-9 full-length CDS tran-
script. In those species, contigs with >98% of identity toward
their curated seMMP-9 sequence were assigned as seMMP-9-
like contigs and thus distinguished from the svMMP contigs.
TPM values for seMMP-9s, syMMPs, and SVMPs were then
obtained from the RSEM data obtained for these contigs in
the initial screening.

Phylogenetic and Evolutionary Analyses

We curated seMMP-9 and svMMP sequences from several
snake groups and combined them with MMPs from other
vertebrates publicly available. The final nucleotide data set
was clustered using CD-HIT (Fu et al. 2012) with a 99%

identity threshold and aligned through its corresponding
translated amino acid sequences using the MUSCLE algo-
rithm (Edgar 2004), with default parameters, on the
Geneious v.2020.1 software. The nucleotide alignment was
then manually edited due to the high structural diversity
present in MMPs. Phylogenetic tree inference was then car-
ried out using RAXML V.8.2.12 (Stamatakis 2014), ran on the
CIPRES platform (http://www.phylo.org/, last accessed
August 3, 2020) using the rapid bootstrap algorithm imple-
mented in RAXML (-f a) with 1,000 bootstrap replicates on
two sets of alignments, one containing the full-length CDS
sequences for each protein and the other consisting of the
isolated catalytic domain region. Both alignments were ana-
lyzed using GTRGAMMA as evolution model (Stamatakis
2014). Trees were visualized and edited using the iTol online
platform (Letunic and Bork 2016). We aligned the original
whole contigs of assembled svMMP-9s and seMMPs from
all three tribes containing a portion of the 3'-UTR region to
look for unique structural patterns on their C-terminals.
Alignments were performed using the MUSCLE algorithm
(Edgar 2004), with default parameters, using Geneious
v.2020.1. Image files for each alignment were plotted
(Geneious version 2020.1 created by Biomatters. Available
from https://www.geneious.com, last accessed August 3,
2020).

Functional Analyses

The gelatinolytic activities of 0.5ug of each venom in the
absence of reducing agent were evaluated on 12.5% SDS—
PAGE gel with 2 mg/ml gelatin, in the presence and absence
of 20mM EDTA, as described in supplementary methods,
Supplementary Material online. The fibrinogenolytic activities
of 1ng of each venom were evaluated over 100pg of bovine
fibrinogen in 12.5% SDS—-PAGE gel, in the presence or absence
of 62.5 mM ortho-phenantroline, as described in supplemen-
tary methods, Supplementary Material online.

Data Availability

Curated sequences (CDS and translated proteins) of all
seMMP-9, syMMP-A, and svMMP-B generated in this work
are available in the supplementary table S3, Supplementary
Material online, organized per species.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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