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Preface to “Snake Venom Metalloproteinases”

A simple review of PubMed for “venom hemorrhage” shows that one of the first scientific
indications that snake venom can produce hemorrhage appeared in the Journal of Experimental Medicine
in 1909 where it was demonstrated that intravenous injection of Crotalus atrox venom in rabbits gives
rise to glomerular lesions including the presence of hemorrhage and exudate in the kidney [1]. And even
earlier, in 1894 and 1896, de Lacerda, and Mitchel and Reichert, respectively, had described macroscopic
hemorrhagic lesions in animals after application of viperid venoms [2,3]. Similarly, a search using the
terms “venom coagulopathy” identified a work from 1949 showing that snake venoms could alter the
prothrombin time in normal blood [4]. Thus, from the earliest of formally published scientific efforts,
there was a clear demonstration that some snake venoms could significantly influence the victims’
normal blood coagulation as well as giving rise to hemorrhage. These pathologies began to be attributed
to specific metalloproteinases in the snake venoms as early as the 1950s when investigators were
becoming successful in isolating proteins from the venom which they -characterized as
metalloproteinases and their proteinase activity correlated to their pathological activities. One such
example is evidenced by the work of Maeno and colleagues who isolated a hemorrhagic
metalloproteinase, Ho-proteinase, from Trimeresurus flavoviridis [5]. This work and many subsequent
studies clearly highlighted the major role of snake venom metalloproteinases (SVMPs) in the
pathophysiology of a snake bite [6,7].

In this book, we have attempted to provide the reader with a solid, scientific review of a number
of the key functional and structural characteristics associated with SVMPs as well as to describe some
aspects of this family of venom proteinases which are still not fully understood. We begin with a brief
discussion about the field of SVMP investigation by ourselves (Understanding the Snake Venom
Metalloproteinases: An Interview with Jay Fox and José Maria Gutiérrez), which serves as an important
preface for students and seasoned investigators alike interested in the field. This is followed by a
historical review, by Drs. Giebeler and Zigrino, of the family of proteins termed “A Disintegrin and
Metalloproteinase” (ADAMs), that are orthologs of the SVMPs (A Disintegrin and Metalloproteinase
(ADAM): Historical Overview of Their Functions). Dr. Takeda follows this with a comprehensive
examination of the structural features of the SVMPs that support the manifold biological activities
associated with the class of venom toxins (ADAMs and ADAMTs family proteins and snake venom
metalloproteinase: a structural overview).

As venomic studies have well described, the family of SVMPs is quite diverse, both in terms of
their size, structure and biological activities. In the chapter by Dr. Moura-da-Silva and colleagues
(Processing of snake Venom Metalloproteinases: Generation of Toxin Diversity and Enzyme
Inactivation), a rich description is provided on how post-translational processing of precursors of the
SVMPs found in venoms contributes to the diversity of structure and function of the SVMP family.

The next section of the collection focuses more on the functional aspects of the SVMPs, notably the
pathophysiologies of hemorrhage and coagulopathies, often observed in envenomations. An
overarching discussion of the action of SVMPs on the extracellular matrix is provided by Dr. Gutierrez
and colleagues (A Comprehensive View of the Structural and Functional Alternations of Extracellular
Matrix by Snake Venom Metalloproteinases (SVMPs): Novel Perspectives on the Pathophysiology of
Envenoming), where novel aspects of the action of these enzymes on matrix components are discussed.
This is followed by a more in-depth look at hemorrhage induced by SVMPs in venom, through a
historical review on how our understanding on the pathogenesis of this effect has developed over time
(Hemorrhage Caused by Snake Venom Metalloproteinases: A Journey of Discovery and Understanding).

The next section by Drs. Kini and Koh discusses the role of SVMPs in coagulopathies commonly
observed in envenomation by many snakes, as well as the structural features associated with the SVMPs
that play a role in coagulopathy. This chapter provides a close examination of not only venom-induced
coagulopathy itself but also on how SVMPs impact fibrinolysis and platelet aggregation, key
components in blood coagulation (Metalloproteinases Affecting Blood Coagulation, Fibrinolysis and
Platelet Aggregation from Snake Venoms: Definition and Nomenclature of Interaction Sites).

vii



In the yin and yang of Toxinology, we must not only consider how natural toxins such as the
SVMPs function but also the nature of their naturally occurring inhibitors. Dr. Bastos and colleagues
provide an informative review of naturally occurring inhibitors to the SVMPs as well as insight into how
they function to abrogate the activity of these toxins. Further discussion is presented as to how
knowledge of these inhibitors can inform the field to promote the development of inhibitors of the
SVMPs for therapeutic applications (Natural Inhibitors of Snake Venom Metalloendopeptidases: History
and Current Challenges).

The review section of the book ends with the exciting observations that have been derived from
snake genomics with the advent of a number of next-generation sequencing protocols and instruments.
Dr. Kerkkamp and colleagues provide the reader with excellent examples of toxinological and
evolutionary insights gained from snake genomic analyses and leave one with a keen sense of
enthusiasm for a rejuvenation of the studies of SVMPs based on insights provided by genomic analyses
of venomous snakes (Snake Genome Sequencing: Results and Future Prospects).

The next section of this book is comprised of novel research findings in the field of SVMPs, and
highlights some of the current critical topics that engage investigators in Toxinology. This begins with a
report by Dr. Camacho and colleagues on the isolation and characterization of a catalytically inactive PII
SVMP. This work underscores how often venom proteins go unobserved due to a lack of appropriate
tests, and suggests that enzymatically inactive SVMP homologues may be more frequent in venoms than
it was previously thought (Novel Catalytically-Inactive PII Metalloproteinases from a Viperid Snake
Venom with Substitutions in the Canonical Zinc-Binding Motif). This is followed by what may become
a seminal work in understanding an in-direct role SVMPs may play in envenomation pathophysiology.
In this work, the authors describe how wound exudate from a viperid envenomation can contribute to
vascular permeability in part through a DAMPs/TLR-4 mediated pathway. This discovery could lead to
a new understanding of venom-induced hemoconcentration, edema and a number of other systemic
effects of envenomation (Viperid Envenomation Wound Exudate Contributes to Increased Vascular
Permeability via a DAMPs/TLR-4 Mediated Pathway). The following work by Dr. Yee and colleagues
describes the presence of natural peptide inhibitors of SVMPs found in the venom of the Myanmar
Russell’s viper using both standard protein purification techniques as well as venom transcriptomics
(Snake Venom Metalloproteinases and Their Peptide Inhibitors from Myanmar Russell’s Viper Venom).
The final contribution to the section of novel studies describes a genomic sequencing study of Echis
ocellatus. In this investigation Drs. Sanz and Calvete demonstrate how genomic sequencing can inform
on venom toxin evolution based on the genomic organization observed from SVMP genes (Insights into
the Evolution of a Snake Venom Multi-Gene Family from the Genomic Organization of Echis ocellatus
SVMP Genes).

In summary, we hope that this collection of reviews and novel scientific reports will provide both
students and established investigators in the field of Toxinology and beyond with a solid foundation
and understanding of the field of SVMPs studies, and how these impact not only our realm of Toxinology
but other scientific fields as well. Also, it is our hope that those who read this collection will generate
new ideas and potential questions about the SVMPs and then seek to further the field with their own
studies on this intriguing and fascinating family of venom proteins.

Jay W. Fox and José Maria Gutiérrez
Guest Editors
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Understanding the Snake Venom Metalloproteinases:
An Interview with Jay Fox and José Maria Gutiérrez
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Received: 3 January 2017; Accepted: 11 January 2017; Published: 16 January 2017

Abstract: Jay W. Fox and José Maria Gutiérrez recently finished editing a Special Issue on the
topic “Snake Venom Metalloproteinases” in Toxins. The Special Issue covers a wide range of topics,
including the molecular evolution and structure of snake venom metalloproteinases (SVMPs), the
mechanisms involved in the generation of diversity of SVMPs, the mechanism of action of SVMPs,
and their role in the pathophysiology of envenomings, with implications for improving the therapy of
envenomings. In this interview, we discussed with Jay W. Fox and José Maria Gutiérrez their research
on the SVMPs and their perspectives on the future trends and challenges for studying snake venoms.

Jay Fox is a Professor of Microbiology, Immunology, and Cancer Biology, at the University of
Virginia School of Medicine and an Associate Director of the UVA Cancer Center. Dr. Fox currently
is engaged in research on carcinogenesis in women with dense breasts focusing on the interaction
of stroma and breast epithelium. He is also interested in the secondary or indirect effects of viper
envenomation focusing on the roles of venom and host generated damage-associated molecular pattern
molecules (DAMPs) in the pathophysiology of snake bites. Dr. Fox directs the Office of Research
Core Administration and oversees the operation of 15-shared resource core facilities employing
approximately 60 faculty and staff. Dr. Fox teaches courses to both medical and graduate students
on cancer biology and also teaches a course on research ethics. He has served as the President of
the Association of Biomolecular Resource Facilities, was a member of the Federation of Associations
of Experimental Biology, and is currently serving as the President of the International Society on
Toxinology. Dr. Fox participated on numerous NIH Study Panels and sits on the External Advisory
Committees for two National Cancer Institute Designated Cancer Centers. Outside of work, he enjoys
being a Scoutmaster for Troop 37 in Charlottesville, Virginia and sailing and oyster ranching at his
home on the Chesapeake Bay (Figure 1).

José Maria Gutiérrez is a Professor at the University of Costa Rica, where he performs research on
snake venoms and antivenoms at the Instituto Clodomiro Picado and teaches Immunology, Research
Methods, Cellular Pathology, and Biochemistry at the School of Microbiology. Dr. Gutiérrez’s main
research interests are related to the composition and mechanism of action of snake venom toxins,
particularly regarding metalloproteinases and phospholipases A, responsible for the drastic local
tissue damage characteristic of viperid snakebite envenomings. Dr. Gutiérrez is also involved in the
development of novel antivenoms for various regions of the world and in the preclinical evaluation
of antivenom efficacy, as well as in the search for novel inhibitory compounds that could be used to
treat envenomings. Dr. Gutiérrez is interested in public health aspects of snakebite envenoming as
well, and participates in extension programs aimed at improving the prevention and management of
snakebites in Costa Rica and abroad. For his contributions, Dr. Gutiérrez has received several national
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and international awards, including the Redi Award (2015) of the International Society on Toxinology
(Figure 1).

@) (b)

Figure 1. (a) José Maria Gutiérrez; (b) Jay W. Fox.

Q. When did you first become interested in snake venoms and how did you get involved in
research on this topic?

Jay Fox: I began my academic life as an undergraduate student at Monmouth College studying
biology, chemistry, and philosophy. While I had no idea at the time what career I wanted to pursue,
I knew I loved science. As I neared the end of college I took a deep interest in organic and biochemistry
and my advisor Dr. John Kettering suggested I consider graduate school. None of my family had
progressed beyond a bachelor’s degree so I had no idea what this entailed but since I had no other
plans ... why not? I was accepted at Colorado State University and matriculated without concern
mainly based on total ignorance of just what earning a Ph.D. would entail or for that matter what
it would ultimately prepare me for in terms of a career. As a first year graduate student studying
biochemistry at Colorado State University, a more senior student, Jon Bjarnason, who was in Professor
Anthony Tu’s laboratory, befriended me. Jon was studying snake venoms and told me how interesting
it was trying to isolate toxins and understand their mechanism of action. Dr. Tu’s laboratory was very
well equipped and I met with him and we discussed possible projects. One was to isolate sea snake
neurotoxins and in order to collect the venom I needed, he would send me to Asia. That sounded
very exciting given that I had never travelled much so I signed on with Dr. Tu. As it turned out it
was an excellent decision in that I not only learned about venoms and toxins, but I also received an
excellent education on protein chemistry and protein structure and function which has served me well
throughout my career regardless of what biomedical subject I am investigating.

After graduating I did post-doctoral work first in the laboratory of Dr. Marshall Elzinga at
Brookhaven National Laboratory, Upton, N.Y. and then with Professor John Stewart at the University
of Colorado Medical School, Denver, Colorado. Dr. Elzinga was a superb protein chemist who was a
leader in sequencing large muscle proteins. He had just moved to Brookhaven when I arrived and
together we set up his spinning cup Edman sequencer. To identify the amino acids from the sequence
we did a combination of thin layer chromatography and back hydrolysis of the phenylthiohydantoin
(PTH)-amino acids using a home built amino acid analyzer Dr. Elzinga acquired from Dr. Stein at
the Rockefeller University. While I was there we also began using the new technique of HPLC to
analyze the PTH amino acids. Brookhaven at the time was a focal point of outstanding protein studies
and it was a wonderful experience and I met many leaders in the field of protein characterization.
At Colorado, working with Professor Stewart was also an honor and privilege for me. John had
previously worked with Nobel Prize winner, Professor Bruce Merrifield, developing an automated
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peptide synthesizer. John knew all about peptide synthesis, synthesizers and peptide isolation. John’s
book on the subject was in every synthesis lab at the time and always well-worn with use. My project
as an NIH fellow in John’s lab was to synthesize novel ACTH analogs looking for novel activities.
John was a very generous scientist giving me time to work on my own ideas as well. One project
I conducted was to synthesize the active site loop of a sea snake neurotoxin to determine if the peptide
could recapitulate some of the neurotoxin’s activities. The project was successful as we made an active
peptide, but I never published it as my formal project with John took precedent with my time. Hence,
as I say later in this piece, if you do not publish your work it did not happen ... at least as far as the
rest of the world is concerned.

While finishing up my studies in Denver I had two job offers, one at the University of Virginia and
one at the Coors Brewery in Golden, Colorado. I was tormented with this choice; to go into academics
or stay in Colorado, a place I loved for its hiking and backpacking. I chose Coors, but on the day I was
to show for work, I had a change of heart and called Virginia and told them I would be there in two
weeks. Over the first few years I often wondered if I had made the correct decision. Now nearly four
decades later, it was clearly the best decision of my life.

Tarrived at the University of Virginia School of Medicine as an Assistant Professor of Microbiology
with the charge to bring modern protein chemistry technology to the school. This I did by starting
a protein-sequencing core, then a peptide synthesis core, and eventually a DNA sequencing core.
These activities solidified in my mind the value of utilizing cutting edge technology applied to
whatever area you may be studying. Simultaneously I pursued my interests in toxinology, beginning
with isolating a number of snake venom metalloproteinases, characterizing them and ultimately
determining their protein and cDNA sequences, which were some of the first ever published. Over the
intervening years I have strived to always do something novel in the field following the admonition of
my sabbatical host at the Max-Planck Institute for Biochemistry in Munchen, Dr. Rupert Timpl, who
always said with regards to a project “You must do it first or do it a lot better; generally it is easier to
do it first”. Something I always tell my students as well when thinking about projects.

J.M. Gutiérrez: I started working as an undergraduate research assistant at the Instituto
Clodomiro Picado in 1975, under the supervision of Réger Bolafios, the founder and first director of
this institute. As a mentor, Dr. Bolafios instilled in me the vision that research can be done with passion
and joy, and also the belief in the relevance of the social implications of scientific work, in this case in
relation to snakebite envenomings and the human suffering they inflict. This went hand in hand with
my own social and political beliefs. My first research projects had to do with the study of karyotypes of
venomous snakes, but rapidly I became interested in venoms and antivenoms. At that time relatively
little was known on the pathogenesis of the local tissue damage induced by viperid snake venoms,
a very important aspect of snakebite envenoming since it may lead to permanent tissue damage and
other sequelae in the victims. Initially, I studied the local pathology induced by Costa Rican snake
venoms in mice by using light microscopic techniques. In 1980, I had the opportunity to perform my
PhD studies under the supervision of Prof. Charlotte L. Ownby at Oklahoma State University, with
the support of a scholarship provided by the University of Costa Rica. Charlotte made significant
contributions to the study of venom-induced pathology. In her laboratory we were able to isolate and
characterize a myotoxic phospholipase A2 from the venom of Bothrops asper, the most important snake
in Central America. In addition, we studied the action of this toxin in muscle tissue, by using electron
microscopy and other techniques, and proposed a mechanism of action for myotoxic phospholipases
A2. In 1984 I returned to Costa Rica and continued my research at the Instituto Clodomiro Picado,
in collaboration with a highly qualified group of Costa Rican colleagues and international collaborators
with whom I have worked for over 40 years. The philosophy of cooperation and partnership that
has characterized the work of Instituto Clodomiro Picado, and its relationships with groups in our
own country, and in countries of Latin America, North America, Europe, Asia, Africa, and Oceania,
has allowed our team to contribute to toxinological research and antivenom development.
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Q. Can you describe your research group’s current work? How has it changed over the past ten
years, and where do you see it going in the future? Is there an area of the field that you are
particularly excited about at the moment?

Jay Fox: Currently my laboratory focuses on the role of damage-associated molecular pattern
molecules (DAMPs) on snake envenomation pathophysiology. We work closely with José’s group in
Costa Rica. This area, which we discovered, is going to play an important role in understanding the
non-lethal aspects of snake envenomation that are associated with envenomation morbidity. My lab
is also working on the role of stroma in carcinogenesis in dense breast tissue. Ironically, there are
some features of these areas of research which intersect, such as the role of stroma in envenomation
and in carcinogenesis and tumor invasion. While there is certainly a lot yet to discover regarding
toxins and their activities, one must admit that much has been learned over the recent past by virtue of
the explosion of proteomic, transcriptomic, and now genomic studies on snake venoms and snakes
themselves. As we have written, in the end it is ultimately a systems biology issue in terms of how
all the toxins in the venom collectively give rise to the effects observed in the host as well as how the
biology of the snake and its environment also impinges on what effects the venom may cause. So,
for me, the future will be in discovering what previously unknown activities some toxins may have
and how all the toxins work together under the biological systems of the snake to give rise to the
observed pathophysiology in envenomated hosts.

J.M. Gutiérrez: I participate with several research groups at the Instituto Clodomiro Picado,
since we have a cooperative and integrative philosophy of doing research. Specifically on the subject
of snake venom metalloproteinases (SVMPs), I work with Alexandra Rucavado, Teresa Escalante,
Erika Camacho, and Cristina Herrera, in addition to several graduate and undergraduate students.
For many years, we have also collaborated with a number of research groups from other countries;
in this particular subject of SVMPs we have had fruitful collaborations with the groups of Jay W. Fox
(University of Virginia, USA), Michael Ovadia (University of Tel Aviv, Israel), Catarina E.P. Teixeira
and Ana M. Moura-da-Silva (Instituto Butantan, Brazil), and Juan J. Calvete (Instituto de Biomedicina
de Valencia, Spain), among other groups. Since the early 1990s our main goal on the topic of SVMPs
has been to understand how these toxins induce hemorrhage, one of the main manifestations of
viperid snakebite envenomings. Initially we isolated and characterized a number of SVMPs, and
studied their action using transmission electron microscopy and other microscopic approaches.
Then, we investigated the action of hemorrhagic and non-hemorrhagic SVMPs on the basement
membrane of capillary blood vessels, by combining histology, ultrastructure, immunohistochemistry,
and immunoblotting. More recently, and in a close collaboration with J. W. Fox, we have introduced
the proteomics analysis of exudates collected in the vicinity of SVMP-damaged tissue as a tool to
have a deeper view of the pathological alterations occurring in the tissue. As an outcome of these
investigations, a model for the mechanism of action of hemorrhagic SVMPs has been proposed, based
on the cleavage of structurally-relevant basement membrane components, especially type IV collagen,
followed by the mechanical disruption of vessels due to hemodynamic biophysical forces operating in
the circulation. In the near future we are interested in the identification of the regions in the molecular
structure of SVMPs that determine their ability to bind to microvessels, as well as of the cleavage sites
of basement membrane proteins that determine the disruption of capillary blood vessels. Moreover,
our more recent studies in collaboration with Jay Fox indicate that fragments of extracellular matrix
proteins and other types of proteins released in the tissues as a consequence of SVMP action may
contribute to tissue alterations and may play roles in the processes of repair and regeneration, a hitherto
unknown subject which may bring novel clues for understanding the pathogenesis of venom-induced
tissue damage. An additional challenge for our future studies is to understand the role of SVMPs in
envenomings from an integrative perspective, i.e., in the light of the overall picture of envenoming,
which involves studying the synergistic actions of SVMPs and other venom components, a poorly
studied aspect of envenomings.
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Q. It is well-known that snake venom metalloproteinases (SVMPs) are the primary factors
responsible for hemorrhage. How does an improved understanding of actions of the SVMPs
advance our understanding of snakebite envenoming? Do you think sufficient research has been
done for the SVMPs? Are there any aspects that need further exploration?

Jay Fox: When Dr. Solange Serrano and I coined the name and classifications of the SVMPs, it an
incredibly exciting time in the field. For a long period when only limited sequence data was known
for the SVMPs (hemorrhagic and non-hemorrhagic alike), Dr. Jon Bjarnason, my close colleague, and
I were leaning toward SVMPs being members of the matrix metalloproteinase family and we were
pushing for recognition of this classification. However, Dr. Hideaki Nagase told us, based on his
studies, these SVMPs were not matrix metalloproteinases (MMPs), and as it turns out, he was right!
Also at this time I had the good fortune to hear a talk by Dr. Judith White on a new class of fertility
related proteins found on sperm that seemed to have proteinase activity. When she shared some
preliminary sequence data on these proteins with me,  had an epiphany; they had sequences similar
to the SVMPs! We were no longer alone; there were normal orthologs to these toxins, something which
is now very well known about all venom proteins. The class of proteins Judy was working on became
known as A disintegrin like and metalloproteinase proteins (ADAMs) and the study of ADAMs and
SVMPs exploded hand in hand. SVMPs were often referred to for insights into the structure and
function of ADAMs and this is now a paradigm of toxinology in that the study of toxins often provides
outstanding insights into the function of their normal orthologs and comparison of the toxins with
the orthologs can also yield insights into how small changes in structure and/or location can cause a
somewhat “normal” protein to become toxic.

There are still some lingering aspects of SVMPs that deserve study. Certainly their evolution
and gene structure merit additional investigation. Also, higher resolution understanding of substrate
specificity as associated with functional activity is still of some interest, and as mentioned above, how
these data may inform on the ADAMSs’ functions is also of value.

J.M. Gutiérrezz Many years ago, through the pioneering work of A. Ohsaka, A.T. Tu,
J.B. Bjarnason, J.W. Fox, and FR. Mandelbaum, among other researchers, it was demonstrated
that SVMPs were responsible for the hemorrhagic activity of snake venoms. Local and systemic
hemorrhages are key aspects of viperid snakebite envenomings, since they are associated with local
tissue damage and with systemic bleeding leading to cerebrovascular accident and hemodynamic
perturbations. In addition, SVMPs also participate in the alterations of blood coagulation in these
envenomings, and release pharmacologically-active components from proteins of the extracellular
matrix, which are likely to contribute to tissue damage and repair. Thus, SVMPs are at the center of the
pathophysiology of viperid snakebite envenomings. The study of the mechanisms of action of SVMPs
has provided valuable clues to our understanding of the overall pathophysiology of these envenomings.
Even though there has been a great deal of research on SVMPs, there are still pending issues for
understanding their molecular evolution, regulation of expression, mechanisms for generating the
great diversity of these enzymes in venoms, mechanisms of action, structural determinants of toxicity,
and their overall role in the pathophysiology of envenomings, as well as their ecological role, i.e., their
action in natural prey. Likewise, the search for novel and more potent SVMP inhibitors is an area of
research that might offer novel therapeutic alternatives. These aspects require renewed investigation
in the near future, hopefully through interdisciplinary approaches that will pave the way for more
integrative and holistic perspectives of this fascinating group of venom components.

Q. Looking back at research on snake venoms, what do you think have been the most important
milestones? What are the most important techniques that will contribute to research on snake
venoms in the future?

Jay Fox: The key discoveries that have led us to our current understanding, in my opinion, are in
this order:
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(@) Venoms are comprised of toxic and non-toxic components (many of which are proteins
and peptides).

(b) In many venoms, the activity of toxins is dependent on enzymatic activities directed at
specific substrates.

(c) Inthe case of the SVMPs, the hemorrhagic SVMPs were demonstrated to disrupt the basement
membranes of capillaries allowing the extravasation of contents into the stroma. This finding
was critical in that it focused our research on the proteolysis of matrix by SVMPs and how this is
related to the observed pathology (a topic we continue to study by our current focus on the roles
of DAMPs in snake envenomation).

(d) Venoms are somewhat complex and this is demonstrated by proteomics and transcriptomics.
(e) The toxic effects of venom are due to the collective action of toxins and non-toxic components in
the venom and to understand envenomation one must ultimately take a systems approach.

(f) Development of anti-venom agents must always consider the venom as a system; not a simple
collection of unilaterally acting toxins.

(g) By discovering the activities of toxins we will better understand the function and structure of
normal orthologs, and by understanding the targets and the nature of the toxin mechanisms,
the possibility of developing novel drugs becomes a reality.

Certainly, the techniques of omics will continue to be important in venom studies as well
as advanced microscopy; however, I would also suggest that modern physiology and molecular
physiology will play an increasingly important role if we are to fully understand the function of
individual toxins as well as venoms.

J.M. Gutiérrez: Over the last decades there have been a number of relevant achievements in our
understanding of snake venoms, their molecular evolution and composition, mechanism of action
and identification of their targets in tissues and blood, and ecological and medical roles. Likewise, the
understanding of the structure-function of many snake toxins has paved the way, as has the study
of other animal toxins, to the discovery of promising leads which may derive into new drugs for the
treatment of a variety of diseases. It is the combination and integration of molecular evolution and
structural studies, in parallel with the characterization of venom proteomes and the understanding of
the structure-function relationship, as well as the mechanism of action of many toxins, that I consider
major achievements in the field of toxinology.

Many techniques will impact on the future of toxinology. The growing impact of the ‘omics’, with
the power of bioinformatics, is generating and will continue to provide vast amounts of information on
snake venoms, but this has to be linked to the study of the mechanisms of action of venom toxins from
both ecological and medical perspectives. It is the integration of such vast volumes of information,
from a Systems Biology perspective, that will bring a more complete understanding of SVMPs and
venoms in general from the evolutionary, ecological, and medical perspectives. The ongoing work
on the genomes of several snakes is an exciting development, together with the completion of novel
venom proteomes and venom gland transcriptomes, the structural characterization of novel venom'’s
toxins, and the understanding of tissue targets and mechanisms of action, with the aid of many
techniques, including recent developments in imaging.

Q. Are there any challenges for future research on snake venoms?

Jay Fox: There are several challenges to snake venom research facing us. First, the easy work has
been done. What is left requires very clever, insightful thinking and a judicious use of resources and
application of instrumentation/technology. Simply isolating additional isoforms of venom components
is of little impact unless one has very clear and clever ideas about novel activities for these isoforms
and ways to test for them. Also, there is the risk that we lose sight of why we are doing this research.
We must always remember it is to advance science and as such we should be improving the human
condition. Whether we are doing basic, translational, or clinical research we must always be able to
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connect what we do, in a coherent fashion, to improving the human condition. And, we must be
able to explain this to the lay public. If we cannot do that we will just become a group of disaffected
hobbyists without impact or interest to the wider world.

J.M. Gutiérrez: The main challenge, in my view, is how to integrate a massive volume of data
that is being generated on snake venoms in order to provide understanding in addition to information.
A big challenge is to develop inter- and transdisciplinary research approaches aimed at generating
deeper insights on the evolutionary, ecological, and medical aspects of snake venoms. The field of
toxinology should move in the future from a predominantly ‘reductionist” approach to a more ‘holistic’
perspective of snake venoms. Another big challenge for the future is to reduce the gaps between
basic toxinological research and the clinical and antivenom manufacturing areas, i.e., to generate
more translational research in toxinology. The cross-talk between basic toxinologists and clinical
toxinologists and with antivenom developers is of paramount relevance in order to bring the scientific
advances to the improvement of the treatment of envenomed patients.

Q. How do you anticipate research on snake venoms will progress over the coming years?

Jay Fox: I believe there will be more drugs developed based on research stemming from venoms
by virtue of new target discovery as well as new activities found for some toxins. I also believe we
will become much more efficient and effective in developing antivenoms (by virtue of the work of
my colleagues in Jose’s group and others) based on a scientific understanding of venoms and venom
action. Also, with the closer association of a number of regional societies with interests in toxinology
with the International Society on Toxinology, I believe all the science in the arena will be enhanced
with an improved outcome for those who suffer from envenomation both in terms of health as well as
financial burdens.

J.M. Gutiérrez: I foresee advances in the following areas:

(a) Vast volumes of new information on snake genomes, venom gland transcriptomes, and venom
proteomes, all of which will enlighten our comprehension of snake venom evolution.

(b) A deeper understanding on the structure-function of venom components, particularly in
those playing a key role in toxicity. Additionally, identification of the key toxic components
in medically-relevant venoms, with the consequent impact in the design and evaluation
of antivenoms.

(c) Significant progress in our understanding of the mechanisms of action of toxins and identification
of their targets, with implications both for clinical management of envenomings and for
drug design.

(d) Deeper understanding of the ecological role of venoms, i.e., promotion of stronger links between
toxinology and natural history.

(e) Exploring poorly studied venoms, such as those of ‘colubrid’ snakes (sensu lato) and other taxa,
with the aim of discovering new types of toxins and mechanisms of action. Such novel toxins
might become useful tools to understand basic physiological processes and as sources of new
lead compounds for drug design.

(f) Harnessing the vast volume of toxinological information for improving the design and
development of antivenoms, either animal-derived products or novel antivenoms based on
recombinant antibody technology. Additionally, the discovery and development of molecules
with strong inhibitory action that could complement the action of antivenoms in the therapy
of envenoming.

(g) Developing the field of Public Health within the area of snakebite envenoming in order to
understand the role of snake venoms in disease from a broader perspective.
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Q. For the Special Issue “Snake Venom Metalloproteinases” that you edited for Toxins, what new
information do you think it has brought forward and what gaps in the literature has it filled?
How will our current research on SVMPs shed light on the future snakebite envenoming therapy?

Jay Fox: This Special Issue represents an outstanding mix of comprehensive reviews, where many
such gaps have been addressed, as well as new research opening novel areas of scientific pursuit
in toxinology, such as the work on DAMPs by Rucavado and colleagues and concepts on serine
proteinases by Kini and colleagues. I personally would recommend this Special Issue to all new
students to the field and to those more senior who wish to understand what is the current state of
thinking in the field.

T am certain a careful reading of this Special Issue will sharpen our understanding of snake
envenomation and it is my sincere hope that this will be translated to new science and new modes of
therapy for both snake envenomation as well as possible new drug leads for other diseases.

J.M. Gutiérrez: This Special Issue includes highly relevant contributions that present the state
of the art in SVMP research. The principal aim of this Special Issue is to provide a synthesis of our
current knowledge of this fascinating field of toxinology. In addition, novel findings are presented
which bring new concepts to the field of SVMPs. The readers will find in these contributions the key
issues behind our current knowledge on SVMPs, with highly suggestive views on several unsolved
aspects in SVMP research. The papers cover a wide range of topics, from molecular evolution and
structure to the mechanisms involved in the generation of SVMP diversity, from the mechanism of
action of SVMPs to their role in the pathophysiology of envenomings, with implications for improving
the therapy of envenomings. Any person interested in SVMP will find in this Special Issue a collection
of papers that summarize the current knowledge on these types of enzymes, and at the same time
presenting the most relevant open questions in this topic, as a stimulus for future research efforts.

The understanding of SVMP variability and structure, as well as mechanisms of action and
targets, will undoubtedly provide highly useful information for improving the therapy of snakebite
envenoming, particularly in the case of species, such as the majority of viperid snakes, whose
pathophysiological activities largely depend on the action of SVMPs. Understanding the structural
determinants of toxicity, the targets of these toxins in the tissues, and their toxicokinetic profiles
will lead to renewed knowledge-based antivenom design, as well as to the development of novel
recombinant antivenoms and new inhibitors of high efficacy that could be used as a first aid in the
field as a complement to antivenom therapy.

Q. What advice do you have for a young scientist who wants to start a career in snake
venom research?

Jay Fox: Frankly, I must give much of the same advice I was given by my mentor Professor Tu.
Some things do not change. Regardless of what you are investigating, snake venoms or whatever,
you must always be thinking not only about how your work will impact this field but how it can
have impact beyond your field; and ultimately how it can affect the human condition. The critical
thinking, the sophisticated tools, experimental design, and data analysis involved in high quality
venom research is no different than that required in all fields. It is applicable in all domains. Whatever
you may be researching in the field of toxinology, always do so looking over the horizon to see how
what you are learning can be applied to other fields and what scientists in other fields are doing that
you can co-opt for your use in your studies. Science in a vacuum is irrelevant. You must present your
work; you must publish your work. Someone spent their hard-earned money trusting you to do good
work for the good of the world. Do not waste their money and do not waste your time. Make it count.
Also, collective science working with a variety of colleagues often gives rise to the best science and
likely is a lot more enjoyable. Science is too complex now to do it all alone.

Finally, have fun and if should you lose interest in a field, then move to another; and should you
lose interest in science, there are many other admirable things to do. Find your passion and follow it.
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J.M. Gutiérrez: There are many points of advice I would give to young people interested in snake

venom research. Some of them are:

(@)

(b)

(@)

(d)

(e

®

Have a broad knowledge and understanding of the field of snake venoms. In addition to
specializing in a particular type of toxin or venom, understand snake venoms from a wide
perspective, i.e., their biological relevance, evolution, variation, mechanisms of action, and
medical significance. Such broad views will help you place your particular questions in a larger
landscape and will allow you to generate more relevant questions for your research. For this you
need to follow the scientific literature in the subject on a regular basis and with discipline.

Find topics for your research which are, at the same time, exciting for you and novel. Avoid
the ‘me too’ type of research which may bring abundant data but few new ideas, and try to
find unexplored or poorly explored niches where your contributions will be more meaningful.
For this, it is necessary to have an ample knowledge on snake venoms (see item (a) above).
Independently of your specific research interests, cultivate your knowledge in general biological
and biomedical topics such as evolutionary biology, biochemistry, bioinformatics, structural
biology, cellular biology, and physiology, as well as pathophysiology, among others. Having a
background in these general subjects will allow you to place your toxinological research interests
in a broad scenario which, in turn, will more likely provide you with new ideas.

As much as possible, try to think ‘out of the box’. This will give you the opportunity to generate
new ideas and concepts, and new experimental tools and models. The collection of experimental
data should be guided and complemented by the generation of new ideas and hypotheses.
When possible, try to get out of the predominant paradigms and take the risk of generating new
ways of looking at things, regardless of the natural resistance that this may provoke. After all,
scientific work is, to a large extent, about generating novel ways to view the topics that are
being investigated.

Develop a cooperative philosophy for doing scientific research. Be part of interdisciplinary teams
and groups in order to approach questions of wide interest from your own area of expertise.
Be humble and accept that you need the contribution of other scientists for developing your own
research projects. Be in contact with colleagues and actively discuss subjects of common interest
with them. Procure the people that can help you and, at the same time, be generous with your
colleagues and students by sharing your knowledge. Keep in mind that scientific research is a
collective undertaking.

Finally, in addition to being a dedicated scientist, strive to become also a person interested in
general issues related to society and culture as a whole. Scientists have a huge social responsibility,
and toxinologists are no exception. Develop a compassionate and generous way of doing
science and in shaping your relation with societal issues in general. Introduce and follow ethical
considerations when doing scientific research and in your life in general.
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Abstract: Since the discovery of the first disintegrin protein from snake venom and the following
identification of a mammalian membrane-anchored metalloprotease-disintegrin implicated in
fertilization, almost three decades of studies have identified additional members of these families and
several biochemical mechanisms regulating their expression and activity in the cell. Most importantly,
new in vivo functions have been recognized for these proteins including cell partitioning during
development, modulation of inflammatory reactions, and development of cancers. In this review, we
will overview the a disintegrin and metalloprotease (ADAM) family of proteases highlighting some
of the major research achievements in the analysis of ADAMs’ function that have underscored the
importance of these proteins in physiological and pathological processes over the years.

Keywords: ADAM; disintegrin; SVMP

1. Some Generalities

ADAMs (a disintegrin and metalloproteinases), originally also known as MDC proteins
(metalloproteinase/ disintegrin/ cysteine-rich), belong to the Metzincins superfamily of metalloproteases.
The timeline of key events in ADAM research is shown in Figure 1.
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Figure 1. Timeline of key events in ADAMs research. The dates correspond to the publication year of
the first article related to the event.
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Together with snake venom metalloproteases (SVMPs), ADAM and ADAMTS (a disintegrin
and metalloproteinases with thrombospondin motif) proteins form the M12 (MEROP database;
https:/ /merops.sanger.ac.uk/) Adamalysin subfamily of metallopeptidases. ADAMSs have been
detected in various species, from Ciona intestinalis to mice and humans [1]. Phylogenetic and molecular
evolutions studies on these proteins have identified several gene duplications followed by pseudogene
formation and/or positive selection of those genes mostly related to reproduction thus ensuring
survival of the species [2]. Duplications and speciation have probably contributed to the divergence
of SVMP and ADAM from the common ancestor gene [3]. Similarities in domain organization
and sequences exist between the ADAMs and the P-III SVMPs [4]. Both protein families contain
a pro-domain, a metalloproteinase and a disintegrin domain, and a cysteine domain. The latter
in ADAMSs has cell adhesive and fusogenic potential. ADAMs also contain an EGF-like repeat, a
transmembrane domain, and a cytoplasmic tail (Figure 2). In addition, the tails of some ADAMSs
have intrinsic signaling activity and regulate proteolysis [5]. Alternative splicing of ADAMs produces
proteins with different localization and activity [6].

SVMPs ADAMs ADAMTSs

Pro = Prodomain
M = Metalloproteinase

o ) ¥ D = Disintegrin (-like)
C = Cysteine-rich
ro E = EGF-like
TM = Transmembrane
CT = Cytoplasmic
s = spacer
W XTS = Thrombospondin repeats

Figure 2. General structure of ADAMs (a disintegrin and metalloproteinases), ADAMTSs (a disintegrin
and metalloproteinases with thrombospondin motif), and SVMPs (snake venom metalloproteases).

The label “disintegrin” was initially given to describe snake venom cysteine-rich, RGD-containing
proteins able to adhere to integrins and inhibit platelet aggregation and cause hemorrhage in snake
bite victims [7]. Similar to SVMPs, ADAMs adhere to integrins even though their binding sequence
mostly contains an aspartic acid-containing sequence ECD (or xCD sequence) instead of the typical
RGD amino acid sequence, except for human ADAM-15 (Figure 3). For this reason these domains
are referred to as “disintegrin-like” domains [8]. Structural analysis of resolved structures of the
ADAM and SVMP domains has been extensively reviewed elsewhere [9,10]. Only half of the
known ADAMs contain a catalytic-Zn binding signature for metalloproteases (HEXGHxxGxxHD)
in their metalloprotease domain and can potentially be catalytically active. Those mammalian
ADAMs that are catalytically active use a cysteine-switch mechanism to maintain enzyme latency [11].
Interestingly, the pro-domain not only is implicated in this process, but is also important for the correct
protein folding and intracellular transport through the secretory pathway as shown for example for
ADAM-9, -12, and -17 [12-14].
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Figure 3. Protein domain structure comparison between ADAMs. Metalloproteinase domains with
consensus sequence HEx (HExGHxxGxxHD, HEx ... ) are predicted to be proteolytic active (“... ”,
lack of a consensus sequence). Only human ADAM-15 contains a RGD amino acid sequence, all other
ADAMSs contain a conserved consensus binding motif xCD in their disintegrin-like domains. Soluble

ADAMs, sADAM.

2. ADAMs Functions

2.1. ADAMs and Cell Adhesion

The initial studies on ADAMs focused on the function of the disintegrin domain in cell-cell and
cell-matrix interactions. As for the SVMP, the disintegrin-like domain of ADAMs was also supposed
to bind to integrins on the cell surface. Similarly to SVMP, human, but not mouse ADAM-15 contains
an integrin binding motif RGD in the disintegrin domain. However, human ADAM-15 can also
bind integrin in a RGD-independent manner as shown for the binding of a931 integrin [15]. An
extensive review on ADAM-15 structural and functional characteristics has been provided by Lu and
colleagues [16]. Several in vitro studies using recombinant domains, mutation studies, or peptide
sequences supported this role for a variety of ADAMs and suggested their function as cellular counter
receptors [17,18]. This ADAMs-integrin interaction was not receptor-specific as each ADAM could
interact with several integrins and may depend on the cell type.

Additional studies suggested that interactions with substrates and integrin receptors are not
mediated solely by the disintegrin domain, but additional sequences outside this domain are involved
in binding. In this respect, Takeda and colleagues analyzed the crystal structure of VAP1 (vascular
apoptosis-inducing protein-1, a P-IIl SVMP), which has a conserved MDC structure, and identified the
disintegrin-loop of this protein packed inside the C-shaped MDC architecture, which is therefore not
available for binding [19]. Interestingly, these authors identified another sequence, the highly variable
region (HVR) of the cysteine rich domain as a potential protein-protein adhesive interface [19]. It is
therefore possible that the cysteine-rich domain drives adhesion or complements the binding capacity
of the disintegrin domain possibly conferring specificity to the mediated interactions. The disintegrin
and the cysteine-rich domains can also mediate cellular interactions via binding not only to integrins,
but also to heparansulfate proteoglycans, such as syndecans [20]. Despite all these studies, the question
remained whether the ADAM-integrin interactions identified in vitro could be relevant in vivo.

Few studies analyzed the crystal structure of ADAM proteases (reviewed in [9,10]). An example
is the analysis of the crystal structure of the mature ADAM-22 ectodomain, one of the catalytically
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inactive ADAM:s. In this analysis, ADAM-22 displays a four-leafed clover structure of four domains,
the MDCE (metalloproteinase/disintegrin-like/cysteine-rich/EGF-like), without the pro-domain.
According to this, the authors proposed that ADAMs function is modulated by dynamic structural
changes in M domain and DCE domains that allow for the opening and closing of the protein
configuration [21]. Electron microscopy studies on the full-length ADAM-12-s showed a similar
four-leafed structure. In this structure, as for ADAM-22, the pro-domain is an integral domain of
mature ADAM12 non-covalently associated to M domain [22].

Analysis of the crystal structure of ADAM-17 metalloproteinase domain bound to a
hydroxamic acid inhibitor highlighted some unique features of the active site distinct from matrix
metalloproteinases that may contribute to substrate specificity of TACE (TNF alpha converting
enzyme) [23].

However, the substrate specificity depends on the entire MDC structure. Guan and colleagues [24]
recently performed crystallographic analysis of two new SVMPs: atragin and kaouthiagin-like (K-like).
This study pointed out that the MDC structure of atragin is C-shaped whereas that of K-like has an
I-shaped structure depending on the disulfide bond patterns present in the D domain of both enzymes.
Thus, the D domain would be important in orientating the M and C domains for their function and
substrate specificity [24].

The physiological relevance of the interaction of ADAMs with integrins was clearly shown
for the fertilization process. The first studies were done on ADAM-1, previously known as PH-30
(found on guinea pig sperm surface) and later as fertilin alpha (found in mouse and monkey), and
on ADAM-2, or fertilin beta [25-27]. Interestingly, both proteins lose their metalloproteinase domain
during the maturation process and are present on the cell surface exposing directly their disintegrin
domain [28]. Initially, the disintegrin-like domain of ADAM-2 was shown to bind to the integrin
o631 on the egg plasma membrane, and that this binding was required for membrane fusion [29].
Additional ADAMs were suggested to be involved in the egg-sperm membrane fusion fertilization
process based on the fact that the first ADAMs discovered (ADAM 1-6) were found to be expressed in
mammalian male reproductive organs such as testis and epididymis (reviewed by Cho [30]). However,
although the first discovered members of the ADAM family, ADAM-1, ADAM-2, and -3 are critical
in mediating fertilization processes, this mediation does not depend on their adhesive and fusogenic
potential [31]. Indeed, deficiency of either ADAM-1a or -2 revealed an indirect involvement of these
ADAMs in fertilization. Both ADAM-1 and -2 deficient sperms were defective in migration, but the
process that leads to cell-cell adhesion and fusion was only minorly altered [32-34]. ADAM-2 is not
dispensable for the sperm-egg fusion process, however, ~50% decreased fusion sperm to oocytes
was detected in the deficient mice [32,35]. Nine years later Yamaguchi and colleagues demonstrated
that the ADAM-2-ADAM-3 complex is critical for in vivo sperm migration from the uterus to the
oviduct [36]. Interestingly, ADAM-1 and -3 are pseudogenes in humans leaving ADAM-2 as the key
ADAM mediating human fertilization [37]. Apart from the proposed role in fertilization, ADAMs have
been implicated in cell fusion during development as described for ADAM-12, promoting myoblast
fusion during myogenesis [38,39].

In addition to mediating interactions with cell surface receptors for adhesive and fusogenic
purposes, the disintegrin and cysteine domains were suggested to regulate the proteolytic function
of ADAMs as shown for the shedding of interleukin-1 receptor-II by ADAM-17 [19]. Recently,
Dusterhoft et al. [40] demonstrated that an MDC adjacent to the conserved region in ADAM-17, named
CANDIS (Conserved ADAM seventeeN Dynamic Interaction Sequence), is able to bind membranes,
thereby regulating shedding activity. Therefore, further studies are necessary to elucidate the precise
function of the ADAM disintegrin-loop for physiological functions of ADAMs.

2.2. ADAMs Are Active Proteases

By analogy to the SVMPs, that also have a metalloprotease and disintegrin domain, it was
suggested that some ADAMs cleave extracellular matrix components. Indeed, early in 1989
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Chantry et al. found that brain myelin membrane preparations contain a metalloproteinase activity
which degrades myelin basic protein (MBP) [41]. The responsible metalloprotease was cloned in
1996 and named MADM/ADAM-10 [42]. In 1994, a metalloprotease implicated in TNF«x (tumor
necrosis factor alpha) processing was described [43] and identified a few years later as a member of the
Adamalysin family, ADAM-17. ADAM-17 was and described simultaneously by two research groups
as the enzyme that releases membrane bound tumor necrosis factor (TNF)-o precursor to a soluble
form earning a name TACE (TNF alpha converting enzyme) [44,45]. ADAM-17 had a unique structure
with very similar sequence to ADAM-10 [44,46].

In the following years, new discoveries on the proteolytic functions of ADAM-10 and -17 opened a
larger field of research activities. ADAM-10 was identified in Drosophila, called Kuzbanian (gene Kuz),
and is required for the cleavage of Notch and its ligand Delta leading to lateral inhibition and to
neuronal fate specification during neural development [47-50]. Given its highly conserved structure in
Drosophila, Xenopus, and C. Elegans, ADAM-10 was proposed to be of great importance in vertebrate
development. ADAM-10 has a wide variety of functions including ECM degradation, localized
shedding of various cell surface proteins, and influence on cell signaling patterns (reviewed in [51]).
Importantly, shedding activities mediated by ADAM proteases may affect both cell autocrine and
paracrine signaling. Indeed, shedding may occur on the surface of one cell or two adjacent cells, and
the outcome may not only affect the receptor but also the ligand-bearing cell, thus resulting in the
generation of reciprocal signals. As a consequence of cell surface protein shedding, the released soluble
ectodomain with signaling or decoying function may act on another distant cell (reviewed in [52]).

2.2.1. ADAMs in EGFR Transactivation

Over time ADAMs were shown to process a wide variety of substrates among which are the
EGEFR (epidermal growth factor receptor) ligands. Aberrant EGFR activation has been frequently
found in hyper proliferative diseases such as cancer, and the discovery of the ligand-dependent
EGER signal transactivation pathway may explain how autocrine signaling loops involving GPCR
(G-protein coupled receptor) ligands are likely to contribute to and drive autocrine EGFR stimulatory
mechanisms [53]. Prenzel and colleagues [54] first showed that EGFR transactivation by ligand
involved the activity of a metalloproteinase. The transactivation involved an upstream signal acting
through a G-protein-coupled receptor that activated a metalloprotease to shed an EGF receptor ligand.
The result of this activity ultimately led to the modulation of mitogen responses [54]. The first studies
directly implicating ADAM-10 in EGFR transactivation were presented by two groups in 2002 [55,56].
Several other studies have followed and identified additional ADAMs that fulfil this function in
various cell types and tissues including ADAM-12, -15, and -17 [57]. ADAMs have been implicated
in the shedding of six out of the seven known EGFR ligands (transforming growth factor (TGF)«,
EGF, HB-EGF, betacellulin, epiregulin, and amphiregulin) [52]. ADAM activation by GPCRs, and
the mechanisms and pathophysiological role of ADAM-dependent EGFR transactivation have been
reviewed elsewhere [57,58].

2.2.2. RIPping by ADAMs

Upon shedding of the extracellular domain of some cell surface proteins, the activity of a second
protease cleaving within the membrane leads to the release of an intracellular fragment of the protein,
generally the cytoplasmic tail, which exerts signaling activity. This process is known as Regulated
Intramembrane Proteolysis (RIP). RIP starts with the release of the protein ectodomain by the activity
of ADAMs that is followed by intramembrane-cleavage and final release of the intracellular stub
within the cell. Aspartyl proteases, S2P-metalloproteases, and rhomboid serine proteases catalyze
the intramembrane cleavage [59]. RIPping is an evolutionary highly conserved mechanism to release
messenger peptides from transmembrane proteins [60]. The classical examples for RIP activity are
the processing of amyloid-precursor-protein (APP) and Notch signaling [20]. Ligation of Notch to its
ligand leads to a conformational change exposing the protease-sensitive sequence to ADAM-10 that
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sheds and releases Notch ectodomain. This primes truncated Notch for additional intramembrane
cleavage by gamma-secretase, thereby releasing the intracellular domain (NICD, notch intracellular
domain) that translocates to the nucleus and mediates transcriptional activities (reviewed by [61]).
ADAM-10 and -17 can cleave the extracellular domain of Notch when it is bound to ligands like
Delta or Jagged, and from this follows subsequent intramembrane processing of Notch by y-secretase
activity [62,63]. Recently, Notch was shown to enhance its own activity by transcriptionally inducing
expression of furin, which in turns leads to the activation of MMP (matrix metalloproteinase)-14 and
ADAM-10 and ultimately to the amplification of Notch signaling [64]. This would further provide a
mechanism of signal amplification during tumor progression.

APP also undergoes RIPping, most likely in a ligand-independent fashion. Among ADAMs,
ADAM-9, -10, and -17, were shown to cleave APP in vitro acting as «-secretases [65]. Processing of
the APP extracellular domain by either «- or 3-secretase is followed by intramembrane proteolysis by
y-secretases, but, in the case of the APP, the intracellular role of the intracellular released fragment
remains unclear [59]. However, whereas fragments generated by «-secretases are physiological, those
released by (3-secretase are neurotoxic and key factors in Alzheimer’s disease [66].

RIPping is not limited to Notch and APP, as this mechanism is active for several other proteins shed
by ADAMs. ADAM-10 is able to mediate RIPping of a variety of additional proteins such as Notch2,
Notch3, N-, and E-cadherin, and ADAM-17 may mediate RIPping of EpCAM and ErbB4 [67-71].
Interestingly, there is also evidence for a reciprocal RIPping of ADAMs themselves. For example,
RIPping of ADAM-10 may be executed by ADAM-9 and -15 leading, upon presenilin intramembrane
proteolysis, to the release of the ADAM-10 intracellular domain (ICD) that localizes to nuclear
speckles [72]. ADAM cleavage sites are usually in close proximity to O-glycosylation sites. Most
recently Goth and colleagues investigated the potential of site-specific O-glycosylation on peptides
from known ADAM-17 substrates and proposed that O-glycosylation might co-regulate ectodomain
shedding by ADAMs [73].

2.2.3. Inhibition of Proteolytic Activity

Apart from being active towards matrix metalloproteinase, TIMP (tissue inhibitors of
metalloproteinases) were shown to be active towards ADAMs [74]. After the first discovery of
ADAM-17 inhibition by TIMP-3 [75], additional ADAMs were shown to be selectively inhibited by
TIMPs. For example, ADAM-10 can be inhibited by TIMP-1 and -3 but not by TIMP-2 and -4, and
ADAMS-8 and -9 are not sensitive to inhibition by TIMPs at all [20]. ADAM-9, -10, and -17 prodomains
can inhibit protease activity once released from the activated enzyme [76-78]. A number of synthetic
inhibitors binding to the catalytic zinc ion, but with a broad inhibitory spectrum towards ADAMs
and MMPs, have been described. Although the majority of those inhibitors could inhibit both MMPs
and ADAMs, some were relatively selective for specific ADAMs. An example is the INCB3619 which
inhibits ADAM-8, -9, -10, -17, and -33, but with lower IC50 for ADAM-10 and -17 [79]. Other synthetic
inhibitors include CGS 27023, GW280264, and GI254023 displaying a certain degree of specificity for
ADAM-9, -10, and -17 [14,80]. An interesting recent report indicated that glycosylation of substrates
may also play a role in modulating ADAM activity, thus glycosylation of TNF-« enhanced ADAM-8
and -17 activities and decreased ADAM-10 activity [81]. The importance of this study was the discovery
of a novel class of ADAM-17-selective inhibitors that act via a non-zinc-binding mechanism. Thus,
additional type of inhibitory molecules targeted to these unique exosites within ADAM structures
could be used for specific protease targeting [81].

3. Lessons from in Vivo Models

An important milestone in ADAM research was the generation and analysis of in vivo models
for ADAM deficiency. Particularly, the generation of ADAM-10 and -17 in vivo mutants helped by
elucidating their substrate specificity in a physiologically relevant context. ADAM-10 knockout mice
die at day 9.5 of embryogenesis due to multiple defects of the developing central nervous system,
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somites, cardiovascular system, and missing Notch signaling thus providing a key evidence for the
functional role of ADAM-10 in Notch processing in vivo [82]. ADAM-17 knockout mice die between
embryonic day 17.5 and the first day of birth, not due to a lack of TNF-« shedding or dysregulated
TNF-o signaling, but because of a lack in processing of multiple EGFR-ligands including TGF-«,
HB-EGEF, and amphiregulin. These in vivo findings are extensively reviewed elsewhere [52,83,84].
Recently the two new proteins iRhoms 1 and 2 (inactive Rhomboid proteins, catalytically inactive
members of the rhomboid family of intramembrane serine proteases) were identified as upstream
ADAM-17 regulators, controlling the substrate selectivity of ADAM-17-dependent shedding [85,86].
Additionally, truncated iRhom 1 or iRhom 2 enhance ADAM-17 activity towards TNFR shedding,
thereby triggering resistance against TNF-induced cell death [87]. In agreement with these functions,
the knockout mouse of both iRhoms closely resembles ADAM-17-deficient mouse phenotype, with
lack of functional ADAM-17 as well as lack of EGFR phosphorylation [88].

Although ADAM-10 and -17 have become the most prominent members of this protease
family, there are a few other ADAMs with significant importance in mouse development in vivo.
ADAM-22 deficiency leads to early death due to severe ataxia and hypomyelination of peripheral
nerves indicating an important role of this protease in the development of the peripheral nervous
system [89]. In addition, ADAM-19 is important for heart development as 80% of ADAM-19 deficient
animals die postnatally from congenital heart defects [90]. Deletion of ADAM-12 results in 30%
neonatal lethality and a 30% reduction in brown adipose tissue [91], and ADAM-11 knockout animals
show deficits in spatial learning, motor coordination, and altered nociception responses [92,93].
Unexpectedly, ADAM-9-deficient mice show no obvious developmental phenotype [94], but in
adulthood, 20 months after birth, mice display retinal degeneration [95]. However, depletion of
ADAM-9 showed its implication in pathological induced retinal vascularization, in skin repair,
and in melanoma growth [96-98]. Similarly, ADAM-15 depletion showed reduced pathological
neovascularization and tumor metastasis [99,100].

Given the early lethality of ADAM-10 and -17, the generation of conditional tissue specific
mutants has permitted the opportunity to learn more about the role of these proteases in tissue
homeostasis. For instance, nestin-Cre driven ADAM-10 deletion, with inactivation of ADAM-10 in
neuronal progenitor cells, has identified ADAM-10 as the main «-secretase for APP [101]. Further,
ADAM-10 depletion in epidermis leads to disturbed epidermal homeostasis [102] whereas its depletion
in the endothelial cells leads to various vascular defects in organs conducible to defects in endothelial
cell fate determination [103]. Overall, ADAM-10 has emerged as one of most important members of
the ADAM family with broad spectrum of protein shedding (for further studies see [104,105]).

Specific loss of ADAM-17 function in epidermis leads to pronounced defects in epidermal barrier
integrity and development of chronic dermatitis, closely resembling mice with epidermal loss of the
EGEFR [106]. Furthermore, ADAM-17 ablation in the endothelial cell progeny does not appear to
be required for normal developmental angiogenesis or vascular homeostasis, but for pathological
neovascularization [107]. Lisi and colleagues have recently summarized the phenotypes of ADAM-17
genetic models [108].

Thus, more studies with tissue-specific genetic targeting of ADAM:s or in vivo challenging will
be necessary to clarify protease or adhesive function of these proteins in an in vivo physiological and
pathological context.

4. Impact on Human Disease

In various human cancers there is an increased expression of ADAM-S, -9, -10, -15, -17, -19,
and -28 [109,110].

ADAM-9 null mutations were found in patients from families with recessively inherited cone-rod
dystrophy (CRD), an inherited progressive retinal dystrophy. Interestingly, retinal degeneration in
adulthood was also detected in the ADAM-9-deficient mouse [95].
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ADAM-17 is involved in human inflammatory diseases such as rheumatoid arthritis
(a systemic inflammatory autoimmune disorder), the Guillain-Barré syndrome (an acute autoimmune
polyneuropathy), multiple sclerosis (an inflammatory, autoimmune, demyelinating disease of the
central nervous system), and systemic lupus erythematosus (an autoimmune disease affecting nearly
all organs) [111]. ADAM-17 deficiency is very rare in humans, as it has been reported only in three
patients, and causes severe multiorgan disorders [112-114].

ADAM-33 has been identified as the susceptibility gene for asthma and airway hyper
responsiveness, but its biological function is yet unclear [115].

In Alzheimer’s disease ADAM-10 could have beneficial properties, as APP processing by
ADAM-10 reduces both APP cleavage by BACE1 and (3-amyloid generation, a physiologically active
APP fragment clumping into neurotoxic aggregates. Indeed, accumulation of $-amyloid peptide
in the brain leads to development of Alzheimer’s disease [116]. 3-amyloid peptide is produced by
the processing of APP by [3-secretases, but a soluble form of APP« is produced by the action of
ADAM-9, -10, and -17 which oppose the adverse effects of the 3-amyloid peptide [117-119]. Thus,
the upregulation of various zinc metalloproteinase activities may represent a possible alternative
therapeutic strategy for the treatment of the disease [120].

5. Future Perspectives

ADAMs are implicated in a variety of cellular functions in vitro and in vivo, and many substrates
for some of these proteases are already known. However, additional substrates are yet to be discovered,
and further protein degradation analyses may help to identify the protease implicated. This analysis,
together with the analysis of processing characteristics, such as shedding followed by intramembrane
proteolysis and generation of an ICD signaling fragment, will further identify downstream effects of
such proteolytic events.

Over the years it has become clear that ADAMs are implicated in several diseases, and because of
the broad specificity of several synthetic inhibitors to MMPs or ADAMs targeting the metalloproteinase
activity, it is now important to develop alternative strategies for in vivo targeting. Recombinant
pro-domains or the generation of specific antibodies may help with increasing targeting specificity.
Moreover, targeting exosites has recently gained importance in drug development. One of the
outstanding questions that still need to be addressed is, what are the protein modifications on substrates
or substrate structure that determine specificity of binding and enzyme efficacy? Protein modifications
have just started to be analyzed, and will certainly lead to new clues for selective targeting strategies.
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Abstract: A disintegrin and metalloproteinase (ADAM) family proteins constitute a major class of
membrane-anchored multidomain proteinases that are responsible for the shedding of cell-surface
protein ectodomains, including the latent forms of growth factors, cytokines, receptors and
other molecules. Snake venom metalloproteinases (SVMPs) are major components in most viper
venoms. SVMPs are primarily responsible for hemorrhagic activity and may also interfere with
the hemostatic system in envenomed animals. SVMPs are phylogenetically most closely related to
ADAMSs and, together with ADAMs and related ADAM with thrombospondin motifs (ADAMTS)
family proteinases, constitute adamalysins/reprolysins or the M12B clan (MEROPS database) of
metalloproteinases. Although the catalytic domain structure is topologically similar to that of other
metalloproteinases such as matrix metalloproteinases, the M12B proteinases have a modular structure
with multiple non-catalytic ancillary domains that are not found in other proteinases. Notably,
crystallographic studies revealed that, in addition to the conserved metalloproteinase domain,
M12B members share a hallmark cysteine-rich domain designated as the “/ADAM_CR” domain.
Despite their name, ADAMTSs lack disintegrin-like structures and instead comprise two ADAM_CR
domains. This review highlights the current state of our knowledge on the three-dimensional
structures of M12B proteinases, focusing on their unique domains that may collaboratively participate
in directing these proteinases to specific substrates.

Keywords: snake venom; metalloproteinase; disintegrin;, ADAM; ADAMTS; MDC; reprolysin;
adamalysin; shedding; crystal structure

1. Introduction

A disintegrin and metalloproteinase (ADAM) family proteins, also known as metalloproteinase-
disintegrins or metalloproteinase/disintegrin-like/cysteine-rich (MDC) proteins, are type-I transmembrane
and soluble glycoproteins that have diverse functions in cell adhesion, migration, proteolysis and
signaling [1-3]. The best-characterized function of the membrane-anchored ADAMs is their involvement
in ectodomain shedding of various cell-surface proteins, including the latent forms of growth factors,
cytokines and their receptors and cell-adhesion molecules. For example, ADAM17 (TACE, TNF-«
converting enzyme) is a sheddase involved in the processing of tumor necrosis factor-o [4,5] and a
broad range of other cell-surface molecules [1]. Identification of a patient lacking ADAM17 revealed
that ADAM17 is involved in the protection of the skin and intestinal barrier [6]. Another major family
member, ADAMI0, is a principal player in signaling via the Notch and Eph/ephrin pathways [7].
ADAMs play key roles in normal development and morphogenesis. Dysregulation of shedding
activity is a crucial factor in a number of pathologies, such as inflammation, neurodegenerative disease,
cardiovascular disease, asthma, cancer and others [1,3,8-11]. So far, 40 family members have been
identified in the mammalian genome, of which 37 are expressed in mice (most of them in a testis-specific
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manner) and 20, excluding presumed pseudogenes, are expressed in humans [3]. However, only 12 of
the human ADAM members (ADAMS, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30 and 33) contain a functional
catalytic consensus sequence (HEXGEHXXGXXH, see below). The physiological function of the
proteinase-inactive ADAMs (ADAM2, 7, 11, 18, 22, 23, 29 and 32) remains largely unknown, although
some members of this group play important roles in development and function as adhesion molecules
rather than proteinases [12,13]. ADAMs are widely expressed in mammalian tissues, and the observed
phenotypes of ADAM knockout mice are subsequently diverse, although only ADAM10, 17 and 19 are
essential for mouse development [3]. An increasing number of transmembrane proteins have been
identified as the targets of ADAM-mediated proteolysis [1]. Some of these substrates can be cleaved
by different ADAMSs while others appear to be specific to an individual ADAM. In addition, no clear
consensus sequences have so far been identified around the scissile bonds of the ADAM substrates.
These observations highlight the need for a better understanding of how the substrate specificity and
proteolytic activity of ADAMs are determined.

The ADAM with thrombospondin motifs (ADAMTS) family is a close relative of the ADAM family.
ADAMTS members contain a varying number of C-terminal thrombospondin type-1 motifs in place of
the ADAM transmembrane and cytoplasmic domains and thus function as secreted proteinases [14,15].
Unlike ADAMs, all ADAMTS share the catalytic consensus sequence mentioned above and thus encode
active metalloproteinases. The human ADAMTS family includes 19 members that can be sub-grouped
on the basis of their known substrates, namely aggrecanases or proteoglycanases (ADAMTS1, 4,5, 8, 9,
15 and 20), procollagen N-propeptidases (ADAMTS2, 3 and 14), cartilage oligomeric matrix protein
(also known as thrombospondin-5) cleaving proteinases (ADAMTS? and 12), von Willebrand factor
(VWE) cleaving proteinase (ADAMTS13) and a group of orphan enzymes (ADAMTS6, 10, 16, 17, 18
and 19) [14,15]. The gene name ADAMTS11 was assigned in error to a gene already designated as
ADAMTS5, and thus the term ADAMTS11 is no longer used. Mendelian disorders resulting from
mutations in ADAMTS2, 10, 13 and 17 identified essential roles for each gene [16]. ADAMTS13 is
one of the most studied ADAMTSs because of its critical involvement in a thrombotic disorder [17,18].
ADAMTS13 is the sole VWF-cleaving enzyme in blood plasma and regulates the multimerization
state of VWF for proper blood coagulation, and has no other known substrates. A deficiency in
plasma ADAMTSI13 activity causes thrombotic thrombocytopenic purpura (TTP), a hereditary or
acquired (idiopathic) life-threatening disease [17-19]. Various lines of evidence indicate that ADAMT4
and 5 are the principal enzymes involved in the degradation of aggrecan, the major proteoglycan
in articular cartilage, resulting in the development of osteoarthritis and have thus become targets
for therapeutic inhibition [20]. Replacement of the C-terminal ancillary domains of ADAMTS5 with
those of ADAMTS13 confers the ability to cleave VWE, suggesting that the non-catalytic C-terminal
domains strongly determine the specificity of ADAMTS5 and ADAMTS13 [21]. The importance of the
non-catalytic domains is also supported by the observation that autoantibodies against the ancillary
domain of ADAMTS13 can inhibit proteinase activity sufficiently to cause TTP [22]. Different ADAMTS
recognize very distinct substrates but the non-catalytic domains that characterize each ADAMTS family
member may perform similar functions in other ADAMTS.

Snake venom is a complex mixture of bioactive enzymes and non-enzymatic proteins [23,24].
These toxic compounds appear to have resulted from the convergent or divergent evolution of
physiological molecules to have a role in killing and paralyzing prey [25,26]. Snake venom
metalloproteinases (SVMPs) have been inferred to be derived through recruitment, duplication and
neofunctionalization of ancestral gene encoding closely related ADAM?7, 28 and ADAMDEC-1 [27];
therefore, SVMPs are also referred to as snake ADAMs. Actually, large SVMPs, categorized into the P-III
class SVMPs, have a modular structure that is homologous to the ectodomain of membrane-anchored
ADAMs [28]. SVMPs identified so far share the catalytic consensus sequence and thus are soluble
proteinases. Proteomic analyses of snake venoms show that SVMPs constitute more than 30% of
the total proteins in many Viperidae venoms and are also present, but are less significant, in the
venoms of Elapidae, Atractaspididae and some species of Colubridae [29,30]. These observations

28



Toxins 2016, 8, 155

suggest that SVMPs play potentially sigc-nificant roles in envenomation-related pathogeneses, such as
bleeding, intravascular clotting, edema, inflammation and necrosis [31,32]. SVMPs are the primary
factors responsible for local and systemic hemorrhage and may also interfere with the hemostatic
system through fibrinogenolytic or fibrinolytic activities, activation of prothrombin or factor X, and
inhibition of platelet aggregation [33-35]. SVMPs are grouped into several classes according to their
domain organization (see below). The high molecular weight P-III class SVMPs are characterized by
higher hemorrhagic activity than the P-I class of SVMPs, which only have a catalytic metalloproteinase
domain. Although SVMP-induced hemorrhages are primarily dependent on SVMP proteolytic activity,
the proteolytic activities themselves do not parallel the potency of these activities. The stronger
hemorrhagic activity of P-IIl SVMPs is, at least in part, likely caused by the resistance to inhibition by
the plasma proteinase inhibitor a2-macroglobulin (x2M) probably because of the large molecular size
of P-IIl SVMPs: P-I SVMPs are readily inhibited by «2M [36]. P-IIl SVMPs are capable of inducing not
only local but also systemic bleeding, whereas P-I SVMPs mainly induce local hemorrhage [37-39].
Therefore, it is more likely that the C-terminal non-catalytic domains may contribute to the targeting
of P-III SVMPs to relevant molecules in the extracellular matrix of capillaries. P-IIl SVMPs represent
not only higher hemorrhagic activities, but also more diverse and specific biological activities than P-I
SVMPs. These observations strongly suggest the importance of the non-catalytic ancillary domains of
P-III SVMPs for their functions.

ADAMs, ADAMTSs and SVMPs share a topological similarity with matrix metalloproteinases
(MMPs) in the structure of their catalytic domain [40]. However, their non-catalytic ancillary domains
are clearly distinct from those of MMPs and other metalloproteinases, thus comprising the M12B clan
of zinc metalloendoproteinases (MEROPS classification, https:/ /merops.sanger.ac.uk/). The M12B
proteinases are also referred to as adamalysins or repropysins, nomenclatures chosen to reflect the
two distinct origins of proteins in this class: the first family member to be structurally characterized was
adamalysin II from reptile venom, whereas others belong to a group of proteinases initially described
in male reproductive tissues [41-43]. Structure—function studies of the M12B proteinases were reviewed
several years ago [44—47]. This review will update our knowledge of the three-dimensional structures
of M12B proteinases and describe details of the structural features of their unique domains that may
collaboratively participate in directing these proteinases to specific substrates.

2. Modular Architecture of ADAMs, ADAMTSs and SVMPs

Figure 1 depicts the modular domain architectures of M12B clan members. The mature ADAMs
generally possess, from N to C terminus, metalloproteinase (M), disintegrin-like (D), cysteine-rich (C)
and epidermal growth factor (EGF) domains, a short connecting linker, a hydrophobic transmembrane
(TM) segment and a cytoplasmic tail. ADAMI10 and 17 lack an EGF domain and thus, the TM segment
follows the MDC domains [28,48]. The D and C domains can be structurally further divided into
two subdomains, D, and Ds, and Cy, and Cy, respectively (see below) [28]. The C-terminal cytoplasmic
tails of ADAMs are very diverse in terms of length (40-250 amino acids) and sequence, and probably
do not adopt stable three-dimensional structures. Some ADAMs (ADAMY, 12 and 28) have splicing
variants that are expressed as soluble active proteinases without the transmembrane and cytoplasmic
regions [49-51]. The ADAMDEC-1 (decysin-1) is a unique protein comprising an M domain and a short
disintegrin-like domain and is predicted to be secreted as a soluble proteinase [52]. ADAMDEC-1
harbors a putative zinc-binding sequence (HEXXHXXGXXD). However, the third zinc-coordinating
residue in ADAMDEC-1 is an Asp instead of the His residues found in all other proteolytically active
ADAMs, and thus ADAMDEC-1 is regarded as a member only of a novel subgroup of ADAMs [52].
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Figure 1. Schematic diagram of the domain structure of M12B proteinases. Each domain or subdomain
is represented by a distinct color. The C}, subdomain of ADAMs and P-III SVMPs, D* domain of
ADAMTSs, and Cp subdomain of ADAMTSs and ADAMTS-Ls, adopt the ADAM_CR domain fold
and are thus shown in the same color. The region that is variable among ADAMTSs and ADAMTS-Ls
is shown as X.
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All mature ADAMTS members commonly possess, from the N- to C-terminus, metalloproteinase
(M), disintegrin-like (D), central thrombospondin type-1 repeat (TSR) motif (T1), cysteine-rich (C)
and spacer (S) domains. Despite its name, the D domain of ADAMTSs actually does not adopt
a classic “disintegrin-like” tertiary structure, but has an ADAM_CR domain fold (see below) and
is thus indicated as “D*” hereafter. The C domain in ADAMTS can be structurally further divided
into two distinct subdomains, Cp and Cg (see below) [53]. ADAMTS4 has this basic core MD*TCS
domain organization and other family members have a variety of more distal C-terminal domains,
including one or more additional TSRs and additional domains denoted as “X” in Figure 1, which
are characteristic of particular subgroups [14,15]. In the C-terminal region, ADAMTS9 and 20 have
a GON-1 domain whereas ADAMTS13 has two CUB (complement components C1rCls/urinary
epidermal growth factor/bone morphogenic protein-1) domains. Several ADAMTSs (ADAMTS?2, 3, 6,
7,10,12,14,16,17 18 and 19) have a PLAC (protease and lacumin) domain, and ADAMTS?7 and 12 have
amucin/proteoglycan domain interposed between TSR4 and TSR5 [14,15]. There are six ADAMTS-like
(ADAMTS-L) proteins, which include ADAMT-L1 to 5 and papilin, resemble ADAMTS ancillary
domains but lack the M and D domains. ADAMTS-Ls are products of distinct genes, not alternatively
spliced variants of ADAMTS genes. ADAMTS-Ls appear to have architectural or regulatory roles in
the extracellular matrix instead of a catalytic activity [15]. ADAMTS-L2 is implicated in an inherited
connective tissue disorder named geleophysic dysplasia [54]. A homozygous ADAMTS-L4 mutation
was identified in isolated ectopia lentis [55].

SVMPs are classified into three major classes, P-I, P-II and P-III, according to their domain
organization [34,56]. P-I SVMPs are composed of a single catalytic M domain. P-II SVMPs are
synthesized as an M domain and a D domain. P-III SVMPs have a modular structure homologous
to the MDC domains of the membrane-anchored ADAMSs. In venoms, P-I and P-III SVMPs are
abundant, but P-II SVMPs are frequently found in processed forms containing only their disintegrin
domain, i.e., classic disintegrins. P-IIl SVMPs can be divided further into subclasses depending on their
post-translational modifications, such as proteolytic processing between the M and D domains (P-IIIb)
or dimerization (P-Illc), complexation (P-IIId) with additional snake venom C-type lectin-like proteins
(snaclecs) [57], in addition to the canonical P-Illa SVMPs. SVMPs of different classes are often present
in the same viper venom. P-III SVMPs are present in the venoms of species of the families Viperidae,
Elapidae, Atractaspididae and Colubridae, whereas P-I and P-IIl SVMPs have been described only
in venoms of viperid species [58]. The evolutionary history of viperid SVMPs is characterized by
repeated domain loss; the loss of the C domain precedes the formation of the P-Il SVMPs, which in
turn precedes the evolution of the P-I SVMPs through loss of the D domain [58-60].

All M12B proteinase members possess an N-terminal signal sequence that directs the proteinase
into the secretory pathway. Adjacent to this signal sequence is the pro domain (typically approximately
200 amino acid residues) that has been suggested to assist with the correct folding of the protein
and to maintain the proteinase in a latent state via a cysteine-switch [61] or other mechanism [62]
until its cleavage either by a pro-protein convertase or by autocatalysis during its transit through the
Golgi apparatus. Unlike other M12B members, the pro domain of ADAMTS13 is relatively short (only
41 residues) and is not required for its secretion and function [63].

3. Three-Dimensional Structures

The three-dimensional structures currently available for the M12B members are summarized
in Table 1. Adamalysin II is a P-I SVMP isolated from Crotalus adamanteus and is the first M12B
proteinase for which a crystal structure was solved in 1993 [42]. The first mammalian member, the
M domain of human ADAM17 (TACE) structure was reported in 1998 [64]. To date, the isolated
M domains or M-domain-containing structures of ten P-I SVMPs, seven P-IIl SVMPs, four ADAMs
and three ADAMTSs are available in the Protein Data Bank (PDB). A significant advance in the field
was the characterization of the crystal structure of the first P-IIl SVMP, vascular apoptosis-inducing
protein-1 (VAP-1) in 2006 [28]. The structural determination of six P-III SVMPs, including almost all
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P-III subclasses, followed that of VAP-1. The entire ectodomain structure of mammalian ADAMs is
currently only available for ADAM22, which was reported in 2009 [65]. The ADAM22 structure was
also the only non-catalytic ADAM for which a crystal structure was solved [65]. Other significant
advances are the structural determination of the MD* domains of ADAMTSI1 in 2007 [66] and the D*TCS
domains of ADAMTS13 in 2009 [53]. The MD*-domain-containing structures of ADAMTS4 and 5 are
also available in the PDB. Although no three-dimensional structure of the intact ADAMTS has been
determined, a structural model of the core MD*TCS domain of ADAMTS13 has been proposed [53].
No pro domain-containing structures are currently available for M12B proteinases although several

zymogen structures of MMPs have been deposited in the PDB [67].

Table 1. Selection of the 3D structures of the M12B proteinases deposited in the PDB.

Protein Source Domains PDB ID Year Reference
ADAMs
ADAMS human M 4DD8 2012 [68]
ADAM10 bovine DC 2A07 2005 [48]
ADAM17 human M 1BKC 1998 [64]
ADAM17 human C 2M2F (NMR) 2013 [69]
ADAM22 human MDCE 3G5C 2009 [65]
ADAM33 human M 1R54, 1R55 2004 [70]
ADAMTSs
ADAMTS1 human MD* 2JIH, 2V4B 2007 [66]
ADAMTS4 human MD* 2RJP, 3B2Z 2008 [71]
ADAMTS5 human M 3B8Z 2008 [72]
ADAMTS5 human MD* 2RJQ 2008 [71]
ADAMTS13 human D*TCS 3GHM, 3GHN, 3VN4 2009 [53,73]
P-1 SVMPs
acutolysin A A. acutus M 1BSW, 1BUD 1998 [74]
acutolysin C A. acutus M 1QUA 1999 [75]
adamalysin II C. adamantus M 1TAG 1993 [42,76]
atrolysin C C. atrox M 1ATL, IHTD 1994 [77]
BaP1 B. asper M 1IND1 2003 [78]
BmooMPa-1 B. moojeni M 3GBO 2010 [79]
FII A. acutus M 1YP1 2005 [80]
H2 proteinase T. flavoviridis M TWNI 1996 [81]
TM-1 T. mucrosquamatus M 4J4M 2013 [82]
TM-3 T. mucrosquamatus M 1KUF, 1KUG, 1KUI, 1IKUK 2002 [83]
P-1IIa/b SVMPs
AaHIV A. acutus MDC 3HDB 2009 [84]
atragin N. atra MDC 3K7L 2010 [85]
bothropasin B. jararaca MDC 3DSL 2008 [86]
catrocollastain/
VAP2B C. atrox MDC 2DWO0, 2DQ1, 2DW2 2007 [87]
K-like N. atra MDC 3K7N 2010 [85]
P-IIIc SVMPs
VAP1 C. atrox 2x(MDC) 2ERO, 2ERP, 2ERQ 2006 [28]
P-11Id SVMPs
RVV-X D. russelli MDC+snaclec 2E3X 2007 [88]
multactivase E. multisquamatus ~ DC+snaclec unpublished

* Despite its name, the D domain of ADAMTSs actually does not adopt a classic “disintegrin-like” tertiary
structure, but has an ADAM_CR domain fold and is thus indicated as “D*”.
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3.1. M Domain

The M domains of M12B proteinases range from 180 to 260 (typically 200-210) residues in
length [33,87]. The currently available M domain structures of ADAMs, ADAMTSs and all classes of
SVMPs are very similar to each other, although comparison of the amino acid sequences of various
members shows high variability (typically 20%-50% identity). Interestingly, although the human
ADAMS8 M domain is most similar in sequence to the human ADAM33 M domain (44% identity),
its crystal structure is most similar to that of P-I SVMP adamalysin II [68]. The M domain of the
non-catalytic ADAM?22 also adopts a very similar backbone structure to those of other catalytic
ADAMs, ADAMTs and SVMPs [65]. The M domain of M12B proteinases has a core structure
with a conserved molecular topology consisting of a five-stranded (3-sheet, four long «-helices, and
one short N-terminal a-helix. Figure 2A depicts the M domain structure of catrocollastatin/VAP2B,
a representative of P-IIl SVMPs, in complex with the hydroxamic inhibitor GM6001 as viewed
from the so-called standard orientation, a frontal view of the horizontally-aligned active site-cleft
proposed for the general description of structural features of metalloproteinses [89]. The M domain
has an oblate ellipsoidal shape with a notch in its flat side that separates the upper subdomain
(about 150 N-terminal residues, colored in olive) from an irregularly folded lower subdomain (about
50 C-terminal residues, colored in magenta). The active site cleft extends horizontally across the flat
surface of the M domain to accommodate the peptidic inhibitor (Figure 2B). The amino acid sequence
of the irregular lower domain region is highly divergent among M12B members and is therefore
important for substrate recognition because it forms part of the wall of the substrate-binding pocket.
Crystal structures of inhibitor-bound M domain complexes suggest that the hydrogen-bond network
formed between the extended substrate and the adjacent pocket-flanking regions of the enzyme
resembles that of an antiparallel 3-sheet, in essence extending the central 3-sheet by two strands [46].
The catalytic site is characterized by a consensus HEXXHXXGXXH sequence (residues 333-343
in catrocollastatin/VAP2B sequence), which is conserved not only in M12B members but also
across the metzincin superfamily of metalloproteinases, which also contains MMPs, astacins, and
serralysins [40,90]. The three conserved histidine residues (His333, His337 and His 343) coordinate
the catalytic zinc ion and Glu334 functions as a catalytic base at the bottom of the active site cleft.
The conserved Met357, located 12-24 residues downstream of the catalytic consensus sequence, folds
into a so-called Met-turn and forms a hydrophobic base beneath the three zinc-binding imidazole
rings, a hallmark of the metzincin superfamily of proteinases.

The secondary structure arrangement of the M domain is similar to that of other metzincins, such
as astacin and MMPs, except for the large insertion of the H3 helix and the loop between strand S1 and
helix H3 [40]. This insertion contributes to the creation of a Ca®*-binding site(S), which is unique to
M12B proteinases. Most M12B members have one or two (the case for some ADAMTSs) structural
calcium ions (Ca®*-binding site I) in close proximity to the crossover point of the N- and C-termini of the
M domain opposite the catalytic site (Figure 2C). In catrocollastatin/ VAP2B, the Ca2* ion is coordinated
by the side-chains of Asp285, Asn391 and Glu201, the main-chain carbonyl oxygen atom of Cys388, and
two water molecules in a pentagonal bipyramidal arrangement. Some ADAMs (e.g., human ADAM10
and 17) and SVMPs have substitutions in these Ca>*-coordinating residues and thus lack Ca®*-binding
at this site. For example, Glu201 and Asn391 are replaced by Lys202 and Lys392, respectively, and
the distal Ne atom of Lys202 substitutes for the Ca?* ion in VAP1 (Figure 2C) [28]. Replacement of
the Ca?*-coordinating Glu residue with Lys is also observed in other SVMPs and ADAMs. The high
degree of conservation of residues involved in Ca?*-binding or in mimicking Ca?*-binding might
reflect the importance of this region for the structural link between the M and D domains. In addition,
Ca?* protects against autoproteolysis at this M/D domain junction [76,91]. In ADAMTS], 4 and 5,
a second bound Ca?* ion is found with a metal-metal distance to the first conserved site of around 4A.
The residues coordinating the second Ca?* jon are not conserved in all ADAMTS sequences, hence
the second Ca?* ion at this site may not necessarily be a feature of the ADAMTS family. A distinctive
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feature of the M domain of the M12B proteinases, when compared to that of MMPs, is the presence of
two to four disulfide bonds that stabilize the structure (whereas MMPs have none).

)

’
0
D285F ¥ D286

Figure 2. Catalytic M domain structure. (A) Structure of the M domain of catrocollastatin/VAP2B in
complex with GM6001 (2DW0). The upper and lower subdomains are colored in gold and magenta
respectively. (B) Close up view of the catalytic site. (C) Close up view of the Ca2+-binding site of
catrocollastatin/ VAP2B (shown in orange) overlaid on the corresponding region of VAP1 (shown in
gray). Residues in catrocollastatin/VAP2B and VAP1 are indicated in black and cyan, respectively.

In ADAMTS4 and 5, in addition to the two Ca2* ions at site I, another bound Ca?* ion has been
observed in the M domain in close proximity to the active site (Figure 3A). Crystal structures of the
MD* domain-containing fragment of ADAMTS4 in the presence or absence of the inhibitor revealed
that the active site of ADAMTS4 adopts two alternative conformations that may exist in equilibrium:
an inhibitor-bound “open” structure with an additional Ca?* ion bound (Figure 3B) and an apo “closed”
inaccessible structure without a bound Ca?* ion (Figure 3C) [71]. In the open form, the Ca?* ion is
coordinated by the side-chain oxygen atoms of Asp320 and Glu349 and the main-chain carbonyl
oxygens of Leu321, Cys327 and Thr329. The major difference between these two states is found in
the position and conformation of the short disulfide-containing “S2’-loop” encompassing residues
322-330. In the apo state, the S2’-loop moves from its “open” position toward the catalytic Zn>* ion by
~8A and folds into the active site in a “closed” autoinhibited state in which the side-chain carboxylate
of Asp289 chelates the Zn>* ion, resulting in the removal of bound Ca?* ion (Figure 3D). Owing to the
strong sequence similarity among ADAMTS4 and other ADAMTSs (ADAMTS], 5, 8 and 15) in the
S2’-loop, which has the consensus CGXXXCDTL sequence, and the Ca?*-coordinating Asp320 and
Glu349 (Figure 3E), it seems likely that these ADAMTSs may also bind Ca?* and adopt two alternative
conformations. ADAMTS13 does not share the S2’-loop sequence with ADAMTS5, but a site-directed
mutagenesis study suggested that Ca?*-binding to the residues constituting this loop strongly affects
the catalytic activity of ADAMTS13 [92]. The crystal structure of the M domain of ADAMTS13 remains
to be elucidated. The above consensus sequence and the existence of two distinct conformational states
in the M domain have not been observed in either ADAMs or SVMPs.
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Figure 3. Crystal structures of ADAMTS5-MD*. (A) Overall structure of ADAMTS-MD*. Zn?** and
Ca”* ions are shown in yellow and black spheres, respectively. Molecular surface of the active site in
the inhibitor-bound “open” (B) and the apo “closed” form (C). (D) Superimposition of the two loop
configurations: The closed conformation is depicted in cyan, the open conformation is shown in
pink. (E) Amino acid sequence alignments of ADAMTSs around the “S2’-loop”. The Genbank
IDs for each ADAMTS sequence are, ADAMTS1 (Genbank ID (GI): 50845384), ADAMTS2 (GI:
3928000), ADAMTS3 (GI: 21265037), ADAMTS4 (GI: 12643637), ADAMTSS5 (GI: 12643903), ADAMTS6
(GI: 64276808), ADAMTS? (GI: 38197242), ADAMTSS (GI: 153792351), ADAMTS9 (GI: 33624896),
ADAMTSI10 (GI: 56121815), ADAMTS12 (GI: 51558724), ADAMTS13 (GI: 21265034), ADAMTS14
(GI: 21265052), ADAMTS15 (GI: 21265058), ADAMTS16 (GI: 32363141), ADAMTS17 (GI: 37999850),
ADAMTSI8 (GI: 76800647), ADAMTS19 (GI: 29336810) and ADAMTS20 (GI: 28316229).

3.2. C-Shaped MDC Domains of ADAMSs and P-1II SVMPs

Figure 4A depicts the crystal structure of catrocollastatin/VAP2B, the first monomeric P-III SVMP
structure to be solved [87], representing a structural prototype of P-IIl SVMPs. The crystal structures
of P-III SVMPs reveal that the MDC domains fold into a C-shaped configuration in which the distal
HVR portion (see below) of the C domain is situated near to, and faces towards, the catalytic site in
the M domain. The complete ectodomain (M/D/C/EGF domains) structure of ADAM?22 (Figure 4B)
shows that four domains assemble together like a four-leaf clover, each leaf representing one of the
four domains [65]. ADAM22 structure reveals that the C-shaped configuration of the MDC domains
found in SVMPs are conserved in mammalian ADAMs, and the additional EGF domain is tightly
associated with both the D and C domains forming a continuous D/C/E module. In catalytically
active ADAMs, the EGF domain may form a rigid spacer that correctly positions the MDC domains
against the membrane for the subsequent shedding of membrane-anchored molecules. The D domain
is linked to the M domain by a short linker (7-12 amino acid residues) that allows variable orientation
and positioning between the M and D domains [28,46,65,87]. Consistent with this, comparison of the
available P-III SVMP and ADAM structures reveals substantial diversity in the relative position of
the M and D domains [87]. For example, catrocollastatin/ VAP2B shows an open C-shaped molecule

35



Toxins 2016, 8, 155

with no direct interaction between the M and D domains except at the domain junction, whereas the
two domains directly interact with each other in ADAM22 and thus adopt a closed C-shaped structure
(Figure 4C). The flexibility of the molecule is reflected in the ability of the same proteins to crystallize
in different crystal forms, and vice versa [93]. The structures of ADAMs and P-III SVMPs are most
likely dynamic, allowing for a varying distance between the M domain and the rest of the molecule.
This intrinsic flexibility may be important for fine-tuning substrate recognition, by adjusting the spatial
alignment between the catalytic region and the exosite (see below) during the catalytic cycle.
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Figure 4. C-shaped MDC-domain configuration of ADAMs and P-III SVMPs. Ribbon and molecular
surface representations of the crystal structure of catrocollastatin/VAP2B (A) and ADAM22 (B).
(C) Superimposition of the M domains of catrocollastatin/VAP2B (shown in cyan) and ADAM22
(shown in pink).

In some instances, substantial amounts of processed DC fragments of P-Illb SVMPs have
been identified in venoms alongside their unprocessed counterparts [94,95]. Although lacking
proteolytic activity, such isolated DC fragments display diverse biological activities, such as inhibition
of collagen-stimulated platelet aggregation and the modulation of cell adhesion, migration, and
proliferation, implying that the DC fragments derived from P-IIIb SVMPs are also important in the
toxicity of the venoms [33,56]. Some membrane-anchored ADAMSs, such as ADAM2 (fertilin-f3) and
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ADAMI (fertilin-«), undergo proteolytic processing within the M/D-linker and the Ca?*-binding
site III (see below), respectively, at different stages of sperm maturation [12,96]. A flexible modular
structure, in addition to Caz*—binding, may also play a role in differential proteolytic processing
of precursor proteins, giving rise to the functional complexity of snake venoms, as well as in
the post-translational regulation of ADAMSs’ functions, probably by modifying the capabilities of
protein—protein interactions.

3.3. Arm Structure in ADAMs and P-III SVMPs

The D domain that follows the M domain of ADAMs and P-III SVMPs can be further subdivided
into two structural subdomains, the “shoulder” (Ds, residues 403-436 in catrocollastatin/VAP2B
sequence) and the “arm” (D,, residues 437-486) [28] (Figure 5). Both subdomains consist largely of
a series of turns and constitute an elongated curved arm structure together with the immediately
subsequent region of the primary sequence, the N-terminal region of the C domain designated as
the “wrist” (C,,, residues 437-503) subdomain (Figure 5A). The structure of the entire C-shaped
arm (Ds/D,/Cy) itself seems to be rigid because it is stabilized by a number of disulfide bonds and
structural Ca%* ions. There are three disulfide bonds in each Ds and D,, and one in Cy, with the
subdomains (e.g., Ds/D, and D, /C,) connected by single additional disulfide bonds. The numbers
and spacing of the cysteine residues involved in these disulfide bonds are strictly conserved among
ADAMs and P-III SVMPs [28,87] (Figure 5F), with few exceptions, one of which is the kaouthiagin-like
(K-like) SVMP from Naja atra. The K-like proteinase lacks the 17-amino acid segment at the junction
of the Dy and D, subdomains, resulting in a different disulfide-bond pattern in the D domain.
Consequently, the K-like proteinase has a different orientation between the D and D, subdomains
when compared to that of catrocollastatin/VAP2B (Figure 5B), and thus the MDC domains of K-like
proteinase adopt a more elongated, I-shaped configuration [85]. However, how this I-shaped structure
correlates with the proteinase function remains to be elucidated.

Both the D and D, subdomains contain structural Ca?*-binding sites that were not predicted
from the amino acid sequences [28,87]. In the Ds subdomain, the side-chain oxygen atoms of the
highly conserved Asn408, Glu412, Glu415 and Asp418 (represented by the consensus sequence
XCGN(X)3EXGEXCD, in which the side-chains of underlined residues are involved in Ca?*-binding)
and the main-chain carbonyl oxygen atoms of Val405 and Phe410 are involved in pentagonal bipyramid
coordination of the Ca*-binding site II (Figure 5C). On the other hand, the side-chain oxygen atoms of
Asp469, Asp472 and Asp483 and the main-chain carbonyl oxygen atoms Met470 and Arg484, as well as
a water molecule, coordinate the Ca?* ion at the corner of a pentagonal bipyramid and constitute the
Ca”*-binding site IIT in the D, subdomain (Figure 5D). These residues are also highly conserved among
all known ADAMs and P-III SVMPs, with the exception of ADAM10 and 17, and are represented by
the consensus sequence CD(X),(E/D)XCXG(X)4C(X)2(D/N) [28,87]. Both bound Ca®* ions in sites II
and III are deeply buried and tightly coordinated and cannot be stripped from ADAM22, even using
EDTA [65]. Therefore, these Ca®* ions are likely to remain permanently in place once the D domain is folded.

The overall structures of the D domain of P-IIIl SVMPs and ADAM22 are similar to that
of trimestatin, an RGD (Arg-Gly-Asp sequence)-containing classic disintegrin [97] (Figure 5E).
The integrin-binding ability of disintegrins has been attributed to a highly mobile hairpin loop
(disintegrin loop) that contains the cell-adhesion sequence RGD at its tip. In ADAMs and P-III
SVMPs, the RGD sequence is usually replaced by an (D/S)XCD sequence (residues 466469 in the
catrocollastatin/ VAP2B sequence). The disintegrin-like loops of P-IIl SVMPs and ADAMs are packed
against the subsequent C,, subdomain, and a disulfide bond (Cys468/Cys499) and bound Ca?* ion
at site IIT further stabilize the continuous rigid D,/Cy structure. Therefore, in ADAMs and P-III
SVMPs, the disintegrin-like loop is inaccessible for protein—protein interactions due to steric hindrance.
Disintegrins (40-100 amino acids) are typically generated by proteolytic processing of larger precursor
P-II SVMPs [98-100], albeit with some exceptions [101]. Most P-II SVMPs have two to four fewer
cysteine residues in the Ds subdomain than P-IIl SVMPs, and thus one or two fewer disulfide bonds.
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In addition, there are substitutions of the key residues constituting the Ca?*-binding site IT and IIT in
most P-II SVMPs [87]. Although a number of disintegrin structures have been determined by NMR
and X-ray crystallography [100], no structural Ca®*-binding has been identified in these structures and
the Dy subdomain region of disintegrins is generally shorter and less ordered than the corresponding
regions of ADAMs and P-IIl SVMPs. Because of the lack of structural Ca®* ions, disintegrin structures
are more flexible throughout the molecule, than the corresponding region of ADAMs and P-III SVMPs.
The flexibility of RGD-containing disintegrin loops is probably important for the binding of integrins.
As previously mentioned, P-II SVMPs may have evolved from ancestral P-IIl SVMP genes after
losing the genetic information encoding the protein regions downstream of the D domain [58-60].
Removal of structural constraints (disulfide bonds and structural Ca?*-binding sites), imposed both on
the disintegrin loop and the Ds subdomain in the ancestral P-Il SVMPs, has been postulated as the key
event that permitted the subsequent evolution of both integrin-binding activity and the proteolytic
release mechanism.
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Figure 5. Arm structure. (A) The Ds, D,, and C,, subdomains of catrocollastatin/VAP2B (2DWO0)
are shown in cyan, pink, and gray, respectively. (B) The D domain of K-like proteinase (3K7N)
with two different views of the Dy subdomain (in dotted line boxes). Close up views of the
CaZ*-binding sites, I (C) and III (D) in catrocollastatin/ VAP2B. (E) Structure of an RGD-containing
disintegrin, trimestatin (1J2L). Suggested integrin-binding residues are indicated. (F) Amino acid
sequence alignment of catrocollastatin/VAP2B (PDB: 2DWO0_A), VAP1 (PDB: 2ERO_A), RVV-X (PDB:
2E3X_A), human ADAM?28 (Genbank ID (GI): 98985828), human ADAM10 (GI: 29337031), human
ADAMI17 (GI: 14423632), K-like (PDB: 3K7Y_A) and trimestatin (1J2L_A) generated using Clustal
X2 (http:/ /www.clustal.org/clustal2/). Disulfide bonds and the boundaries of the subdomains are
schematically indicated. Ca**-binding sites IT and III are boxed in red.
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While the pattern of disulfide-bond pairing in the D domain determined thus far is strictly
conserved among ADAMs and P-III SVMPs, with the exception of K-like proteinase, it may be possible
that multiple structural isoforms of the same SVMPs exist in the venom, perhaps as the result of
alternative disulfide-bond pairing [102]. For example, the disintegrin bitistatin, which is derived
from the precursor P-II SVMP, adopts at least two distinct conformations, the result of different
disulfide-bonding patterns [103]. Recently, protein-disulfide isomerase (PDI) was implicated in the
regulation of shedding activity of ADAM17 [104], and an NMR structural analysis of the C}, subdomain
of ADAM17 revealed that PDI can act on this subdomain and convert it from the inactive to the active
conformation by disulfide-bond isomerization [69].

3.4. ADAM_CR Domain, Another Hallmark of M12B Proteinases

The C domain of ADAMs and P-III SVMPs, typically about 80-150 amino acid residues, can be
structurally subdivided into the “wrist” (Cyy, residues 437-503) and the “hand” (Cy, residues 504-609
in catrocollastatin/ VAP2B sequence) subdomains [28,87]. As mentioned, the C,, subdomain tightly
associates with the D domain, and the two are integrated into one continuous structure. On the other
hand, the C}, subdomain constitutes a separate unit and has a unique structure consisting of irregularly
folded loops with a core &/ 3-fold and four to five disulfide bonds. The C}, subdomain has a novel fold
with no structural similarity to any currently known proteins, with the exception of the corresponding
segments of M12B proteinases. The whole C domain of P-IIl SVMPs and ADAMs has been deposited
in the Conserved Domain Database (CDD, http://www.ncbi.nlm.nih.gov/cdd) and the Pfam database
(http:/ /pfam.xfam.org/) as the ADAM_CR domain (c115456 and PF08516, respectively). Here, we
define the C}, subdomain of ADAMs and SVMPs and corresponding regions of ADAMTSs (D* domain
and C, subdomain, see below) as the ADAM_CR domain in a more restricted sense.

Crystallographic studies on the D* domain-containing fragments of ADAMTS1, 4, 5 and
13 revealed that the D* domain of ADAMTSs has no structural similarity to classic snake disintegrins,
but is very similar in structure to the C;, subdomain of ADAMs and P-III SVMPs [44,53,66,71].
The N-terminal portion of the C domain of ADAMTSs (the Ca subdomain) also possesses essentially
the same fold as the Cj, subdomain, even though the two share no apparent sequence similarity [53].
Thus while the “disintegrin” nomenclature has been used to describe ADAMTS family proteinases,
ADAMTSs actually contain no disintegrin-like structures, but instead have two homologous
domains that belongs to the ADAM_CR. Therefore, it is now obvious that the presence of the
evolutionarily-conserved ADAM_CR domain, not the disintegrin domain, is another hallmark of
the M12B members in addition to the catalytic M domain architecture.

Figure 6A,B depict ribbon representations of the C}, subdomain of catrocollastatin/VAP2B and
the D* domain of ADAMTSS, respectively, two typical ADAM_CR domain structures. Although there
is negligible sequence identity between these two protein portions (~16%), they clearly show similar
topologies. The topology diagram of these two protein portions is shown in Figure 6C. The conserved
regions are a core o-helix (shown in red), two sets of short 3-sheets (shown in yellow), and
four disulfide bonds (shown in orange). Major differences between the two molecules are observed in
the segment between the two N-terminal strands, S1 and S4, shown in gray. A short connecting loop
of six amino acids in ADAMTSS is replaced by a 27 amino acid residue insertion forming a central
a-helix and two consecutive hairpin loops protruding out the top of the molecule in the case of
catrocollastatin/VAP2B. This segment is named variable loop (V-loop) [28,53]. Current ADAM_CR
domain structures can be classified into two groups according to the length of their V-loop. All of the
Cp, subdomains of SVMPs determined thus far and ADAM22 show a catrocollastatin/VAP2B type long
V-loop structure (classified as group-A, Figure 6C), whereas ADAM10 and 17, and the D* domains
and Cp subdomains of ADAMTSs have a short ADAMTS5-D* type V-loop (classified as group-B,
Figure 6D). Inspection of the amino acid sequence alignments of other M12B members suggests that
the Cj, subdomains of all known P-III SVMPs and ADAMs, except for ADAMI10 and 17, are classified
into group-A, whereas the D* and Cp domains of ADAMTSs are classified into group-B. The V-loop
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exhibits a high level of variability among the group-B ADAM_CR structures (Figure 6D), comparable
to that of the HVR (see below), while the structure of the V-loop in group-B molecules in general is
quite mobile and potentially functions as a protein-protein interaction site in addition to the HVR (see below).
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Figure 6. ADAM_CR domain. Ribbon representation of the Cy, subdomains of catrocollastatin/VAP2B
(A) and the D* domain of ADAMTSS5 (B). (C) Topology diagram of the ADAM_CR domain. Gallery of
the group-A (C) and group-B (D) ADAM_CR domain structures. Conserved a-helix and f3-strands
are shown in red and yellow, respectively. Disulfide bonds, residues in HVR, and the residues in the
V-loop are shown in orange, blue, and gray, respectively. The PDB ID for each protein structure is
indicated in parentheses.
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The overall structure of the Cy, subdomain of catrocollastatin/VAP2B is very similar to that of
six other SVMPs and that of ADAM?22, with variability occurring mostly in loop regions. Of note,
aside from the V-loop, the loop encompassing residues 561-582 (catrocollastatin/VAP2B sequence,
shown in blue in Figure 6A,C) and extending across the central region of the C}, subdomain is the most
variable both in length (16-22 amino acids in SVMPs and 27-55 amino acids in human ADAMs) and
in amino acid composition. Therefore, this region has been designated as the hypervariable region
(HVR) [28,44]. The HVRs in ADAMTSs are relatively short (13-17), but also show variability in their
amino acid sequences when compared with different ADAMTSs and ADAMTS-Ls [53]. In ADAM22
and SVMP structures, the HVR is present at the distal end of the C-shaped MDC domains, and points
toward and is situated close to the catalytic site of the M domain (Figure 4). This raises the intriguing
possibility that the HVR creates an exosite for substrate binding [28,44]. Different ADAMSs and SVMPs
have distinct HVR sequences, resulting in distinct molecular surface features. Therefore, in addition to
the V-loop, the HVR might have a role in specific protein-protein interactions for the cleavage by the
M domain, providing a structural correlate for the diversity of biological activities characteristic of
ADAMSs and P-IIT SVMPs. The D domain is located opposite to and apart from the M domain active
site and thus plays a primary role as a scaffold that spatially allocates two functional units, the catalytic
site and exosite, to both ends of the C-shaped molecule.

Several reports suggest that the HVR region directly contributes to the substrate recognition of
ADAMSs and SVMPs. Most of these studies, however, used synthetic peptides derived from the HVR
region or the isolated domains expressed in E. coli for functional assays. It should be noted that short
peptides or E. coli expressed cysteine-rich proteins do not always mimic their counterparts in the
intact molecule. The whole C domain or DC domains of ADAMs are suggested to be involved in
protein—protein interactions [105-108]. The acidic surface pocket, which is located apart from both
HVR and the V-loop within the C domain of ADAM10, defines cleavage specificity in Eph/ephrin
signaling [48]. Recently, the membrane proximal domain (MPD, corresponding to the C}, subdomain
in this text) of ADAM17, was shown to be responsible for recognition of two type-I transmembrane
substrates, the IL-6R and the IL-1RII, but not for the interaction with the type-II transmembrane
molecule TNF-« [109]. Further studies identified that the membrane proximal amphipathic 17 amino
acid segment, which has the ability to bind lipid bilayers in vitro, is also involved both in substrate
recognition and in regulating the shedding activity of ADAM17 [110,111], as well as MPD, which
functions as a PDI-dependent molecular switch [69]. Most of these studies, however, do not identify
specific regions of the C domain involved in the interactions, and the molecular mechanisms underlying
substrate recognition remain to be elucidated. There are no systematic structure-based mutagenesis
studies of the HVR region or the V-loop of particular ADAMs or SVMPs, and thus there is still no
clear evidence establishing that these regions actually form an exosite. In contrast to the situation for
ADAMSs and SVMPs, the HVR and the V-loop in the D* and the Cp domains of ADAMTS13 have
actually been shown to constitute VWEF-binding exosites (see below).

3.5. Structures of Subclasses of P-III SVMP

Proteins with multimer and/or heterogeneous complex structures are frequently observed
in snake venoms. Such multimers or protein complexes generally exhibit markedly enhanced
pharmacological activities compared to the individual components and thus may play significant
roles in snake venom toxicity [112]. Some SVMPs exist as a homo- or hetero dimer (P-IIlc) or as
a hetero trimer (P-IIId). The formation of dimers or higher-order oligomers is not uncommon
within M12B members. ADAMTS5 can form oligomers and this oligomerization is required for
full aggrecanase activity [113]. Early purifications of ADAMTS2 and 13 indicated that these enzymes
formed oligomers [114,115], however, there has been no further characterization of these oligomers.
Membrane-bound ADAMs, ADAM17 [116] and the sperm-specific ADAMs, such as ADAM2 and 3 [12],
exist as multimers in the cell membrane. However, how the multimeric state of these ADAMs and
ADAMTSs relates to their functions is largely unknown.
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Figure 7A depicts the crystal structure of VAP1, a homodimeric P-Illc SVMP. The structure
revealed an inter-chain disulfide bond formed between symmetry-related Cys365 residues and some
features that characterize P-IIlc SVMPs [28]. The top of the dimer interface is capped by hydrophobic
interactions involving Tyr209, Ile210, Leu213, and Tyr215 and the aliphatic portion of Lys214 (Figure 7B).
At the middle, there are specific interactions that are best characterized by the QDHSK sequence
(residues 320-324 in VAP1) (Figure 7C). The C-terminal region of this segment (residues 322-324) forms
an antiparallel 3-sheet with its counterpart. In addition, water molecules are bound to the side-chain
oxygen atoms of His322 and Ser323 and form a hydrogen-bond network that further stabilizes the
interface between the monomers. Lys324 plays a pivotal role in the key-to-keyhole recognition between
the monomers. The Ne amino group of Lys324 is coordinated by six oxygen atoms, which belong
to the opposite chain and are located at the corners of a pentagonal pyramid. The six atoms include
the side-chain oxygen atoms of Asn295 and GIn320, the carbonyl oxygen atoms of Phe296, Gly298
and Thr300, and a water molecule (Figure 7C). The intermolecular disulfide bond, located at the
bottom of the dimer interface, and the residues in the QDHSK sequence constitute the wall of the
substrate-binding S3” pocket which merges with its counterpart inside the molecule (Figure 7D).
Therefore, the two catalytic sites in the dimer are located back-to-back and share their S3’ pockets,
suggesting that the two catalytic sites in P-Illc SVMPs may work in a cooperative manner. VAP1 induces
cell death in vascular endothelial cells in culture with all the characteristic features of apoptosis [117].
However, the physiological target(s) of VAP1, the underlying mechanism of VAP1-induced apoptosis,
and how dimerization relates to the substrate preference and/or activity of VAP1 remain totally
unknown. In addition to VAP-1, HV1 (Genbank ID (GI): 14325767), halysase (GI: 60729695), VLAIP
(GI: 82228618), TSV-DM (UniProt ID: Q2LD49.1) and VaH3 (GI: 496537199) are reported to exist in their
native states as homo- or heterodimers. In addition to these SVMPs, agkihagin (Uniprot ID: Q1PS45)
and halysetin (Uniprot ID: Q90Y44) also share Cys365 and the QDH(S/N)K sequence and thus, these
SVMPs can be considered to be P-Illc SVMPs. Bilitoxin-1 (GI: 172044534) [118], a unique homodimeric
P-IT SVMP, has neither a cysteine residue at position 365 nor the QDH(S/N)K sequence, suggesting
that its dimer interface is different from that of VAP1. Cys365 and the QDH(S/N)K sequence are not
found in either ADAMs or ADAMTSs.

A few P-III SVMP members exist as heterocomplexes due to the existence of an extra subunit
that interacts through covalent or non-covalent interactions. The venom of Russell’s viper (Daboia
russelli) has been recognized for its potent coagulation activity. Two major components, RVV-X and
RVV-V, of this venom can collaboratively accelerate formation of the prothrombinase complex (Factor
Xa (FXa)/Factor Va (FVa) complex) that converts prothrombin to thrombin, resulting in a disseminated
intravascular coagulation in the body of the prey [119]. RVV-X is a unique high molecular weight
metalloproteinase, a representative of P-IIld SVMPs. RVV-X activates factor X (FX) by cleaving
the Arg194-11e195 bond in FX, which is also cleaved by factors IXa and VIla during physiological
coagulation [120,121]. Because of its extremely high specificity for FX, RVV-X is widely used in
coagulation research and in diagnostic applications. A similar FX-activating P-Illd SVMP, VLFXA, has
also been isolated from Vipera lebetina venom [121,122]. On the other hand, another component RVV-V
is a thrombin-like serine proteinase that specifically activates factor V (FV) [123,124].
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.
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Figure 7. Structure of VAP1, representative of P-IIlc SVMPs. (A) Crystal structure of VAP1 (2ERO)
viewed from the dimer axis. (B) Dimer interface viewed from a direction nearly perpendicular to
the dimer axis. The molecular surface of the cyan molecule in the back is colored according to
electrochemical potential (red to blue). (C) Close up view of the dimer interface. The residues involved
in the inter-chain interactions are indicated with blue and red letters for cyan and yellow molecules.
(D) Close up view of the catalytic cleft of the VAP1 (shown with the molecular surface)/ GM6001
(shown in yellow) complex structure.

RVV-X is a heterotrimeric complex consisting of an MDC-containing heavy and two light
chains [120,125]. Two light chains form a domain-swapped dimer [126] with features characteristic of
snake venom C-type lectins (snaclecs [57]). Instead of binding to carbohydrate moieties, snaclecs bind
to membrane receptors, coagulation factors and other proteins essential for hemostasis. The crystal
structure of RVV-X revealed its unique hook-spanner-wrench configuration (Figure 8A), in which
the MD domains constitute the hook, and the remainder of the molecule forms the handle [88,127].
The backbone structure of the heavy chain is essentially the same as those of other P-IIl SVMPs. RVV-X
has a unique cysteine residue (Cys389), not found in other classes of SVMPs, in the middle of the HVR
in the C}, subdomain. Cys389 forms a disulfide bond with the C-terminal cysteine residue (Cys133) of
the light chain-A (LA). In addition, the residues in the HVR and the surrounding regions in the heavy
chain form multiple aromatic and hydrophobic interactions and hydrogen bonds with the N- and
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C-terminal residues in LA, further stabilizing the continuous C/LA structure. The RVV-X structure
provides the first direct observation of a protein—protein interaction mediated by HVR.

lle195

domain

Figure 8. Structures of RVV-X and multactivase, two representatives of P-Illd SVMPs. (A) Ribbon
representation of the crystal structure of RVV-X. (B) Factor Xa docking model. (C) Ribbon representation
of the crystal structure of multactivase-AM. (D) A model of the whole multactivase molecule. The model
was constructed by a superimposition of the crystal structures of multactivase-AM and of the M/Ds
domains of catrocollastatin/ VAP2B (2DW0). Each subdomain is in a different color.
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The structure of the snaclec domain of RVV-Xis quite similar to that of the FX-binding protein
(X-Bp) whose crystal structure was solved in complex with the y-carboxyglutamic acid (Gla) domain
of FX [128]. This structural similarity, along with the surface chemical properties and previous
biochemical observations, suggests a docking model for FX (Figure 8B) [88,127]. The snaclec domain
forms a Gla-domain-binding exosite that may serve as the Ca?*-dependent primary capture site
for circulating FX. The docking model indicates that the C},/snaclec domains act as a scaffold to
accommodate the elongated FX model. The relatively large separation (~65 A) between the catalytic site
and the exosite explains the high specificity of RVV-X for EX. This is in sharp contrast to thrombin-like
RVV-V which cleaves the Arg1545-Ser1546 bond specifically by recognizing the side-chains of Ile1539
(P7)-Arg1545 (P1) located in close proximity to the scissile bond of FV [129]. The RVV-X structure represents
a good example of the evolutionary acquisition of ligand-binding specificity by ADAMs and SVMPs.

Carinactivase-1 and multactivase are potent prothrombin activators isolated from the venom
of Echis carinatus and Echis multisquamatus, respectively [130,131]. They have a snaclec domain in
addition to MDC domains, and also use their snaclec domain for prothrombin recognition. Therefore,
they are considered to be another example of P-ITld SVMPs. Unlike RVV-X, these two P-IIId SVMPs
do not possess a disulfide bond between the heavy chain and snaclec domains, and thus how the
catalytic and the regulatory domains interact and are oriented with respect to each other remains
unclear. A crystal structure of the proteolytic fragment of multactivase, named multactivase-AM
because it lacks the M domain from the intact molecule, was recently determined at 2.6A resolution
(Figure 8C) and a structural model of the entire multactivase molecule (Figure 8D) was constructed
(S. Takeda and T. Morita, unpublished work). Each subdomain in multactivase is similar in structure
to the corresponding one in RVV-X. However, the interactions between the heavy chain and the
snaclec domain are remarkably different. The snaclec domain interacts with the Ds subdomain in
multactivase but the C}, subdomain in RVV-X, resulting in a different overall shape and configuration
of the catalytic site and the exosite between these two P-IIld SVMPs. The multactivase structure
represents the first crystallographic observation of the interaction between an ADAM D domain and
another polypeptide chain, providing additional insights into protein—protein interactions by the M12B
clan of proteinases.

3.6. Core Structure of ADAMTSs

Figure 9A depicts a structural model of the MD*TCS domains of ADAMTS13 constructed
based on the crystal structures of the MD* domains of ADAMTS5 [71] and the D*TCS domains
of ADAMTS13 [53]. This model represents the basic architecture of the core portion commonly found
in ADAMTS family proteinases. The structure of the core MD*TCS domains consists of three globular
knobs, corresponding to the MD*, C and S domains, which are connected by two elongated structural
modules, T1 and Cg. Unlike ADAMs, ADAMTSs lack the Ds/D,/C,, arm structure, and the D*
domain with an ADAM_CR domain fold is directly connected to the M domain by a connector loop
(16-20 residues) that wraps around the opposite surface of the catalytic site [66,71]. The D* domain
stacks against the M domain active site cleft, forming a continuous MD* unit, and potentially provides
an auxiliary substrate-binding surface (see below). The side-chain of Phe216 in the M domain points
toward, and makes a number of van der Waals contacts with, the small hydrophobic pocket formed in
the D domain, thus playing a pivotal role in the interaction between the M and D domains. The F216E
mutant, designed to impair the interactions between the M and D* domains, completely lost catalytic
activity for the synthetic ADAMTS13 substrate FRET-VWF73 [132] although the secretion level was
not greatly reduced [53]. On the other hand, the mutant that increased the stability of the association
between the M and D* domains due to the introduction of an extra disulfide bond between the
two domains, retained a catalytic activity indistinguishable from that of wild-type ADAMTS13 [53].
These results indicate that the M and D* domains may form a stable association that is not altered
during the catalytic cycle and constitute a functional part of the proteinase domain. This is supported
by absence of the D* domain in all ADAMTS-L proteins (Figure 1).
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Figure 9. Structure of the core MD*TCS domains of ADAMTS proteinases. (A) A structural model of
the MD*TCS domains of ADAMTS13 in two different views. (B) T1 structure of ADAMTS13 (shown
in cyan) superposed onto the TSR2 in TSP-1 (PDB ID: 1LSL, shown in salmon). The residues that
form the CWR-layered core (boxed in black and red), the serine residues in the bulged strand that
form the hydrogen bond network (boxed in green) and the O-linked carbohydrate are indicated.
(C) Sequence alignment of the T1 and the Cg subdomain regions of human TSP-1, ADAMTSs,
ADAMTS-L and papilin. The residues involved in the CWR-layered core are indicated by layer number.
Conserved serine residues and O-linked glycosylation sites are marked with * and #, respectively.
The GI numbers for each ADAMTS-L sequence are, ADAMTS-L1 (GI: 37181773), ADAMTS-L2
(GI: 1232266328), ADAMTS-L3 (GI: 145275198), ADAMTS-L4 (GI: 187954849), ADAMTS-L5 (GI:
115311311) and papilin (GI: 145309328).
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The homologous ADAM_CR domains, D* and C,, are separated by about 45A along T1. T1 has
a very similar structure to the prototypical TSR, TSR2 in TSP-1 [133] adopting a long, twisted and
antiparallel three-stranded fold (Figure 9B). The core of the T1 structure is stabilized by stacked
layers of tryptophan, arginine, and hydrophobic residues, and is capped by disulfide bonds at
both ends (Cys411/Cys423 and Cys396/Cys433), which has been referred to as the “CWR-layered
core” [133]. In addition to the CWR-layered core, the second and third strands in T1 form a regular
antiparallel 3-sheet, whereas the bulged third strand is stabilized by hydrogen bonds between the
side chains of three serine residues (Ser388, Ser394 and Ser397) and backbone nitrogen atoms from
the neighboring strand. The residues involved in the CWR-layered core and the serine residues in the
bulged strand are highly conserved among the T1 portions of ADAMTS and ADAMTS-L members [53]
(Figure 9C). The 3-sheet in T1 stacks against the C-terminal 3-sheet in the C subdomain, forming
a mini 3-sandwich structure with a hydrophobic core that strengthens the interactions between T1
and C,, thus fixing the C5 domain position relative to T1. On the other hand, there are few specific
interactions between the D* and T1 domains in the crystal structure of ADAMTS13-DTCS, suggesting
that the relative orientation between the D* and T1 domains may be fixed by crystal packing and
would be variable in solution. The flexibility of the molecule between the D* and T1 domains is
reflected by the low isomorphism of the ADAMTS13-DTCS crystals [53,134]. The Cp subdomain
has no apparent secondary structure but comprises a series of turns stabilized by a pair of disulfide
bonds and forms a rod shape with its N and C termini about 25A apart (Figure 9A). The Cp and S
domains are bridged by the Cg subdomain whose amino-acid sequence is highly conserved among
ADAMTSs and ADAMTS-Ls [53] (Figure 9C). In the crystal structure of ADAMTS13-DTCS, direct
contact exists between the Cp domain and the extended loop in the S domain. The mutants with
an extra disulfide bond formed between the C5 and S domains affected nether secretion nor enzymatic
activity, suggesting that the C4 and S domains form a stable association and that functional detachment
between the domains does not occur during ADAMTS13 function [53]. The residues involved in the
interaction between the Cx and S domains are conserved among ADAMTS13s from different species,
but not among other ADAMTS members. Therefore, whether the stable association between the Cp
and S domains is conserved in other ADAMTS members remains to be elucidated.

The structure of the S domain of ADAMTSs is currently only available for ADAMTS13 [53].
The nomenclature of the “spacer” domain of ADAMTSs comes from the fact that this region is
a long cysteine-less segment and its primary structure shows no apparent homology to known
structural motifs. However, the crystal structure of the ADAMTS13 S domain and the structure-based
sequence alignments revealed that all ADAMTS and ADAMTS-L members share the single globular
S domain structure with 10 B-strands in a jelly-roll topology, forming two antiparallel 3-sheets that
lie almost parallel to each other [53] (Figure 10A). Conserved hydrophobic residues form the core
of the -sandwich (Figure 10B,C), while loops located at the distal end of the molecule are highly
variable in both in length and amino acid sequences among ADAMTSs and ADAMTS-Ls (Figure 10C),
suggesting these loops could form protein—protein interaction sites. The N and C termini of the S
domain lie in close proximity to one another, and thus the T2 domain that follows the S domain should
be protruding out from near the Cg/S-domain junction but not from the distal side of the S domain.
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Figure 10. S domain structure. (A) Ribbon representation of the crystal structure of the S domain of
ADAMTSI13. The strands in the two -sheets are shown in red and orange. (B) Close-up view of the
hydrophobic core between the (3-sheets. Side chains forming the hydrophobic core and the conserved
Glu641, whose side-chain oxygen atoms make hydrogen bonds with the backbone nitrogen atom of
Leu595 in the opposing strand, are indicated. (C) Sequence alignment of the S domain of human
ADAMTSs, ADAMTS-L and papilin. The residues in the hydrophobic core and the conserved aromatic
surface cluster [53] are marked with * and #, respectively.

4. ADAMTS13 and VWF Interaction

Significant progress in our knowledge of the structure-function relationship of the M12B clan
proteinases has been made by studies on ADAMTS13 [135,136], including the demonstration of
the actual involvement of the ADAM_CR and S domains in substrate recognition by intensive
mutagenesis experiments.

Von Willebrand Factor (VWF) is a plasma glycoprotein that plays an essential role in platelet
dependent hemostasis [137,138]. VWF (2050 amino acid residues) circulates in blood in multimeric
forms of highly variable size, ranging from dimers to species that may exceed 60-mers (UL-VWF
multimers) [139]. In healthy individuals, UL-VWF multimers undergo limited proteolytic processing
by ADAMTS13 [18]. Deficiency in ADAMTS13 activity either by genetic mutations in the ADAMTS13
gene or by acquired inhibitory autoantibodies directed against the ADAMTS13 protein, result in the
accumulation of UL-VWF in the plasma. UL-VWEF accumulation leads to the formation of disseminated
platelet-rich micro thrombi in the micro-vasculature, which results in the life-threatening disease
TTP [17-19,140,141]. ADAMTS13 specifically cleaves the Tyr1605-Met1606 peptidyl bond within the
A2 domain of VWF [142] in a fluid shear-stress-dependent manner [143,144]. The MD*TCS domains
of ADAMTS13 (ADAMTS13-MD*TCS) are necessary and sufficient for specific proteolytic cleavage
of VWF in vitro [145-148]. VWF73 (residues 1595-1668 in the VWF A2 domain) was identified as
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a minimum specific substrate for ADAMTS13 and suggested that a segment (residues 1607-1668) of
VWEF73 contains essential residues for recognition by ADAMTS13 [149]. Recent studies have added to
our understanding of this recognition, revealing that specific regions in ADAMTS13, namely exosites-1,
-2 and -3, in the D*, C and S domains respectively, are all required for its interaction with VWF.
These exosites of ADAMTS13 directly interact in a linear fashion with various segments in the central
VWE-A2 domain between residues Ala1612 and Arg1668. In addition, fine mapping of epitopes of
anti-ADAMTS13 antibodies derived from TTP patients, has provided further insight into the structural
elements in ADAMTS13 that are essential for VWF binding. Figure 11A represents a summary of
our understanding of the VWF-interacting sites in ADAMTS13 mapped on the molecular surface.
Corresponding ADAMTS13-binding sites within VWF (residues 1596-1668) are schematically indicated
in Figure 11B.

The segment corresponding to the HVR runs across the middle of the D* domain of ADAMTSs
in close proximity to the active site, suggesting that the HVR might be ideally positioned to directly
influence cleavage of the substrate [44]. In the D* domain in ADAMTS13, the HVR, together with the
V-loop located beside it, was shown to form part of exosite I. ADAMTS13 variants carrying a point
mutation, R349A or L350G [150], or R349D [53] in the HVR or a deletion of the V-loop (residues
324-330) [53] displayed a dramatically reduced proteolytic activity. Further studies demonstrated that
residues Arg349 and Leu350 of the D domain of ADAMTS13 may interact with residues Asp1614 and
Alal612, respectively, in the central A2 domain of VWEF [150]. These interactions, in addition to the
direct active site cleft interactions in the M domain, may help orientate the scissile bond toward the
active site center of ADAMTS13 [151].

The Cp subdomain adopts an ADAM_CR domain fold and thus potentially functions
as a protein—protein interaction site. As expected, AV-loop, a triple alanine substitution
(H476A/5477A/Q478A) in the V-loop and R488E in the HVR mutants had significantly reduced
proteolytic activity, suggesting that these hydrophilic or charged residues play a pivotal role in
VWEF recognition and constitute exosite-2 [53]. Recently, de Groot ef al., reported the results of
a comprehensive analysis of the C domain in ADAMTS13 that identified its functional importance for
interacting with VWF [152]. They found that mutagenesis of the 11 predominantly-charged residues in
the C domain (actually in the Ca subdomain) had no major effect on ADAMTS13 function, and five out
of six engineered glycans on the C domain also had no effect on ADAMTS13 function. However,
glycans attached at position 476 appreciably reduced both VWF binding and proteolysis.

By substituting the segments of the C domain with the corresponding regions in ADAMTSI,
they identified that residues Gly471-Val474 at the base of the V-loop within the C5 subdomain form
a hydrophobic pocket that appears to be involved in binding hydrophobic residues Ile1642, Trp1644,
Ile1649, Leul650 and Ile1651 in VWE. The east Asian-specific P475S polymorphism in the ADAMTS13
gene causes approximately 16% reduction in plasma ADAMTS13 activity [154]. The crystal structure
of ADAMTS13-DTCS (P475S) revealed that the conformation of the V-loop in the C subdomain of
this mutant was significantly different from that of the wild type [73].
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Figure 11. ADAMTS13 and VWF interaction. (A) Models of the ADAMTS13-MDTCS shown at
90 degree rotations. The residues important for the interaction with VWF are shown in red and other
potential VWEF-binding sites are shown in orange. Domains are colored as in Figure 7A. (B) Amino acid
sequence of VWF (D1596-R1668) and the ADAMTS13-interacting sites are schematically represented.
(C) Close-up view of the exosite-3 in the S domain, the hydrophobic cluster surrounded by arginine
residues. The residues important for VWF-binding are indicated with red letters. (D) Close-up view of
the VWEF segment (D1653-C1670) in an a-helical conformation observed in the crystal structure of the
VWEF A2 domain [153]. The figure was created in reference to the original drawing by de Groot ef al. [152].

The S domain in ADAMTS13 has the highest binding affinity for the A2 site of VWE

C-terminal deletion mutants of the VWF115 (VWF residues 1554-1668) and VWEF73 fragments
demonstrated that VWF A2 domain residues Glu1660-Arg1668 appreciably contribute to the cleavage
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of the Try1605-Met1606 scissile bond [149] and that the S domain of ADAMTS13 binds to this
sequence [155]. As previously mentioned, the distal loops in the S domain are highly variable among
ADAMTS/ADAMTS-L members (Figure 10C) and are thus suggested to create a substrate-binding
exosite [53]. Mutants in which the S7-S8-loop (residues 606-611) and S9-S10-loop were replaced by
short linkers, showed greatly reduced enzymatic activity for FRET-VWEF73 [53]. In ADAMTS13, these
variable loops create a hydrophobic cluster that is surrounded by arginine residues (Figure 11C).
Systematic site-directed mutagenesis identified that this hydrophobic cluster rimmed with arginine
residues actually constitutes another VWEF-binding exosite (exosite-3) [53], and further identified
Arg659, Arg660 and Tyr661 as critical residues for VWF cleavage [156]. It was also demonstrated
that Arg660, Tyr661, and Tyr665 in the S domain of ADAMTS13 represent a core binding site
for autoantibodies isolated from patients with acquired TTP [157]. The ADAMTS13 variants,
R600K/F592Y /R568K/Y661F and R660/F592Y /R568K/Y661/Y665F, exhibit increased specific activity
for both peptide substrates and multimeric VWEF [158]. These gain-of-function ADAMTS13 variants
were more resistant to inhibition by autoantibodies from idiopathic TTP patients because of reduced
binding by anti-ADAMTS13 IgGs [158]. Both the surface properties and the size of exosite-3
imply that it binds to VWF, such that the VWF segment (residues 1653-1668) forms an amphiphilic
a-helix (Figure 11D) and makes contact with ADAMTS13 by facing its hydrophobic surface toward
exosite-3 [53]. Similar to ADAMTS13, the removal of the S domain dramatically reduces the
aggrecanaolytic activity of ADAMTS5 and further removal of the C domain essentially abolished the
activity [159]. An antibody reacting with the S domain of ADAMTS5 was shown to block the cleavage
of aggrecan by the enzyme [160]; however, the exact site of ADAMTSS5 that reacts with the antibody
has not been identified.

5. Concluding Remarks

Tremendous progress has been made in the past decade towards our understanding of the
structure—function relationship of the M12B clan of proteinases. Crystallographic studies have revealed
the structures and spatial relationships of the functionally important domains of both ADAM and
ADAMTS family proteinases. Most of the structural information of the overall MDC domains of
ADAMs has come from SVMPs. The higher abundance, stability and resistance to proteolysis of SVMPs
compared to mammalian ADAMs have made them attractive models for structural studies. The key
message from these findings is that the MDC domains adopt a C-shaped configuration, whereby the
HVR in the ADAM_CR domain faces toward the catalytic site. This raises the intriguing possibility
that the HVR creates an exosite for capturing substrates directly or via binding to an associated
protein. The RVV-X structure is consistent with this hypothesis. The multactivase structure suggests
a potential function of the D domain in protein—protein interactions. These structural studies on
SVMPs have provided radical new insights into the structure—function relationship of ADAMs.
Some molecules have been shown to work as cofactors in the process of ectodomain shedding
by membrane-bound ADAMSs [161-163]; however, how these molecules function with ADAMs at
a molecular level remains to be elucidated. Moreover, fundamental aspects of the functions of ADAMs,
such as how membrane-bound ADAMs select their substrate and how their activity is regulated, are
still largely unknown. A crystal structure of ADAM in complex with a substrate and/or such a cofactor
would greatly improve our understanding of ADAMSs’ functions. Recent advances in ADAMTS13
research have provided invaluable information not only for our understanding of the mechanisms
underlying TTP but also for designing structure-function studies for other family members. Notably,
ADAMTSs contain no disintegrin-like structures but instead have two ADAM_CR domains that
actually constitute VWF-binding exosites in ADAMTS13. This finding strongly supports the idea
that the ADAM_CR domain functions as a novel protein-protein interaction module. The S domain,
uniquely found in ADAMTSs and ADAMTS-Ls among the 12B members, may also provide another
protein-protein interaction site for these members. The functions of the distal domains, which are
variable among ADAMTS members, are still largely unknown. Recently, the distal T2-CUB2 domains
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were shown to directly interact with the proximal MD*TCS domains and inhibit substrate cleavage,
while binding of VWF to the distal ADAMTS13 domains relieves this autoinhibition. Thus, ADAMTS13
is regulated by substrate-induced allosteric activation [164,165]. Whether the distal domains of other
ADAMTSs have similar allosteric properties or not remains to be determined. The growing number of
links with human diseases makes ADAMs and ADAMTSs attractive targets for novel therapies. To date,
no successful treatment exists involving specific ADAM/ADAMTS inhibitors targeting the catalytic
site. MMPs were also considered valuable therapeutic targets; however, early trials of small-molecule
inhibitors (SMls) toward their catalytic site failed due to poor inhibitor specificity profiles [166].
Because of the structural similarity of the catalytic sites of MMPs and ADAMSs/ADAMTSs, there
is a limitation in generating active-site-targeted SMlIs that are selective to one metalloproteinase
species. Although we still have limited knowledge of how the prodomain controls enzymatic activity
because of a lack of crystal structures, recombinant prodomains of ADAMs can act as inhibitors and
might be used as alternatives to SMIs [167,168]. A unique cross-domain inhibitory antibody against
ADAM17 has also been proposed [169]. Exosite or allosteric inhibitors may have more advantages
in increasing the selectivity against specific ADAMs/ADAMTSs. Recently, three groups reported
antibody-based exosite inhibitors of ADAMTS5, which were generated for therapeutic purposes
to protect the destruction of articular cartilage in osteoarthritis [160,170,171]. Further structural
knowledge of the exosite interactions of ADAM/ADAMTS family proteinases and their substrates
will facilitate the development of novel inhibitors that may block cleavage of specific substrates, while
leaving other catalytic functions of the targeted enzyme unaltered.
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Abbreviations

The following abbreviations are used in this manuscript:

ADAM a disintegrin and metalloproteinase
ADAMTS a disintegrin-like and metalloproteinase with thrombospondin type-1 motif
ADAMTS-L ADAMTS-like proteins

EGF epidermal growth factor

Gla y-carboxyglutamic acid

MMP matrix metalloproteinase

PDI protein-disulfide isomerase

RVV-X Russell’s viper venom factor X activator
SMI small-molecule inhibitor

Snaclec snake venom C-type lectin like protein
SVMP snake venom metalloproteinase

TSP thrombospondin

TSR thrombospondin type-1 repeat

TTP thrombotic thrombocytopenic purpura
VAP1 vascular apoptosis inducing protein-1
VWF von Willebrand Factor
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Abstract: Snake venom metalloproteinases (SVMPs) are abundant in the venoms of vipers and
rattlesnakes, playing important roles for the snake adaptation to different environments, and are
related to most of the pathological effects of these venoms in human victims. The effectiveness of
SVMPs is greatly due to their functional diversity, targeting important physiological proteins or
receptors in different tissues and in the coagulation system. Functional diversity is often related to the
genetic diversification of the snake venom. In this review, we discuss some published evidence that
posit that processing and post-translational modifications are great contributors for the generation of
functional diversity and for maintaining latency or inactivation of enzymes belonging to this relevant
family of venom toxins.

Keywords: snake venom; metalloproteinase; post-translational processing; enzyme inhibitor; hemorrhage

1. Introduction

Generation of diversity is a very important feature in the evolution of different species of animals,
especially in systems in which fast adaptation to the environment is required. The most relevant
system in which the generation of diversity plays a key role is the immune system. A large repertoire of
antibody molecules, T cell receptors, and MHC antigens are mostly generated by intrinsic mechanisms
of genetic recombination, together with post-transcriptional and post-translational processing [1-7],
generating molecules responsible for host protection against aggressors and for self-maintenance.
Although such a large repertoire is not necessary for many other systems, generation of diversity is
also used as mechanism for fitness enhancement in most venomous animals, from cone snails [8] to
advanced snakes [9], generating a toxin array that interacts with functionally-relevant receptors of
different species [10], enabling capture of a greater diversity of prey, or evasion from different predators.
In advanced snakes, generation of diversity of venom components was a great adaptive advantage
that allowed the radiation of several taxa after the appearance of the venom glands, recruitment
and neofunctionalization of toxin genes, and development of the venom injection system [9,10]. A
few gene families have been recruited for snake venom production [11]. However, these genes are
under accelerated evolution and undergo a number of duplications followed by distinct genetic
modification mechanisms as accumulation of substitutive mutations, domain loss, recombination, and
neofunctionalization that result in the large diversity within venom toxin gene families [12-17].

Snake venom metalloproteinases (SVMPs) are particularly important for the adaptation of snakes
to different environments. In the venoms of most species of viper snakes, SVMPs are the most abundant
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component [18,19] and, as discussed above, the evolutionary mechanisms of this gene family allowed
the structural and functional diversity of SVMPs in viper venoms. SVMPs are able to interact with
different targets that control hemostasis or relevant tissues related to essential physiological functions
in prey and predators [20,21]. The most evident effect of SVMPs is hemorrhage, as a result of a
combined disruption of capillary vessels integrity and impairment of the blood coagulation system,
resulting in consumption of coagulation plasma factors [20]. The mechanisms of action of distinct
SVMPs involve different targets as, for example, activation of coagulation Factor X [22], activation of
Factor II [23], fibrino(gen)olytic activity [24], binding and damage of capillary vessels [25-27], among
others. SVMPs interacting with distinct hemostatic targets may be found in the same pool of venom
from a single species [21] and, together, these different enzymes interfere with the whole hemostatic
system, subduing prey usually by shock [28].

The structural diversity of SVMPs is well known [29-31] and three classes (P-I, P-II, and P-III),
further subdivided into at least 11 subclasses, have been described based on their domain structure [31].
This classification is based on the presence of different domains in the zymogens predicted by the
mRNA sequences and the mature form of the enzymes. They are synthesized as pro-enzymes with
pre- and prodomains responsible for directing the nascent proteins to the endoplasmic reticulum
and for maintaining the latency of the enzyme before secretion, respectively [32,33]. The mechanism
involved in the activation of SVMPs (step of biosynthesis involving the removal of the prodomain)
is still understudied. Furthermore, an eventual role played by the free prodomain (or its fragments)
in enzyme activity after secretion is elusive. In addition to pre- and prodomains, a catalytic domain
is present in P-I, P-II, and P-III classes at the C-terminus of the prodomain and is the only domain
present in mature class P-I SVMPs. P-II and P-III SVMP classes differ from the former by the presence
of non-catalytic domains included at the C-terminus of the catalytic domain: the disintegrin domain in
P-II class and disintegrin-like plus cysteine-rich domains in the P-III class [31].

Genes coding for P-III class SVMPs appear to have been the first recruited to the snake venom
while P-II and P-I SVMP genes appeared in viperids later, mostly by domain loss [16]. However,
genetic mechanisms are not the only ones responsible for generating diversity in SVMPs. Due to
the recent increase of data generated by venom proteomes and transcriptomes, it has also become
evident that post-transcriptional [34] and post-translational [35] modifications represent additional
sources of diversity generation in venom composition, increasing the possibilities of mechanisms of
predation and resulting in an adaptive advantage for snakes. In this review, we will focus on the role
of processing of nascent SVMPs in the generation of diversity and in the inactivation of these enzymes
during and after their biosynthesis.

2. Biosynthesis and Post-Translational Processing of SVMPs

SVMP transcripts predict proteins with multi-domain structure that undergo different
post-translational processing generating distinct mature proteins (Figure 1). As other secreted proteins,
SVMPs include a signal-peptide/predomain (p) responsible for driving the nascent SVMP to the
endoplasmic reticulum where most of the protein modifications take place. In the endoplasmic
reticulum, the pre-domain is removed by signal peptidases (Figure 1-@) resulting in zymogens that
are subjected to further modifications [36]. Activation of the enzymes occurs by hydrolysis of the
prodomain (Figure 1-(2)) [37] and, after this step, disintegrin or disintegrin-like/cysteine-rich domains
can also be released by proteolysis (Figure 1-®) [38]. Mature forms may present other modifications
such as cyclization of amino-terminal glutamyl residues to pyro-glutamate (Figure 1-(), glycosylation
(Figure 1-(®), addition of new domains (Figure 1-(®), or dimerization of protein chains (Figure 1-() [36].
These steps occur to different extents depending on the primary structure of the precursors predicted
by the paralogue genes that originate the transcripts. As a result, different biological activities are
associated to each particular isoform. Therefore, post-translational modifications are essential for
activity and stability of the proteins, and also for diversifying their specific targets. Some of the issues
related to each of these processing steps will be discussed below.
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Figure 1. Schematic representation of the most typical post-translational modification steps occurring
during the maturation of nascent SVMPs: SVMP precursors are composed of signal-peptide/pre-
(p), pro- (PRO), catalytic or metalloproteinase (CAT), disintegrin (DIS), disintegrin-like (DL),
cysteine-rich (CR), and lectin-like (LEC) domains. Processing of nascent SVMP involves
removal of signal-peptide/pre-domain (D) hydrolysis of the prodomain (@) and disintegrin or
disintegrin-like/cysteine-rich domains ((®), cyclization of amino-terminal glutamyl residues to
pyro-glutamate (®), glycosylation (represented by stars—(5)), addition of new domains (®) or
dimerization of protein chains ().

2.1. Hydrolysis of the Prodomain

Activation of SVMPs is regulated by hydrolysis of their prodomains, as happens with matrix
metalloproteinases (MMPs) and disintegrin and metalloproteinase (ADAM) proteins. Prodomains of
SVMPs include a conserved motif (PKMCGVT), also found in ADAM and MMP precursors [33]. In this
motif, a free cysteine residue is a key factor for maintaining enzyme latency via a cysteine-switch
mechanism. This process controls the activation state of enzymes by blocking the catalytic site
(inactivated state) before the proteolytic processing of the prodomain (active state) [33,39].

In MMPs, activation generally occurs at the extracellular space catalyzed by members of the
plasminogen/plasmin cascade, by other MMPs or by chemical modification of the conserved cysteine
residue in the cysteine switch motif [40-42]. A different mechanism of activation is verified in
ADAMs, as the prodomain is generally removed intracellularly by pro-protein convertases [43],
or by autocatalytic mechanisms [31,44,45]. In SVMPs, only a few studies attempted to explain enzyme
activation and/or hydrolysis of their prodomains. However, studying the activation of recombinant
pro-atrolysin-E, Shimokawa and collaborators [38] suggested that chemical modifications are not
efficient for activation, which probably occurs by proteolysis by metalloproteinase present on the
crude venom. In a recent study from our group [46], we used antibodies specific to jararhagin
prodomain to search for the presence of prodomains in different compartments of snake venom
glands, either as zymogens or in the processed form. Using gland extracts obtained at different
times of the venom production cycle, we immunodetected electrophoretic bands matching to the
SVMP zymogen molecular mass (in high abundance), and only faint bands with molecular masses
corresponding to different forms of cleaved prodomain. However, the presence of zymogens in the
venom was rare, detected only as faint bands in samples collected from the lumen of venom gland at
the peak of venom production. In milked venom, only weak bands corresponding to free prodomain
were detected in samples collected at the peak of venom production, suggesting that most of the
prodomain molecules promptly undergo further hydrolysis, generating diverse peptides that are
not immunoreactive with anti-PD-Jar (Figure 2). In agreement to this suggestion, SVMP prodomain
peptides are very rare in proteomes of viper venoms, with a few exceptions [47], but they were
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recently found in the proteopeptidome of B. jararaca venom [48], and in proteomes of B. jararaca gland
extracts [49], which is consistent with our hypothesis.

Lumen of Venom
Secretory Cells Gland Venom

Peptidome I 3 I I

Figure 2. Schematic representation of prodomain processing: Antibodies against jararhagin prodomain
detected predominantly bands of zymogen molecular mass in secretory cells and processed form in the
lumen of the venom gland. Prodomain was poorly detected in the venom, suggesting that SVMPs are
mostly in the active form.

Using immunohistochemistry and immunogold electromicroscopy, prodomain detection was
concentrated in secretory vesicles of secretory cells (Figure 3). According to these images, we suggested
that SVMPs are stored at secretory cell vesicles mostly as zymogens; the processing of prodomains
starts within the secretory vesicles but reaches its maximal level during secretion or as soon as it
reaches the lumen of the venom gland.

Figure 3. Cellular localization of prodomains. Venom glands collected before (A) or seven days after
(B, C) venom extraction were sectioned and subjected to immunofluorescence (A, B) stained with
DAPI (blue) and mouse anti-PD-Jar serum (green), which concentrated in the apical region of secretory
cells, or electron microscopy (C) after staining with anti-PD-Jar serum, which highlighted spots in the
secretory vesicles [46].

According to these data, processing and activation of SVMPs undergo distinct routes than
MMPs or ADAMs. MMPs are critical enzymes for remodeling the extracellular matrix in a series of
physiological and pathological processes as angiogenesis, wound healing, inflammation, cancer, and
infections [40,50]. The regulatory role of MMPs in such processes requires a well-controlled mechanism
of activation for which the secretion of latent enzymes is of great advantage. On the other hand, most
ADAMs are transmembrane proteins that regulate mostly cell migration, adhesion, signaling and,
eventually, proteolysis. In this case, processing of ADAMs through the secretion pathway by furins and
other processing enzymes is the most common processing route [43,51]. SVMPs apparently undergo
different processing routes since the release of the prodomain is very likely to occur during the secretion
of vesicle contents. The enzymes responsible for the processing have not yet been identified, but it can
be speculated that venom serine proteinases or even metalloproteinases could be involved. Moreover,
a series of convertases have been detected in proteomic and transcriptomic studies [49]. One issue
that remains unsolved and will be discussed below is whether SVMPs are maintained in the lumen
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of the venom gland in the active form or are kept inactivated by peptides liberated by prodomain
hydrolysis or by other inhibitory factors present in the venom as the acidic pH environment, high
citrate concentrations and tripeptides containing pyroglutamate.

2.2. Generation of Disintegrin and Disintegrin-Like Domains

Disintegrins are generated by proteolysis of SVMPs originated from class P-II transcripts. These
small molecules are abundant in venoms of viper snakes that usually contain the RGD or a related
(XGD) motif in a surface exposed loop that binds to RGD-dependent integrins, such as oy, 33, ®5031,
and a3 or, in a few cases, they may display a MLD motif, targeting ouu31, x4f7, and agf31, or a
K/RTS motif that is very selective for binding to «; 31 integrin [52]. These are important receptors
of different cell types, particularly platelets, inflammatory, and vascular endothelial cells, in which
they are responsible for inhibition of platelet aggregation or endothelial cell adhesion, migration, and
angiogenesis [53,54]. For these reasons, the inclusion of disintegrins in the venom of viper snakes
conferred a great adaptive advantage for using hemostatic targets to surrender prey.

Genes coding for class P-Il SVMPs have evolved from P-III ancestor genes by a single loss of the
cysteine-rich domain followed by convergent losses of the disintegrin domain at different phylogenetic
branches that were further responsible for the generation of distinct P-I SVMP structures [16]. After
the cysteine-rich domain loss, evolution of P-II genes was continued by gene duplication and
neofunctionalization of the disintegrin domain in some of the duplicated copies [16,55]. Other genetic
mechanisms of recombination as exon shuffling or pre- or post-transcriptional recombination could
also play a role in the diversification of class P-II SVMP structures. The first draft of the genomic
organization of a PIII-SVMP gene revealed a series of nuclear retroelements and transposons within
introns that could provide genomic explanations for the emergence of distinct class P-Il messengers [56].
Evidence for post-transcriptional modification arose when B. neuwiedi SVMP cDNA sequences were
analyzed: three distinct types of P-II sequences were noted including a typical transcript of class P-II
SVMP and other transcripts that presented clear indications of recombination between P-II disintegrin
domain coding regions with either P-I or P-III catalytic domain coding regions [34]. The data suggest
that recombination between genes encoding SVMPs might have occurred after the emergence of the
primary gene copies coding for each scaffold. Moreover, it has also been reported by different authors
the occurrence of SVMP structures that might have been assembled by the P-III catalytic domain with
the P-II disintegrin domain [57] or even by PII catalytic domains with the P-III disintegrin-like domains
lacking the cysteine-rich domain [58]. Unfortunately, these mechanisms of recombination are still
speculative since, up to now, genomic sequences coding for SVMPs were not completely disclosed and
the exon/intron distribution at catalytic domain is still unknown.

In viper venoms, the products of P-II genes are diverse and the precursors undergo proteolytic
steps depending on the structure predicted by the paralogue gene coding for each different toxin.
Most P-1I precursors are hydrolyzed at the spacer region, located between catalytic and disintegrin
domains [31] generating free disintegrins and catalytic domains that are frequently found in venoms,
and also recognized as classical disintegrins and P-I class SVMPs, respectively. However, some P-II
precursors are not hydrolyzed and are expressed in the venom as single chained molecules, containing
catalytic and disintegrin domains. The enzymes involved in the cleavage of P-II precursors to generate
free disintegrins are still unrecognized and the mechanisms by which different P-II precursors are
processed (or not) are still speculative. A mainstream hypothesis, postulated by Serrano and Fox [31],
suggests that the presence of cysteinyl residues, particularly at the spacer region and at the N-terminus
of the disintegrin domain, would confer more resistance to hydrolysis, acting in favor of maintenance
of P-Il SVMPs in the catalytic form. A few of these enzymes have been characterized [53,59-61] and
recent reports indicate potent hemorrhagic activity in catalytic P-Il SVMPs that may be achieved by
their capability to cleave ECM proteins combined to their potential to inhibit platelet aggregation
and/or to bind to basal lamina [62].
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Some P-III class SVMPs are also cleaved generating fragments which correspond to the
disintegrin-like/cysteine-rich domains [31]. However, cleavage mechanisms and the fate of the
domains after cleavage are apparently different than the ones observed in P-II SVMPs. Most
P-ITT SVMPs are found in venoms in their multi-domain form, containing catalytic, disintegrin-like
and cysteine-rich domains, although examples of autolysis at the spacer region of isolated P-III
SVMPs have been reported for jararhagin, from Bothrops jararaca [63], HR1A and HR1B from
Trimeresurus flavoviridis [64], HT-1 from Crotalus ruber ruber [64], brevilysin H6, from Gloydius halys
brevicaudus [65], alternagin, from Bothrops alternatus [66], batroxhagin, from Bothrops atrox [67,68],
and catrocollastatin, from Crotalus atrox [69]. Autolysis of these proteins usually results in combined
disintegrin-like/cysteine-rich domain fragments, known as “C” proteins, which are characterized
as inhibitors of collagen-induced platelet-aggregation [63], but may also display pro-inflammatory
activity [70] or stimulate endothelial cells to release pro-angiogenic mediators [71]. On the other hand,
the free catalytic domain that results from this autolytic process has never been found in venoms,
suggesting that a fast hydrolysis of the catalytic domain to small peptides occurs after autolysis.
In B. jararaca venom, the presence of both intact jararhagin and processed jararhagin-C is currently
detected [63,72]. Moreover, a third form of processed protein was detected that comprised a processed
form of jararhagin-C linked to the catalytic domain by disulfide bonds [73]. This evidence suggests
that at least three different proteoforms of jararhagin may exist and they probably display distinct
pairing of cysteinyl residues that will drive to three different autolytic pathways. The three possibilities
of autolysis appear to occur in venoms of other snakes. We recently reported the same three forms of
processed batroxrhagin, a P-III SVMP isolated from the venom of B. atrox [67]. The presence of these
different forms of P-IIl SVMPs in venoms contributes to greater structural and functional complexity
of the venom, and may be a common feature among other class P-IIl SVMPs.

2.3. Dimerization and Inclusion of Other Domains

The position and pairing of cysteinyl residues certainly play a role in the liberation of disintegrins,
but they are also very important in generating multimeric structures of some nascent SVMPs, increasing
their structural and functional diversity. One example is the linkage of lectin-like domains to the
cysteine-rich domain of class P-III SVMPs generating very active pro-coagulant toxins as RVV-X, from
Vipera russelli [32-34], classified as a PIIId, or previously as a P-IV SVMP [30]. However, homodimers
or heterodimers of homologous domains are most commonly found in the venoms and dimerization
apparently contributes to the enhancement of the toxin activity. Class P-IIl SVMPs VAP1 and VAP2
from Crotalus atrox have been crystallized in their dimeric form [74,75] exerting potent pro-apoptotic
activity in endothelial cell cultures [76]. Bilitoxin and BlatH1 are also examples of non-processed P-II
SVMP homodimers [77,78]. Interestingly, in both cases the RGD sequence displayed in the disintegrin
domain is replaced by MGD and TDN, respectively, resulting in toxins that are unable to block the
platelet fibrinogen receptor; however, both dimeric P-Il SVMPs are potent hemorrhagins with activity
levels comparable to those of class P-III SVMPs [62,77].

The most common dimers of SVMPs present in venoms are undoubtedly homo- and heterodimeric
disintegrins. For example, contortrostatin, a homodimeric disintegrin that displays RGD motifs in
both chains, has been produced in a recombinant form [79] and presented substantial anti-angiogenic
and anti-cancer effects [79] with some efficacy as an adjuvant in chemotherapy for melanoma [80]
and for viral infections [81]. Heterodimers composed of distinct disintegrin domains have also
been isolated. Usually, one chain contains the conserved RGD motif and the other chain displays
alternative motifs that modulate specificity and selectivity. The first heterodimeric disintegrin group
identified included EMF-10 and CC-8 disintegrins, with a RGD motif in one chain and a WGD
in the other [82]. As a result, the heterodimer is the strongest blocker of the fibrinogen receptor
and effective to modulate megakaryocyte activity [83]. Other interesting group of heterodimeric
disintegrins includes EC3, VLO5, and EO5 with V/RGD motif in one chain and the MLD motif in the
other [84]. These toxins target mainly o431, s 37, and a9 3¢ integrins, mostly related to inflammatory
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cell receptors [85]. Heterodimeric disintegrins are common in venoms of Viperinae subfamily of vipers,
and the substitution of the RGD motif at least in one chain may decrease the effect of these toxins
on platelets related to impairment of hemostasis. Although this is an apparent disadvantage for the
snakes, the non-RGD disintegrins are undoubtedly good leading molecules for drug development or
for producing biotechnological tools to address the mechanisms of action of integrin receptors.

2.4. Other Post-Translational Modifications

Most of snake venom proteins undergo glycosylation during their biosynthesis pathway.
In eukaryotic cells, glycosylation influences important biochemical properties of the proteins, such
as folding, stability, solubility, and ligand binding. In spite of the importance of glycosylation
for eukaryotic-secreted proteins, very little is known about the carbohydrate structures present in
venom glycoproteins.

In SVMPs, primary structures predict several putative N-glycosylation sites [31], and important
functions have already been correlated to glycan moieties. However, glycosylation sites identified in
the available crystal structures of SVMPs indicate a significant variability, and suggest that the presence
of glycan moieties is not predictable based on primary structure information only [86]. Studying the
cobra venom glycome, Huang and co-authors [86] identified four major N-glycan moieties on the
biantennary glycan core, and a high variability of N-glycan composition in SVMPs from individual
snake specimens. In the same study, the authors reported that these glycoproteins elicit much higher
antibody response in antiserum when compared to other high-abundance cobra venom toxins, such
as small molecular mass CTXs. The higher immunogenicity of SVMPs compared to other venom
components has been also shown by our group [18], and it can be at least partially attributed to the
glycan moieties present on these molecules. Moreover, Bothrops jararaca SVMPs bothropasin, BJ-PI,
and HF3 were subjected to N-deglycosylation that induced loss of structural stability of bothropasin
and BJ-PIL. Although HF3 remained apparently intact, its hemorrhagic and fibrinogenolytic activities
were partially impaired, suggesting the importance of glycans for stability, and also for the interaction
with substrates [87].

The role of glycosylation in the generation of toxin diversity has been recently addressed in a few
studies approaching ontogenetic or gender-related venom variability. The N-glycan composition of
newborn and adult venoms did not vary significantly [88], but gender-based variations contributed to
different glycosylation levels in toxins [35]. The studies demonstrated a complexity of carbohydrate
moieties found in glycoproteins, indicating another level of complexity in snake venoms that could be
related to the diversification of biological activities.

Another form of post-translational modification observed in many SVMPs is the cyclization of
amino-terminal glutaminyl residues to pyro-glutamate. The cyclization of glutaminyl residues by the
acyltransferase glutaminyl cyclase is a common occurrence in many organisms. For many bioactive
peptides, cyclization of amino-terminal glutaminyl residues renders the peptide resistant to proteolytic
processing by exopeptidases, thus protecting their biological activities [89]. Glutaminyl cyclase has
been identified in the venom of viperid snakes [90] particularly in venoms collected at the seventh
and tenth days after venom extraction [46]. Most class P-III SVMPs possess, in their mature form, a
pyroglutamic acid as the N-terminus [31], and this modification provides protection to these enzymes
from further digestion by aminopeptidases, or even further processing steps resulting in the release of
disintegrin domains.

3. The Role of Prodomains for Enzyme Inactivation

One still-unsolved issue is the maintenance of mature enzymes in the lumen of the venom gland.
Since SVMPs degrade extracellular matrix components [91,92] and can lead to loss of viability of
different cell types [20] (including epithelial cells [93]), they can be considered a potential risk for the
maintenance of venom gland integrity. It is currently accepted that the acidic pH environment in the
lumen of the venom gland could limit proteolytic activity of SVMPs [94]. Additionally, high citrate
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concentrations and tripeptides containing pyroglutamate found in venoms could inhibit SVMPs that
would be activated after venom injection due to dilution factors [95,96]. Previously, secretion of SVMPs
into the lumen of the gland as zymogens was also considered as a mechanism for maintaining the
latency of these enzymes. However, we have recently shown that the activation of SVMPs mainly
occurs during the secretion to the lumen of the venom gland, and cleaved prodomains undergo further
hydrolysis to small peptides [46].

The potential of peptides containing the cysteine-switch motif for the inactivation of SVMPs has
already been shown [37]. This work led us to test if processed prodomain or prodomain degradation
peptides could play a role in the inhibition of activated SVMPs, within the gland environment.
To test this hypothesis, we produced jararhagin recombinant prodomain (PD-]Jar) as described [46],
and synthesized a 14-mer C-terminally amidated peptide (SynPep), based on a naturally-occurring
prodomain peptide fragment that was abundantly detected in Bothrops jararaca peptidome [48].
Interestingly, our preliminary data show that both recombinant PD-Jar and SynPep inhibited jararhagin
catalytic activity, and also toxic activities such as induction of fibrinolysis and hemorrhage (Table 1).

Table 1. Inhibition of jararhagin activities by its recombinant prodomain (PD-Jar) or a prodomain
degradation peptide (SynPep).

-Jar 1 1
Activity PD-Jar SynPep
Molar Ratio % Inhibition Molar Ratio % Inhibition
Catalytic 2 1:10 98 1:5000 90
Fibrinolytic 3 1:14 100 1:200 100
Hemorrhagic 4 19 100 1:500 100

1 Values correspond to enzyme to PD-Jar/SynPep molar ratios that resulted in inhibition of jararhagin activity; >
Inhibition of enzymatic activity was tested by incubation with Abz-A-G-L-A-EDDnp as fluorescence quenched
metalloproteinase substrate and compared according to the relative fluorescence units (RFU/min/ug) of each
reaction [97]; 3 Inhibition of jararhagin fibrinolytic activity was calculated by measuring the hydrolysis halo in
fibrin-containing agarose plates [98]; * Hemorrhage levels were calculated by measuring the hemorrhagic area
30 min after intradermal injection in the dorsal region of four mice [98].

Inhibition of metalloproteinase activity by isolated prodomains has been recently addressed in the
search for specific therapeutic tools for pathologies involving these enzymes. The cleaved prodomain
of certain ADAMs can act as a selective inhibitor of the catalytic activity of the enzyme. Moss and
coworkers [99] and Gonzales et al. [100] produced the recombinant prodomains of ADAM-9 and TACE,
respectively, for the purpose of understanding their mechanism of inhibition and selectivity against
these proteinases. In these studies, ADAM-9 prodomain was highly specific and the inhibition of
ADAM-9, by its recombinant prodomain, regulated ADAM-10 activity controlling the release of soluble
a-secretase enzyme, which is an important task in the therapy Alzheimer's disease [99]. Additionally,
TACE prodomain was also specific for this enzyme and could be used as a potential inhibitor of
TNF-« release in inflammatory diseases [100]. Considering the high selectivity of prodomains as
metalloproteinase inhibitors, we are currently testing more accurately the selectivity and kinetics
parameters of SVMPs” inhibition by PD-Jar and SynPep, and their effects on neutralization of local
effects induced by viper venoms. These experiments may increase our understanding about the
maintenance of inactivated SVMPs inside the venom glands, and could also lead to therapeutic
alternatives to minimize local damage induced by snake venoms.

The animal protocols used in this work were evaluated and approved by the Animal Use and
Ethic Committee (CEUAIB) of the Institute Butantan (Protocol 1271/14). They are in accordance with
COBEA guidelines and the National law for Laboratory Animal Experimentation (Law no. 11.794,
8 October 2008).
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4. Conclusions

The contribution of post-translational processing to the generation of venom diversity has been
a recent issue offering important insights for understanding the complexity of animal venom arsenals.
In this review, we present some current data that support the participation of post-translational
processing for generation of diversity of snake venom metalloproteinases. Furthermore, there are
other snake venom toxin families (serine proteinases, phospholipases, and C-type lectin-like proteins)
represented by several proteoforms, and we predict that similar features discussed here for SVMPs
could also be applicable to account, at least in part, for their diversity, and that the same would
hold true for venom components from different animal species. Indeed, in a very elegant study,
Dutertre and collaborators [101] explained the expanded peptide diversity in the cone snail Conus
marmoreus revealing how a limited set of approximately 100 transcripts could generate thousands
of conopeptides in the venom of a single species. More recently, Zhang and collaborators [102]
working with peptide toxins from the tarantula Haplopelma hainanum went further into this aspect by
showing the role of post-translational modifications in the generation of venom diversity and also in
diversifying the functional venom arsenal. In this review, we addressed this issue for snake venom
metalloproteinases. Although genetic mechanisms are essential for generating a great number of SVMP
paralogue genes, post-translational processing appears as an important contributor for diversifying the
SVMP arsenal able to interact with a greater number of physiological targets present in different prey.
The articles revised in this paper may represent only the tip of the iceberg explaining SVMPs diversity.
With analytical methods improvements, such as top-down proteomic approaches, characterization of
proteoforms of complex molecules may present a larger number of possibilities for post-translational
modification in SVMPs, supporting the role of processing for the stability, maintenance and functional
diversification of this important toxin family present in snake venoms.
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Abbreviations

The following abbreviations are used in this manuscript:

SVMP Snake Venom Metalloproteinase

ADAM A Disintegrin and Metalloproteinase

MMP Matrix Metalloproteinase

PD-Jar Recombinant prodomain of Jararhagin

MHC Major Histocompatibility Complex

ECM Extracellular Matrix

TACE Tumor Necrosis Factor-alpha Converting Enzyme

DAPI 4’ ,6-diamidino-2-phenylindole

SynPep Synthetic Peptide of a prodomain hydrolysis product found in B. jararaca venom peptidome
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Abstract: Snake venom metalloproteinases (SVMPs) affect the extracellular matrix (ECM) in multiple
and complex ways. Previously, the combination of various methodological platforms, including
electron microscopy, histochemistry, immunohistochemistry, and Western blot, has allowed a partial
understanding of such complex pathology. In recent years, the proteomics analysis of exudates
collected in the vicinity of tissues affected by SVMPs has provided novel and exciting information on
SVMP-induced ECM alterations. The presence of fragments of an array of ECM proteins, including
those of the basement membrane, has revealed a complex pathological scenario caused by the
direct action of SVMPs. In addition, the time-course analysis of these changes has underscored that
degradation of some fibrillar collagens is likely to depend on the action of endogenous proteinases,
such as matrix metalloproteinases (MMPs), synthesized as a consequence of the inflammatory process.
The action of SVMPs on the ECM also results in the release of ECM-derived biologically-active
peptides that exert diverse actions in the tissue, some of which might be associated with reparative
events or with further tissue damage. The study of the effects of SVMP on the ECM is an open field
of research which may bring a renewed understanding of snake venom-induced pathology.

Keywords: proteomics; exudate; extracellular matrix; basement membrane; hemorrhage; snake
venom metalloproteinases; FACITs

1. Extracellular Matrix Pathology: An Elusive Aspect in the Understanding of
Snakebite Envenoming

Snakebite envenoming is a public health problem of high impact on a global basis, especially in
tropical and subtropical regions of Africa, Asia, Latin America, and parts of Oceania, causing morbidity,
mortality, and a wave of social suffering [1-4]. The spectrum of pathological and pathophysiological
effects inflicted by snake venoms is very wide, and encompasses both local tissue damage and systemic,
life-threatening alterations [5]. Venoms of snakes of the family Viperidae are rich in hydrolytic
enzymes, having a high content of zinc-dependent metalloproteinases (SVMPs), phospholipases A;
(PLAjs), and serine proteinases (SVSPs), although the relative proportions of these enzymes varies
among venoms [6,7]. SVMPs are known to play multiple roles in the local and systemic effects
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induced by viperid venoms in natural prey and humans [8-10]. SVMPs induce local and systemic
hemorrhage, myonecrosis, blistering, dermonecrosis, edema, and coagulopathies, in addition to being
algogenic and strongly pro-inflammatory [9-12]. Furthermore, the pathological alterations induced
by SVMPs in skeletal muscle tissue contribute to the poor muscle regeneration characteristic of these
envenomings [13,14].

Several aspects of the local pathological effects induced by SVMPs have been studied, such
as the microvascular damage leading to hemorrhage [15,16], skeletal muscle necrosis and poor
muscle regeneration [13,14,17], blistering, and dermonecrosis [18,19], as well as the identification
of inflammatory mediators responsible for pain, edema, and leukocyte infiltration [20-22]. To a great
extent, these alterations are considered to be associated in some manner with the action of SVMPs on
the extracellular matrix (ECM). However, the specific effects induced by SVMPs as a result of their
action on ECM have been investigated only to a limited extent, being mostly focused on the structural
damage to basement membrane (BM) components of capillary blood vessels [15,16,23,24]. The reasons
behind the paucity of information in this aspect of envenoming have to do mostly with methodological
limitations and to the complexity of ECM structure and function. In his celebrated book The Logic of
Life, Frangois Jacob stated “The alternative approach to the history of Biology involves the attempt
to discover how objects become accessible to investigation thus permitting new fields of science to
be developed” [25]. It is then relevant to discuss how the alterations in ECM by snake venoms and
SVMPs have become accessible to investigation.

The ability of SVMPs to degrade diverse ECM proteins has been assessed in vitro, mostly through
SDS-PAGE, by observing the degradation patterns of ECM components incubated for various time
intervals with the enzymes (Figure 1A). This has led to a wealth of information showing that SVMPs
have a relatively wide spectrum of activity over substrates such as laminin, nidogen/entactin, type IV
collagen, and fibronectin [23,26-33]. Likewise, SVMPs have been shown to hydrolyze proteoglycans
in vitro, such as heparan sulphate proteoglycan and aggrecan [15,34]. However, this experimental
approach has limitations, as hydrolysis has been studied in isolated ECM components and, therefore,
the experimental conditions do not reproduce the complex landscape of these proteins in the tissues,
which may determine their susceptibility to these enzymes. The ability of snake venoms to degrade
hyaluronic acid, a glycosaminoglycan of the ECM, by the action of hyaluronidases, has been assessed
using various in vitro methods [35].

Studies using classical ultrastructural methods, i.e., transmission electron microscopy (TEM), have
focused on the alterations in BM structure by SVMPs (Figure 1B), as well as on the disorganization
of fibrillar collagen bundles [36,37]. This approach, nevertheless, is not able to detect alterations in
components of the ECM that are not observed at the ultrastructural level. Moreover, tissue processing
for TEM reduces the actual thickness of BM, as demonstrated by atomic force microscopy [38].
Histochemistry and immunohistochemistry techniques, on the other hand, provide a more specific
assessment of ECM components (Figure 1C,D), but the number of studies with SVMPs and
hyaluronidases is limited (examples are [14,16,31,39,40]). Moreover, these procedures allow the
detection of specific components, but do not provide a broad view of ECM alterations. More recently,
the application of Western blot techniques to study the degradation of ECM components in vivo by
SVMPs has provided novel clues to understand these phenomena, in particular regarding hydrolysis
of BM components [15,24,41] (Figure 1E). Nevertheless, this method has the limitation that only the
proteins to which antibodies are directed can be detected, thus precluding a comprehensive analysis
of ECM alterations. Overall, the methodologies described have provided valuable, albeit limited,
information of the action of SVMPs on the ECM.

To this end, the introduction of proteomic analysis to the field of pathology has represented
a significant step forward in the study of disease at clinical and experimental levels, and in the
search of biomarkers (Figure 1F) (see for example [42—47]). This methodological platform offers
complementary and often advantageous outcomes as compared to other methods mentioned above.
Of particular relevance is that it is not focused on the detection of particular tissue components,
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as occurs with the immunological-based methods, but instead provides unbiased information on many
tissue components at a time. This approach thereby opens a greater aperture through which overt
and subtle tissue alterations can be detected. In 2009, our group first utilized a proteomics-based
approached to study the tissue damage induced by snake venoms and by specific venom components,
such as SVMPs and myotoxic PLA;s [40]. This initial watershed contribution demonstrated the great
potential of this methodology to understand the pathological effects of snake venoms and toxins,
and was followed by a series of studies on this topic [15,24,40,41,48,49]. The present review summarizes
the key findings that have emerged from these investigations in relation to the alterations induced by
SVMPs in the ECM and how these inform our understanding of the role of SVMPs and envenoming.
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Figure 1. Experimental approaches to study the action of snake venom metalloproteinases (SVMPs)
on the extracellular matrix (ECM). (A) In vitro analysis of hydrolysis of ECM proteins by SVMPs.
Basement membrane (BM) preparations, such as Matrigel in this figure, or isolated ECM proteins,
are incubated with SVMPs and the mixture is then analyzed by SDS-PAGE to assess the cleavage
products; C: control Matrigel; degradation induced by PI and PIII SVMPs is shown. Molecular mass
markers are shown to the left (reproduced from [31], copyright 2006 Elsevier); (B) Transmission
electron microscopy assessment of ECM damage by analyzing the alterations in tissues from animals
injected with SVMPs. A disrupted capillary vessel with damage to BM is shown after the injection of a
hemorrhagic SVMP; 10,000 x (reproduced [50], copyright 2006 Elsevier); (C) Histochemical assessment
of collagen degradation. A histology section of muscle tissue stained with Sirius Red, which stains
collagen, and Fast Green, which stains proteins, is shown; 200 x (reproduced from [14], copyright
2011 PLOS); (D) Immunohistochemistry staining of a sample of skin injected with a SVMP. The blue
staining corresponds to Hoechst 33258, which stains nuclei, whereas the red staining corresponds to
immunostaining with a monoclonal antibody against type IV collagen; 400 x; (E) Western blotting
analysis of type VI collagen in samples of exudates collected from tissue injected with PI, PII and PIII
SVMPs. Different patterns of hydrolyzed fragments are observed. Molecular mass markers are depicted
to the left (reproduced from [24], copyright 2015 PLOS); (F) Mass spectrometry analysis of proteins in
exudates collected in the vicinity of tissue injected with SVMPs allows the identification of degradation
products of many types of ECM proteins. A mass spectrum is shown for illustrative purposes.
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2. Methodological Aspects of Proteomics Studies

Proteomic analysis of tissue samples in pathological settings can be performed by studying tissue
homogenates. This approach has been followed in the analysis of alterations induced by SVMPs of
the venom of Bothrops jararaca in the skin [51]. One problem for analyzing proteomics of ECM in
tissue homogenates is that extraction of ECM proteins is difficult and, therefore, the “matrisome”,
i.e.,, the ECM proteome, is often underrepresented in tissue homogenate samples [47]. As with
most experimental approaches to identify markers of particular biological or pathological processes,
proteomic assessment of compartments nearest to the site of interest is likely to give best results. Thus,
our group has developed a strategy based on the proteomic analysis of exudates collected in the vicinity
of tissues injected with snake venoms or isolated toxins, such as SVMPs. In these studies we employed
a mouse model extensively used for the investigation of histological and ultrastructural alterations
after injection of venoms or purified toxins. Specifically we inject SVMPs intramuscularly in the
gastrocnemius muscle of mice and then, at various time intervals, animals are sacrificed and an incision
made in the skin overlying the affected muscle. A heparinized glass capillary vessel is then introduced
under the skin, and the exudate fluid is collected by capillarity (Figure 2). In this experimental setting,
the effect of SVMP inhibitors or of antivenom antibodies can be assessed either by preincubating SVMPs
with inhibitors/antibodies or by injecting these molecules after envenoming [48,49]. In parallel, the
affected muscle tissue can be collected and either fixed and processed for histological, ultrastructural
or immunohistochemical observation, or homogenized for immunological analyses, i.e., Western blots
or ELISA. One limitation of this approach is the generation of appropriate controls. Unfortunately,
exudates cannot be collected from control animals, i.e., mice injected with saline solution, because
edema and exudate do not develop in these conditions. Therefore, these studies have to be performed
using other types of controls, such as other toxins, and then comparing the differences in the outcomes
of proteomics analysis between different treatments.

Once exudate samples are collected, they are rapidly freeze-dried in order to ensure the stability
of the sample. Aliquots of exudates are separated by SDS-PAGE and stained with Coomassie Brilliant
Blue. Then, the gel lanes corresponding to each sample are cut into ten equal size slices, corresponding
to regions of varying ranges of molecular masses. After reduction and alkylation, gel slices are
submitted to trypsinization, and tryptic peptides are analyzed by LC/MS/MS mass spectrometry
analysis. Lists of peaks are generated from the raw data against the Uniprot Mouse database.
The results from the searches are exported to Scaffold (version 4.3.2, Proteome Software Inc., Portland,
OR, USA). Scaffold is used to validate MS/MS based peptide and protein identifications, and also
to visualize multiple datasets in a comprehensive manner. Relative quantification of proteins is
accomplished by combining all data from the 10 gel slices for a particular sample in Scaffold and
then displaying the Quantitative Value from the program. This format of presentation allows for a
comparison of the relative abundance of a specific protein presenting different samples. A detailed
account on the methodology used in these studies can be found in Escalante et al. [40] (Figure 2).

The separation of protein bands in the gels into ten slices allows the determination of whether
proteins in the samples are degraded or not. The amount of a given protein in a particular gel slice is
determined as the percentage of that protein in all slices. Knowing the molecular mass of the native
protein, the percentage of the protein migrating in regions of molecular mass lower than its native
mass corresponds to the percentage of degradation of that protein in the sample [40]. The presence
of a protein, or a protein fragment, in an exudate is likely to be due to one of the following reasons:
(a) The protein has been degraded by proteinases present in the venom; (b) the protein has been
degraded by endogenous proteinases derived from the inflammatory reaction to envenoming; (c) the
protein has been released, without degradation, from a storage site in the ECM; (d) the protein has
been synthesized during the process of envenoming and the ensuing inflammatory reaction; (e) the
protein is present in the blood plasma and reaches the exudate as a consequence of the increment
in vascular permeability; and (f) the protein has been released from cells due to the cytotoxic action
of venom components (Figure 3). The first two possibilities can be detected by demonstrating the
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presence of fragments of the proteins in regions in the gel corresponding to molecular masses lower
than those of the native proteins. Noteworthy, in addition to ECM-derived protein fragments, exudates
collected from the site of SVMP injection may also include plasma proteins, intracellular proteins, and
proteins of membrane origin, among others.
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Figure 2. Basic experimental protocol for the proteomics analysis of exudates collected from tissues
injected with SVMPs. Mice are injected intramuscularly in the gastrocnemius with SVMPs, or with
mixtures of SVMPs and antibodies or inhibitors. At various time intervals animals are sacrificed and a
sample of exudate is collected with a heparinized capillary vessel after sectioning the skin underlying
the affected region. Upon separation of exudate proteins on SDS-PAGE and staining, sections of the gel
are cut, reduced, carboxymethylated, and trypsin-digested, and then submitted to proteomic analysis
(see text for more details). The identity of ECM proteins in the exudate and the extent of degradation
are then assessed. Magnification of the histology section: 200 x.

Table 1 shows the most abundant ECM proteins that have been detected in the proteomics analysis
of exudates collected from tissues injected with SVMPs.

Proteomics analyses need to be validated by complementary experimental approaches. In our
studies, Western blot analysis of proteins of particular interest has been utilized for validation. These
analyses have been performed either in the same exudate samples on which proteomic analyses
were performed or in homogenates of tissues injected with the SVMPs, such as skeletal muscle or
skin [15,24]. Another complementary approach is the use of immunohistochemistry, which allows the
identification of the areas of the tissue where ECM components are being altered [15,31,40]. Taken
together, proteomic analysis and these complementary approaches constitute a robust experimental
platform to assess the pathological alterations occurring in the ECM as a consequence of the action
of SVMPs.
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Figure 3. Scheme indicating the different sources of proteins that appear in exudates collected from
tissues injected with snake venoms of with isolated SVMPs. After injection in skeletal muscle, viperid
venoms or SVMPs induce direct pathological effects, such as degradation of BM components leading to
hemorrhage (A); cytotoxicity on various cell types, such as skeletal muscle fibers (B); and degradation
of other ECM components. As a consequence of direct tissue damage, resident tissue cells (mast
cells, macrophages, fibroblasts) synthesize and release a number of mediators, favoring increments
in vascular permeability leading to edema. An inflammatory infiltrate (C), composed mainly of
neutrophils and macrophages, also contributes to the release of proteinases and other mediators.
(D) Summary of SVMP-induced damage to muscle fibers and the microvasculature. As a consequence,
the exudate that forms in the tissue is composed of proteins originating from different sources, as
indicated in the bottom of the figure. Magnification in A, B and C: 200 x.

Table 1. Extracellular matrix proteins detected in exudates collected from mice injected in the
gastrocnemius muscle with snake venom metalloproteinases (SVMPs) [15,40,41].

Collagens

Collagen o-1 (I) chain (Isoform 1)
Collagen o-2 (I) chain
Collagen -1 (II) chain (Isoform 2)
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Table 1. Cont.

Collagens

Collagen o-1 (IIT) chain
Collagen a-1 (V) chain
Collagen o-3 (VI) chain
Collagen o-1 (VII) chain
Collagen -2 (XI) chain (Isoform 7)
Collagen o-1 (XII) chain (Isoform 1)
Collagen -1 (XIV) chain (Isoform 1)
Collagen a-1 (XV) chain
Collagen a-1 (XVI) chain (Isoform 1)
Collagen a-1 (XVIII) chain (Isoform 2)
Collagen -1 (XIX) chain
Collagen o-1 (XXII) chain (Isoform 2)
Collagen o-1 (XXVII) chain
Collagen o-1 (XXVIII) chain (Isoform 1)

Laminins

Laminin subunit «-1
Laminin subunit «-3 (Isoform B)
Laminin subunit -1
Laminin y-2

Nidogens

Nidogen-1
Nidogen-2

Proteoglycans

Decorin
Lumican
Perlecan
Basement membrane—specific heparan sulfate proteoglycan core protein
Biglycan

Other extracellular matrix (ECM) proteins

Fibulin-1 (Isoform C)
Dystroglycan
Tenascin X
Thrombospondin-1
Thrombospondin-4
Tetranectin
Vitronectin
Fibronectin

3. Effects of SVMPs on the BM: Identifying Key Protein Targets of Hemorrhagic Toxins

Disruption of the integrity of microvessels leading to hemorrhage is one of the most important
effects induced by viperid SVMPs [11,52,53]. The pioneering ultrastructural studies of McKay et al. [54]
and Ownby et al. [36] described drastic alterations in endothelial cells and BM of capillary vessels
in tissues injected with hemorrhagic SVMPs. Similar findings were then extended to other SVMPs
from different venoms [37,55], and this mechanism of microvessel damage was named “hemorrhage
per rhexis” [36]. The ability of SVMPs to hydrolyze components of the BM in vitro was demonstrated in
several studies [26-32,56]. It was thus hypothesized that hydrolysis of BM components is a key event
in the mechanism of hemorrhage by SVMPs.

Proteomic analysis of exudates collected at early time intervals (15 min and 1 h) after injection
of crude venom of Bothrops asper and several hemorrhagic SVMPs purified from this and other
viperid venoms revealed the presence of various BM components, such as laminin, nidogen, type
IV collagen, and BM-specific heparan sulfate proteoglycan [15,24,40,41,48], which are the main
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components of BMs [38,57—61]. To a large extent, these proteins were degraded, as judged by the
molecular mass of the fragments detected in the analyses. The fact that fragments of these BM
components were present in exudates collected at early time periods after venom or SVMP injection
strongly suggests that hydrolysis of these proteins is due to the direct action of SVMPs in the tissue,
in agreement with in vitro observations. Such rapid degradation of BM proteins was corroborated by
immunohistochemistry [15,16,31] and Western blotting [15,24,41]. Inhibition of B. asper venom with
the peptidomimetic hydroxamante metalloproteinase inhibitor Batimastat, prior to injection in mice,
resulted in the abrogation of the degradation of BM-specific heparan sulfate proteoglycan core protein
(HSPG) [48]. This finding underscores the role of SVMPs in the proteolysis of this proteoglycan as well
as a role for HSPG in the stabilization of microvessels.

For years, a puzzling finding regarding the mechanism of action of hemorrhagic SVMPs was
that non-hemorrhagic SVMPs were also able to hydrolyze BM-associated proteins in vitro [15,62,63].
This in itself is not particularly surprising as most BM components are susceptible to proteolysis.
A comparative analysis of BM degradation by a hemorrhagic and a non-hemorrhagic SVMP from
Bothrops sp. venoms contributed to the clarification of this issue. No differences were observed
between these enzymes regarding degradation of nidogen and laminin, as judged by proteomic
analyses of exudates and by Western blotting of skeletal muscle homogenates [15]. However, a
clear distinction occurred when comparing degradation of type IV collagen (by Western blot and
immunohistochemistry) and HSPG (by proteomics and Western blot) [15]. In particular type IV
collagen is known to play a key role in the mechanical stability of BM owing to the formation
of interchain covalent bonds of various types and supramolecular networks between collagen
chains [64,65]; these results strongly suggest that the ability of SVMPs to induce hemorrhage is
related to their capacity to hydrolyze these BM components. This hypothesis was supported by a
study comparing BM degradation by SVMPs of classes I, II, and III, which have a variable domain
composition and different intrinsic hemorrhagic activity [24]. The doses of these enzymes injected
were adjusted so as to induce the same extent of hemorrhage. In these conditions, there was a similar
extent of degradation of type IV collagen and HSPG [24], thus reinforcing the concept that hydrolysis
of these components seems to be critical for the onset of microvascular damage and hemorrhage.

The cleavage sites of type IV collagen by a hemorrhagic SVMP from the venom of the rattlesnake
Crotalus atrox have been determined [23]. The relevance of type IV collagen hydrolysis in the
pathogenesis of hemorrhage has been also shown in the case of a PIII SVMP from the venom of
Bothrops  jararaca [16,66,67] and of a hemorrhagic metalloproteinase from the prokaryote
Vibrio vulnificus [68]. Moreover, genetic disorders affecting type IV collagen are associated with
vascular alterations and hemorrhagic stroke [69-71]. HSPG is also known to contribute to the
mechanical stabilization of BM in capillary vessels, and embryos having mutations in this proteoglycan
show dilated microvessels in the brain and skin, associated with vessel disruption and severe
bleedings [72-74]. This agrees with these proteins having a key role in the mechanical stabilization of
BMs and therefore on the action of hemorrhagic SVMPs.

The ability of hemorrhagic SVMPs to hydrolyze components that contribute to the mechanical
stability of capillaries has been integrated into a ‘two-step” hypothesis to explain the mechanism of
SVMP-induced hemorrhage [10,52,53]. The first step is the enzymatic hydrolysis of BM components,
especially type IV collagen, and also HSPG, with the consequent weakening of the mechanical stability
of the BM. Such hydrolysis may also affect cell-cell and cell matrix interactions. Then, the hemodynamic
biophysical forces normally operating in the circulation, especially hydrostatic pressure-mediated wall
tension and shear stress, cause a distention of the capillary wall, which ends up with the disruption in
the integrity of endothelial cells and the vessel wall, with the consequent extravasation.

In addition to capillary BM, SVMPs also affect the BM of other tissue components. The presence
of laminin subunit &3 in exudates collected after injection of a PI SVMP [40] suggests that this
enzyme degrades laminin at the BM of the dermal-epidermal junction, since this laminin isoform is
characteristic of the skin [75,76]. This SVMP induces skin blistering, suggesting that hydrolysis of
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laminin, and probably other components of the dermal-epidermal interface, is the basis for blister
formation. Immunohistochemical observations revealed the presence of laminin in the two sides
of the blister, thus supporting the contention of hydrolysis of the BM structure in the skin [40].
Moreover, BM hydrolysis by SVMPs is likely to affect tissue structure, since BM components, especially
type IV collagen, are known to play a central role in the organization of tissue architecture [77].
Thus, alterations induced by SVMPs as a consequence of hydrolysis of BM components go beyond
the acute effects associated with hemorrhage, blistering, and myonecrosis, since they also affect tissue
organization and, probably, cell proliferation and regeneration occurring after tissue damage (Figure 4).
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Figure 4. Hydrolysis of ECM components by SVMPs. Some SVMPs hydrolyze components at the BM
of capillary vessels, skeletal muscle fibers, and dermal-epidermal junction. In the case of hemorrhagic
SVMPs, it has been postulated that hydrolysis of type IV collagen is a key step in the destabilization of
BM, which leads to extravasation. SVMPs also hydrolyze additional ECM proteins, such as FACITs,
type VI collagen, and other components that connect the BM with the surrounding matrix stromal
proteins. Moreover, SVMP degrade proteins that bind to and organize fibrillar collagens, leading to a
disorganization of the ECM supramolecular structure. SVMPs may also hydrolyze plasma membrane
components, such as integrins, that interact with BM components. All these hydrolytic actions result in
a profound alteration of ECM, with consequences for the processes of venom-induced tissue damage,
repair, and regeneration.

4. The Action of SVMPs on Proteins that Connect the BM with the Stromal Components of ECM

Proteomic analyses of exudates collected from tissues affected by snake venoms and SVMPs have
allowed the detection of degradation products of proteins that play a role in the integration of the
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BMs with the surrounding ECM (Figure 4). This was a hitherto unknown aspect of venom-induced
ECM degradation, since the traditional experimental tools did not allow for the in vivo assessment of
hydrolysis of these components. These ECM proteins are essential for the stability and mechanical
integration of BMs with other ECM proteins, and for the assembly of fibrillar components of the
matrix. For example, type VI collagen is a beaded-filament-forming collagen which integrates BM with
fibrillar collagens and other components of the ECM. It interacts with types IV, XIV, I, and II collagens,
and with perlecan, decorin, and lumican [78-80], and plays a key role in the mechanical stability of
skeletal muscle cells. Deficiencies in type VI collagen have been associated with Ulrich syndrome,
a muscle dystrophic condition [81,82] and with other myopathies [83,84]. Degradation products of
type VI collagen have been found in exudates collected from tissues after injection of B. asper venom
and SVMPs of the classes PI, PII, and PIII [15,24,40,41].

The potential implications of hydrolysis of this particular collagen in the action of SVMPs
deserve additional consideration as this might affect the mechanical stability of skeletal muscle
fibers. The resulting decreased stability of the fibers could contribute to the skeletal muscle pathology
initially caused by myotoxic PLAjs, which affect the integrity of muscle cell plasma membrane [13].
SVMP-induced hydrolysis of type VI collagen, and the consequent weakening of the mechanical
stability of muscle BM, together with PLA;-induced plasma membrane perturbation, may be an
example of toxin-toxin synergism to give rise to lesions to the periphery of muscle fibers, leading
to myonecrosis. Likewise, by affecting the stability of muscle cell BM, type VI collagen hydrolysis
might hamper the process of skeletal muscle regeneration, which depends on the integrity of muscle
BM [85,86]. The observation that fragments of type VI collagen are more abundant at early time
intervals in exudates from mice injected with B. asper venom suggests that such degradation is due to
the action of SVMPs [41]. Like laminin, type VI collagen is also important in the dermal-epidermal
interface [87,88] and, therefore, its hydrolysis by SVMPs may be also involved in the pathogenesis of
blistering in snakebite envenomings.

The possibility that hydrolysis of type VI collagen plays a role in the pathogenesis of hemorrhage
also deserves discussion. Although the most likely mechanism by which SVMPs induce capillary
damage and hemorrhage is their ability to hydrolyze type IV collagen and possibly HSPG at the BM,
the degradation of ECM components that link the BM with fibrillar collagens needs to be considered
as a possible mechanism of capillary damage as well. The observation that exudate collected from
tissue injected with a PI hemorrhagic SVMP contains higher amounts of degradation products of type
VI collagen than samples collected from mice injected with a non-hemorrhagic PI SVMP lends support
to this hypothesis [15].

Proteomic analyses also identified degradation products of types XII, XIV, and XV collagens in
exudates from tissues affected by B. asper venom and SVMPs [15,24,40,41]. Exosites in the Cys-rich
domain of SVMPs mediate their interaction with type XII and XIV collagens [89], thus targeting PIII
SVMPs to interact and hydrolyze these ECM proteins. These collagens are fibril-associated collagens
with interrupted triple helices (FACITs) and play a role in the supramolecular organization of fibrillar
collagens [90,91], as well as in the integration of BM with the ECM fibrillar components [92,93].
In skeletal muscle, these FACITs are important for connecting the muscle cell BM with the epimysium
and the perimysium [94,95]. The fact that no differences were observed in the amounts of degradation
products of types XII and XIV collagens in exudates from tissue injected with hemorrhagic and
non-hemorrhagic PI SVMPs [15] argues against a role of hydrolysis of these proteins in the mechanism
of hemorrhage. However, the possible involvement of such hydrolysis in the stability of muscle fibers,
and on the integration of muscle cells with muscle connective tissue at epimysium and perimysium, has
to be considered. Type XV collagen, on the other hand, is a proteoglycan often expressed in BM zones,
in regions adjacent to BM where several proteins anchor BM to the subjacent ECM, where it has been
proposed to act as a BM organizer [96-98]. Moreover, type XV collagen has a restricted and uniform
presence in many tissues, including vascular and muscle BM zones [96,99]. Genetic mutations of this
protein in mice have been associated with abnormal capillary morphology, extravasated erythrocytes,
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and cell degeneration in heart and skeletal muscle [61,100,101]. The relevance of this protein in the
organization of the microvasculature has been also demonstrated [101]. Interestingly, as in the case of
Type VI collagen, a hemorrhagic SVMP induces higher amounts of Type XV collagen in exudates than
a non-hemorrhagic SVMP [15].

The ability of SVMPs to hydrolyze FACITs and proteoglycans having a role in the assembly
of fibrillar collagens and in the integration of fibrillar collagens with BMs and other components
of the connective tissue has implications for the ability of snake venoms to digest skeletal muscle
tissue. The disruption of the connective tissue matrix resulting from the hydrolysis of these integrative
components would facilitate the diffusion of snake venom components through the tissues and into
the circulation [102]. This action could work in concert with the action of other venom hydrolases, such
as hyaluronidase, a well-known spreading factor present in many venoms [35]. This would, in turn,
favor the digestive role of SVMPs and venom serine proteinases, as a consequence of the disruption in
the organization of muscle tissue. Since viperid venoms are often injected intramuscularly, and since
muscle tissue comprises a significant mass of prey, the action of SVMPs on these ECM components is
likely to represent a significant contribution to the digestion of muscle mass. Likewise, the ‘softening’
and disorganization of interstitial connective tissue described above may promote the digestion of the
muscle mass of prey by proteinases of the gastric and pancreatic secretions of snakes after ingestion.

From the human pathology standpoint, such disruption of the components of connective tissue
may play a role in venom dispersion in the tissues, thus facilitating the systemic action of venom
toxins, and also may contribute to the extent of local tissue damage by making the connective tissue
more amenable to digestion by endogenous proteinases, such as matrix metalloproteinases (MMPs),
which are synthesized as part of the inflammatory response [103,104]. These effects on FACITs
and related integrative ECM components may also affect the process of skeletal muscle repair and
regeneration, an issue that deserves more investigation.

5. Action of SVMPs on Fibrillar Collagens: A Secondary Outcome of SVMP-Induced Local
Tissue Damage

Proteomic analysis of exudates collected from mice injected with venom of B. asper and with
hemorrhagic and non-hemorrhagic SVMPs has revealed the presence of degradation fragments of
fibrillar collagens, i.e., types I, II, III collagens [15,24,40,41,48]. Since SVMPs are not able to hydrolyze
fibrillar collagens lacking triple helical interruptions [105], the basis for this degradation is intriguing.
A number of observations strongly suggest that it is due to the action of endogenous proteinases,
especially MMPs, which are synthesized and secreted by resident and infiltrating cells in the course
of the inflammatory response that follows the acute tissue damage induced by the venom. When
comparing exudate proteomics from mice injected with a PI hemorrhagic SVMP to that from tissue
injected with a myotoxic PLA;, higher amounts of types I and III collagens were found with the latter.
Myotoxic PLAjys induce muscle necrosis of rapid onset by damaging the integrity of muscle fiber
plasma membrane [106] and induce inflammation characterized by pain, edema, synthesis of cytokines
and MMPs, and a prominent cellular infiltrate [103,107,108]. Thus, it is suggested that the hydrolysis of
fibrillar collagens is a consequence of the action of endogenous MMPs and perhaps other proteinases
derived from resident and inflammatory cells. Degradation products of fibrillar collagens were also
detected in exudates collected from SVMP-injected muscle [15,24,40,48]. Interestingly, no differences
were observed in the amounts of these fragments after injection of hemorrhagic and non-hemorrhagic
SVMPs [15], both of which induce an inflammatory response in the tissue.

Additional evidence in support of the concept that hydrolysis of fibrillar collagens is due to
endogenous proteinases synthesized during inflammation is that degradation products of types I and
IIT collagens in exudates from mice injected with B. asper venom reach their highest amounts in samples
collected 24 h after envenoming, whereas type IV collagen products are most abundant in samples
collected at 1 h [41]. This suggests that type IV and VI collagens, as well as other BM components and
FACITs are hydrolyzed by SVMPs during the early phase of envenoming, whereas fibrillar collagens
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are hydrolyzed by endogenous proteinases at later time intervals. In the biological context, such as
the case of natural envenomings in prey, this second stage in ECM degradation of interstitial fibrillar
collagen is likely to be accomplished by digestive proteinases from gastric and pancreatic secretions
of the snakes.

6. Hydrolysis of ECM Proteins Alters Cell-Matrix Interactions and Generates Fragments with
Diverse Physiological and Pathological Actions

In addition to the direct pathological consequences of degradation of ECM by SVMPs, another
important consequence of this hydrolysis is the alteration of the interaction between ECM and cells.
For instance, fibronectin interacts with cells through the integrin «5p1, and is involved with other
extracellular signals to regulate morphogenesis and cellular differentiation [109]. SVMPs hydrolyze
fibronectin in vitro [26,27,30] and fibronectin degradation products are detected in the proteomics
analysis of exudates of tissues injected with SVMPs [24,40]. Although plasma fibronectin is probably
present in exudates as a consequence of increments in vascular permeability, it is very likely that ECM
fibronectin is also hydrolyzed and contributes to fragments in exudates.

SVMP-induced ECM degradation may also release proteins or protein fragments that exert a
variety of physiological effects. For instance, hydrolysis of types XV and XVIII collagens results in
the generation of endostatin, an inhibitor of angiogenesis [110-112], and the cleavage of the a3 chain
of type IV collagen by MMPs releases the fragment tumstatin, which is a potent anti-angiogenic
molecule [113,114]. Another BM-derived fragment is endorepelin, the C-terminal fragment of perlecan,
which also exerts anti-angiogenic activity [115]. Since SVMPs release fragments of all of these proteins
in the exudates [15,24,40,41,48], it is suggested that some of them exert anti-angiogenic activity
and influence the tissue repair process. SVMPs may also release matrikines from ECM proteins
which regulate a number of cellular activities [116]. Our own studies indicate that snake venom
and SVMPs release a number of DAMPs in the affected tissues, which are likely to play diverse
roles in the processes of tissue damage and repair (unpublished results). Another interesting protein
that has been found elevated in exudates collected from mice injected with B. asper venom and
SVMPs is thrombospondin-1 [15,41,48], a counter-adhesive protein that influences endothelial cell
behavior by modulating cell-matrix and cell-cell interactions and by regulating growth factors [117].
This protein has been shown to play roles in hemostasis, inflammation, tissue regeneration, and
angiogenesis [118-121]. Therefore, the release of this protein into the exudate by SVMPs could modulate
the inflammatory process and the consequent tissue repair response.

BM and other ECM components act as storage sites for a variety of growth factors and other
physiologically-active components, such as insulin growth factor (IGF), vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), transforming growth factor-p (TGF-f3), hepatocyte
growth factor (HGF), and platelet-derived growth factor (PDGF) [122]. Proteolytic processing of ECM
components in inflammation releases growth factors thus influencing cell activation, differentiation,
and proliferation [123]. Regarding angiogenesis, the action of SVMPs might result in the release of
both pro-angiogenic, e.g., VEGEF, and anti-angiogenic, e.g., endostatin and endorepelin, components.
Hence, hydrolysis of ECM by SVMPs is likely to result in the release of diverse mediators, which
in turn may expand tissue alterations, dysregulate cell-matrix interaction, promote and inhibit cell
proliferation, and play reparative and regenerative roles in the complex tissue interactive landscape.
This is an aspect of SVMP-induced ECM alterations that needs to be explored in detail.

Hydrolysis of ECM components might also result in changes in the mechanical properties of
the matrix and on the interaction of ECM and cells. It is known that the stiffness of ECM varies
depending on many factors, and that changes in such stiffness bring consequences for cellular behavior
in many ways, including cell differentiation [124]. Likewise, the release of growth factors stored in the
matrix may occur not only by direct proteolysis, but also by mechanical forces generated in the ECM
as a consequence of hydrolysis by proteinases [125-127]. The biomechanical consequences of ECM
degradation by SVMPs constitute an area of research that needs to be developed, since phenomena
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associated with changes in cellular behavior secondary to mechanical alterations in the matrix may
have consequences in the processes of tissue inflammation, repair, and regeneration.

7. Concluding Remarks

The proteomic analysis of exudates collected from mice injected with snake venoms and isolated
toxins has opened an avenue to study hitherto unknown aspects of the action of venom enzymes on
the ECM, an issue that has been largely elusive in toxinological research. This methodological platform,
when combined with histological, ultrastructural, immunohistochemical, and immunological methods,
has provided new and valuable information on the pathogenesis of tissue damage induced by viperid
snake venoms.

The studies reviewed in this communication uncovered a pathophysiological scenario
characterized by various levels of ECM degradation by SVMPs. BM components are rapidly
hydrolyzed upon venom and SVMP injection in the tissues. Of special significance for the pathogenesis
of microvascular damage leading to hemorrhage is the hydrolysis of structurally-relevant BM
components, especially type IV collagen and, possibly, HSPG. In addition to microvessels, hydrolysis
of specific BM components detected in exudate could also affect the stability of skeletal muscle fibers
as well as the muscle regenerative process. It can also be postulated that BM damage affects the spatial
organization of cells in the tissue owing to the role of this ECM structure in the compartmentalization
of cells, in addition to favoring the spread of venom components in the tissue and to the circulation.
Figure 5 summarizes the main effects of SVMPs on the ECM.

Concomitantly, SVMPs also hydrolyze ECM proteins that play a role in the integration of BM with
the surrounding matrix, and also in the assembly of fibrillar collagens in the matrix, such as types VI,
XII, XV, and XIV collagens. The hydrolysis of these FACITs and related proteins may contribute to the
collapse of BM, but also may result in the disorganization of the interstitial fibrillar matrix, favoring
tissue disorganization, venom spreading, and digestion. On the other hand, the observed hydrolysis
of fibrillar collagens I and III is likely to be a consequence of the action of endogenous proteinases,
especially MMPs, and not to the direct action of SVMPs. Hence, as part of the inflammatory process
that ensues as a consequence of venom induced acute tissue damage, MMPs and other endogenous
proteinases, derived from resident tissue cells or invading leukocytes, hydrolyze fibrillar collagens,
resulting in widespread ECM degradation, which further complicates venom-induced tissue damage.
Moreover, hydrolysis of ECM provides protein fragments of diverse physiological actions that are
likely to participate in tissue alterations, as well as in inflammation, repair, and regeneration. Likewise,
biomechanical changes in the tissue occurring as a result of changes in the stiffness of ECM after SVMP
action may affect the behavior of cells.

Understanding the mechanisms involved in ECM degradation in snakebite envenoming may
pave the way for the search of novel therapeutic agents, aimed at the inhibition of SVMPs and at the
modulation of the inflammatory response. A rapid administration of SVMP inhibitors in the field,
in combination with the use of anti-inflammatory agents and the antivenom, may contribute to
ameliorate the extent of local tissue damage and hence the magnitude of the sequelae in people
envenomed by viperid snakebites. In addition, a deeper understanding of venom-induced ECM
damage may provide information for designing interventions aimed at reducing snakebite envenoming
morbidity by improving the processes of tissue repair and regeneration.
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Figure 5. Summary of the effects induced by SVMPs on the ECM components. SVMPs hydrolyze
components of the BM (type IV collagen, laminin, nidogen, heparan sulfate proteoglycan core protein
(HSPG)) in capillary blood vessels, skeletal muscle fibers and dermal-epidermal junctions. As a
consequence, hemorrhage and blistering occurs, and it is hypothesized that acute skeletal muscle
damage also ensues. On the other hand, hydrolysis of FACITs, type VI collagen and other components
results in alterations in the interactions between BM and the surrounding stromal components.
In addition, hydrolysis of ECM proteins results in exposition of cryptic sites, release of growth factors
stored in the matrix, and generation of a variety of protein fragments with potent biological activities,
which are involved in pathological, reparative, and regenerative events.
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Abstract: The historical development of discoveries and conceptual frames for understanding the
hemorrhagic activity induced by viperid snake venoms and by hemorrhagic metalloproteinases
(SVMPs) present in these venoms is reviewed. Histological and ultrastructural tools allowed
the identification of the capillary network as the main site of action of SVMPs. After years of
debate, biochemical developments demonstrated that all hemorrhagic toxins in viperid venoms are
zinc-dependent metalloproteinases. Hemorrhagic SVMPs act by initially hydrolyzing key substrates
at the basement membrane (BM) of capillaries. This degradation results in the weakening of the
mechanical stability of the capillary wall, which becomes distended owing of the action of the
hemodynamic biophysical forces operating in the circulation. As a consequence, the capillary wall is
disrupted and extravasation occurs. SVMPs do not induce rapid toxicity to endothelial cells, and
the pathological effects described in these cells in vivo result from the mechanical action of these
hemodynamic forces. Experimental evidence suggests that degradation of type IV collagen, and
perhaps also perlecan, is the key event in the onset of microvessel damage. It is necessary to study this
phenomenon from a holistic, systemic perspective in which the action of other venom components is
also taken into consideration.

Keywords: snake venom; viperids; metalloproteinases; hemorrhage; capillary vessels; basement
membrane; type IV collagen

1. Introduction

Snakebite envenoming constitutes a highly relevant, albeit largely neglected, public health
problem on a global basis, affecting primarily impoverished populations in the rural settings of
Africa, Asia, Latin America and parts of Oceania [1-3]. Although accurate statistics on incidence
and mortality due to snakebite envenoming are scarce, it has been estimated that between 1.2 and
5.5 million people suffer snakebite envenomings every year, with 25,000 to 125,000 deaths, and an
estimated number of 400,000 victims left with permanent sequelae [4,5].

The clinical manifestations of envenomings vary depending on the species of snake causing the
bite, and there is a large spectrum of pathophysiological effects induced by snake venoms, owing to
the diverse arsenal described in their composition [6]. In addition, other factors play a key role in the
severity of envenomings, such as the volume of venom injected, the anatomical site of the bite, and the
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physiological characteristics of the affected person [2]. Envenomings by snakes of the family Viperidae,
and by some species of the family “Colubridae” (sensu lato), are characterized by prominent local and
systemic hemorrhage. Blood vessel damage leading to extravasation, in turn, contributes to local tissue
damage and poor muscle regeneration, and to massive systemic blood loss leading to hemodynamic
disturbances and cardiovascular shock [2,7].

The study of the mechanism by which snake venoms induce hemorrhage and the characterization
of hemorrhagic toxins and their mechanism of action has been a fascinating area of research within the
field of Toxinology. The present contribution summarizes the journey of discovery and understanding
that has led to our current view of snake venom-induced hemorrhage, and highlights some of the
seminal discoveries and hypotheses generated during more than a century of scientific efforts.

2. Describing the Occurrence of Hemorrhage in Clinical and Experimental Viperid
Snakebite Envenomings

Hemorrhage was recognized as a frequent and relevant manifestation early on in the description
of the main clinical features of viperid snakebite envenomings, and bleeding in various organs was
identified as one of the most serious consequences of these envenomings (see for example [8-10]).
At the experimental level, ].B. de Lacerda, in 1884 [11], working in Brazil, described the effects induced
by Bothrops sp. venoms in experimental animals. In his recount on local pathological effects, he
reported that “Le tissu cellulaire sous-cutané, est tout infiltré et présente de place en place des taches noiratres,
des points violacés et épars, des nuances livides diffuses et de nombreuses extravasions sanguines . .. Le tissu
cellulaire, qui cuvre les muscles, est également infiltré, il offre un aspect gélatineux et est plus ou moins imbibé du
sang noir, en partie coagulé”. Two years later, Mitchel and Reichert, in the USA, described hemorrhagic
events in animals treated with viperid snake venoms [12]. When reporting an experiment performed
in a rabbit, the authors stated that “On the peritoneum were placed a few small particles of the dried venom of
Crotalus adamanteus. In two or three minutes some extravasations appeared immediately about the point of
the application of the venom; a few moments later these extravasations were diffused over a considerable area and
had run into each other to such an extent as to form a patch of bleeding surface”.

Other scientists investigated the hemorrhagic activity of viperid snake venoms in the first half of
the 20th century by describing macroscopic observations in affected tissues, and by introducing the
histological analysis of hemorrhagic lesions in organs. Likewise, researchers demonstrated the action
of viperid venoms on the coagulation system and on platelets, and speculated on the contribution of
these effects in the pathogenesis of venom-induced hemorrhage (reviewed in [13]). Thus hemorrhagic
activity of snake venoms was a topic of interest for early clinical and experimental toxinologists
owing to the relevance of hemorrhagic manifestations in the overall pathophysiology of viperid
snakebite envenoming.

3. Devising Methods to Quantify Venom-Induced Hemorrhage

The experimental study of venom-induced hemorrhage and the identification of hemorrhagic
components in snake venoms demanded the development of simple methods to quantify the extent
of hemorrhagic lesions. One of the most significant advances towards this goal was achieved by the
group of Akira Ohsaka in Japan [14]. A method was developed, consisting in the intracutaneous
injection of various amounts of venom of Trimeresurus (now Protobothrops) flavoviridis into the depilated
back skin of rabbits, followed by the measurement, 24 h later, of the size of the hemorrhagic spots in
the inner side of the skin. The log dose-response curves showed that linear responses were obtained
within a range of diameters from 10 mm to 18 mm. This skin method was then adapted for use in
rats [15] and mice [16-18], with variations in the time lapse between venom injection and observation
of hemorrhagic lesions. The hemorrhagic activity of a venom or toxin is expressed as the Minimum
Hemorrhagic Dose (MHD), usually defined as the dose of venom or toxin that induces a hemorrhagic
spot of 10 mm diameter [15,18]. This method has the limitation that it does not take into consideration
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the intensity of the hemorrhagic area, only its size. This has been circumvented by the quantification
of the hemoglobin present in the hemorrhagic area of the skin [19].

Other methods for quantification of venom-induced hemorrhagic activity have been
described [20], but modifications of the skin-based method of Kondo ef al. [14] have been predominantly
used in toxinological research owing to its simplicity and quantitative nature. It has been particularly
useful in the assessment of hemorrhagic activity during fractionation of snake venoms for the
purification of hemorrhagic components. On the other hand, methods have been established for
the quantification of hemorrhagic activity by snake venoms in organs. The simplest one is based on
the intramuscular or intravenous injection of venoms in mice followed by the euthanasia of animals
and the sampling of affected organs. Tissues are then homogenized and the amount of hemoglobin
in the tissue is quantified spectrophotometrically, by recording the absorbance at 540 nm [18,21].
For the quantification of hemorrhagic activity of venoms in the lungs, in addition to the method of
Bonta et al. [20], the estimation of the Minimum Pulmonary Hemorrhagic Dose (MPHD) has been used.
For this, groups of mice are injected intravenously with various doses of venom or toxin. After one
hour, animals are euthanized and the thoracic cavity opened for observation of hemorrhagic spots in
the surface of the lungs. The MPHD corresponds to the lowest venom dose which induces hemorrhagic
lesions in the lungs in all mice injected [22].

4. Characterizing the Biochemical Properties of Hemorrhagic Toxins Present in Snake Venoms

Flexner and Noguchi [23] used the term “haemorrhagin” to denote the principle in snake venom
responsible for hemorrhagic activity, and described it as “the chief toxic constituent in Crotalus venom”.
By the middle of the 20th century, the hemorrhagic activity of viperid venoms was attributed by
several researchers to the proteolytic activity of venoms [24], although the evidence for this hypothesis
was mainly the fact that venoms with hemorrhagic activity also had high proteolytic action (see [13]).
In addition, the inhibition of hemorrhagic activity by incubation with the chelating agent EDTA
underscored the role of proteolytic activity in this effect [25]. However, it was not until modern
chromatographic procedures were introduced in the study of snake venoms that this issue was
properly addressed.

The early attempts to purify hemorrhagic toxins from snake venoms, by using electrophoretic and
chromatographic methods, resulted in the isolation of proteinases devoid of hemorrhagic activity and
of hemorrhagic toxins either having or lacking proteinase activity [26-28]. Thus, it was not completely
clear at that time whether all viperid hemorrhagic toxins were proteinases or not. A source of confusion
in these studies was the selection of the substrates for testing proteinase activity, as many of them
followed the method of Kunitz [29], which uses casein as substrate, and assesses proteolytic activity by
detecting acid-soluble peptides after precipitation of the enzyme-substrate mixture with trichloroacetic
acid. Owing to the substrate specificity of snake venom hemorrhagic principles, this method is unable
to detect proteolytic activity in some cases [30].

The advent of modern chromatographic procedures, especially after the decade of 1960, paved the
way for the isolation of hemorrhagic components of good purity from a variety of viperid snake venoms.
Among others, significant contributions in the purification of these components were performed by A.
Ohsaka and colleagues in Japan [13], Grotto ef al. in Israel [27], and ER. Mandelbaum and coworkers
in Brazil [31]. In 1978, Jon B. Bjarnason and Anthony T. Tu published a landmark study on the
characterization of five hemorrhagic toxins from the venom of the rattlesnake Crotalus atrox [17]. Instead
of employing the Kunitz’s casein method for assaying proteolytic activity, they used dimethylcasein
as substrate, which has a higher sensitivity. They demonstrated that these hemorrhagic toxins were
metalloproteinases containing one mol of zinc per mol of toxin. Chelating agents eliminated both
proteinase and hemorrhagic activities and, when zinc was removed, the toxins lost both actions to
a similar degree. As there was not a correlation between the extent of hemorrhagic and proteinase
activities, the authors suggested that these toxins have a highly selective substrate specificity for
inducing hemorrhage. This study clarified a number of apparent contradictions in the characterization
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of snake venom hemorrhagic components, and paved the way for a new age in the biochemical
characterization of hemorrhagic toxins.

Thereafter, many hemorrhagic proteinases, currently known as “snake venom metalloproteinases”
(SVMPs), have been purified and characterized from snake venoms (see reviews [32,33]). All
hemorrhagic SVMPs are zinc-dependent proteolytic enzymes that, together with the ADAMS
(“a disintegrin and metalloproteinase”) belong to the M12B family of metalloproteinases which, in
turn, are grouped within the Metzincin clan, characterized by a canonical sequence in the zinc-binding
region at the catalytic site and by a Met-turn [34]. SVMPs have been classified in three classes (PI, PII,
and PIII) on the basis of their domain composition. In the mature protein, PI SVMPs comprise the
metalloproteinase domain only, whereas PII SVMPs present a disintegrin (Dis) domain in addition
to the catalytic domain. On the other hand, PIII SVMPs present metalloproteinase, disintegrin-like
(Dis-like), and cysteine-rich (Cys-rich) domains. In turn, several subclasses have been described
within each class, depending on whether they are monomers or homo- or heterodimers, and also
on the variable patterns of post-translational cleavage of several domains [35]. The variations in
domain composition between different classes of SVMPs have implications in the mechanism of
action of hemorrhagic toxins (see Section 9 of this review). The detailed analysis of the biochemical
characterization of SVMPs, as well their molecular evolution after the recruitment of an ADAM-like
gene early on in the course of advanced snakes diversification are beyond the scope of this review;
readers are referred to excellent publications on these topics [33,35,36].

’

5. Exploring the Pathological Effects Induced by Venoms and SVMPs on the Microvasculature

One of the first histological analyses of snake venom-induced hemorrhage was published by
Taube and Essex [37]. It was observed that rattlesnake venom affected the integrity of endothelial
cells in vessels, inducing them to swell, and then burst and dissolve, leaving gaps in the vessel walls.
Moreover, the authors described loss in blood coagulability. Further histological studies described
hemorrhage, i.e., presence of erythrocytes in the interstitial space of various tissues, as a consequence
of injection of viperid venoms [38]. These authors also described pathological changes in the arterial
walls. However, the characterization of the precise morphological alterations induced by venoms in
the structure of microvessels had to wait for ultrastructural studies using the transmission electron
microscope (TEM). Early TEM observations in tissues injected with a purified hemorrhagic toxin
and the venom of T. flavoviridis revealed erythrocytes escaping through the intercellular junctions at
the endothelial cell lining [39]. It was proposed that the basement membrane (BM) adjacent to the
intercellular junctions has to be disrupted to allow the extravasation [13]. Moreover, by observing the
mesentery of rats using cinematographic techniques at the microscope, Ohsaka ef al. [40] described
an initial vasoconstriction of arterioles, followed by vasodilation and then by the extravasation of
erythrocytes one by one through holes formed in the capillaries, but without an overt rupture of the
endothelium. Taken together, these findings suggested that hemorrhage occurs by extravasation of
erythrocytes through openings in the intercellular endothelial cell junctions. As to the mechanisms of
this opening, it was suggested that inflammatory mediators released by hemorrhagic toxins, such as
histamine, serotonin and others, are responsible for this phenomenon [13].

A different picture emerged with a detailed characterization of ultrastructural alterations
in capillary vessels after a subcutaneous injection of a hemorrhagic toxin from the venom of
Vipera palestinae (currently Daboia palestinae) [41]. Ultrastructural lesions were described in capillary
endothelial cells, and erythrocytes escaped through damaged endothelial cells and not through
widened intercellular junctions. Similar and more detailed ultrastructural observations were carried
out in muscle tissue injected with hemorrhagic SVMPs and crude venom of Crotalus atrox [42,43]. When
examining the morphology of affected capillaries, endothelial cells showed dilatation of endoplasmic
reticulum, formation of blebs, intracellular swelling, drop in the number of pinocytotic vesicles and,
most importantly, disruption and formation of gaps within the cells through which erythrocytes
escaped. The basal lamina was damaged in some portions and, interestingly, intercellular junctions
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between endothelial cells were not affected. Ownby et al. [42,43] named this mechanism “hemorrhage
per rhexis”, in contrast with the mechanism proposed by Ohsaka and colleagues, which was named
“hemorrhage per diapedesis”.

Afterwards, a number of groups investigated the morphological alterations in the
microvasculature associated with the action of hemorrhagic SVMPs [22,44—-47]. All of them described
the extravasation of erythrocytes through lesions in capillary endothelial cells, and not through
widened intercellular junctions, thus supporting the mechanism of hemorrhage per rhexis. (Figure 1).
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Figure 1. Pathological effects induced by a hemorrhagic snake venom metalloproteinase (SVMP) in
capillary vessels. (A) Electron micrograph of a capillary vessel from muscle tissue injected with saline
solution. Normal ultrastructure is observed in endothelial cell, including the presence of pynocytotic
vesicles, and basement membrane (arrow). (B) Micrograph of a section of tissue injected with the
hemorrhagic SVMP BaP1, from the venom of Bothrops asper. Notice prominent damage of endothelial
cell, with loss of pynocytotic vesicles, distention and thinning of the cell, and rupture of cell integrity at
one point (arrowhead). The basement membrane is absent along most of the periphery of the capillary
(arrow). An erythrocyte (E) and a neutrophil (N) are observed inside the vessel. Magnification:
17,000% (A); and 10,000x (B). Reproduced by [47], Copyright 2006, Elsevier.

In contrast, Gongalves and Mariano [48] described hemorrhage per diapedesis in the rat
subcutaneous tissue injected with the venom of Bothrops jararaca. An explanation for this apparent
discrepancy was proposed by Gutiérrez ef al. [49]. It was suggested that the predominant mechanism
of extravasation depends on the type of microvessel being observed. In electron micrographs of
capillary vessels, endothelial cell disruption occurs and per rhexis mechanism predominates. In
contrast, in the studies of Ohsaka [13] and Gongalves and Mariano [48], the affected microvessels
shown in the micrographs in which erythrocytes escape through widened intercellular junctions are
venules. Venules react to several inflammatory mediators by contraction and widening of intercellular
junctions, leading to an increment in vascular permeability [50]. It has been described that erythrocyte
extravasation may take place by the intercellular route in cases of intense inflammation [51], as occurs
in snakebite envenoming. Thus, both mechanisms of extravasation, i.e., per rhexis and per diapedesis, are
likely to be involved in tissues as a consequence of the action of hemorrhagic SVMPs. In the case of
skeletal muscle, ultrastructural observations strongly indicate that per rhexis mechanism predominates,
and that the main locus of action of SVMPs is the capillary network, and not the venular part of
the microvasculature.

Intravital microscopy has been a useful tool to investigate the actions of venom and toxins in
tissues from a dynamic perspective. When the venom of Bothrops asper or isolated SVMPs from this
venom have been applied to the mouse cremaster muscle, microhemorrhagic lesions were observed in
capillary vessels few minutes after application [52,53]. These microbleedings occurred in an explosive
fashion and resulted in burst-shaped microhematomas. As time passed, more microhematomas
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appeared in the capillary network. These observations tend to support the per rhexis mechanism of
hemorrhage, since such microvascular hemorrhagic bursts are more compatible with a rupture in the
integrity of the capillary wall than with a discrete extravasation of erythrocytes through widened
intercellular junctions.

6. Are Endothelial Cells Directly Damaged by Hemorrhagic SVMPs? A Two-Step Hypothesis and
the Role of Biophysical Factors Operating in Vivo

The described ultrastructural observations of microvessels affected by SVMPs, occurring within
few minutes of injection, highlight a prominent early damage to endothelial cells in vivo. An obvious
corollary of these observations is that hemorrhagic SVMPs are directly cytotoxic to endothelial cells.
However, when SVMPs are incubated with endothelial cells in culture, no cytotoxicity is observed
during the first hours of incubation, in contrast to the very rapid damage observed in these cells
in vivo, which occurs within minutes [53-56]. The most evident consequence of the action of SVMPs
on endothelial cells in culture is a detachment of these cells, as a consequence of cleavage of proteins
in the substrate of culture wells [53-55]. Interestingly, detached cells remain viable several hours until,
eventually, they undergo cell death by apoptosis. A number of SVMPs have been described to induce
apoptosis in endothelial cells in culture [57-60]. It was proposed that apoptosis occurs by anoikis, i.e.,
as a consequence of the detachment of cells from their substrate [59,60], although the observation of
SVMP-induced cytotoxicity in non-adherent cells in suspension argues for other mechanisms of cell
death in addition to anoikis [61]. The cellular mechanisms involved in SVMP-induced endothelial cell
apoptosis have been explored in detail by several groups (see for example [58-62]).

The use of endothelial cell monolayers in culture as a model to investigate the action of SVMPs
has the drawback that, phenotypically, these cells bear differences with microvascular endothelial cells
in vivo. Baldo et al. [63] approached this limitation by using two-dimensional and three-dimensional
cultures of endothelial cells in an extracellular matrix scaffold, this model being closer to the in vivo
conditions of vascular endothelial cells. It was observed that collagen and Matrigel substrates enhanced
endothelial cell damage induced by a hemorrhagic SVMP, allowing the binding of this enzyme to focal
adhesions, disruption of stress fibers, detachment and apoptosis. This study stressed the relevance of
developing in vitro models of endothelial cells which more closely resemble their phenotype in vivo.
Nevertheless, even in these conditions, cytotoxic effects on endothelial cells appear after several hours
and, therefore, do not reproduce the very early necrotic damage occurring in the microvasculature
in vivo after injection of hemorrhagic SVMPs.

A hypothesis was proposed by Gutiérrez et al. [49] to explain this apparent discrepancy, by
taking into consideration the possible role of the hemodynamic biophysical forces operating in the
circulation in vivo, i.e., wall tension and shear stress. According to Laplace’s law, wall tension is directly
proportional to transmural pressure, i.e., the difference between intravascular and extravascular
hydrostatic pressures, and to the radius of the vessel [64]. In turn, shear stress is directly proportional
to blood flow and viscosity, and inversely proportional to the vessel radius [65]. The distensibility
of the vascular wall plays a key role in wall tension. In the case of capillaries, such distensibility is
predominantly determined by the mechanical properties of their BM [66,67]. Thus, any effect in the
mechanical stability of the BM would have a direct impact in the distensibility of the capillary wall.
It was proposed by Gutiérrez et al. [49] that hemorrhagic SVMPs cause damage to the integrity of
capillary vessels by a two-step mechanism: Initially, these enzymes hydrolyze key substrates at the
BM surrounding endothelial cells in capillaries, causing a weakening in the mechanical stability of
BM and increasing the distensibility of the microvessel wall. As a second step, the hemodynamic
forces operating in the microcirculation, especially the hydrostatic force, induce a distention in the
wall, which eventually culminates in the disruption of its integrity and in extravasation (Figure 2).
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Figure 2. Two-step model to explain the mechanism of action of hemorrhagic SVMPs. The experimental
evidence collected suggests that capillary vessel damage induced by hemorrhagic SVMPs occurs by a
two-step mechanism. In the first step, SVMPs bind to and hydrolyze critical structural components of
the basement membrane of capillary vessels, particularly type IV collagen and perlecan, and possibly
other molecules that link the basement membrane to the fibrillar extracellular matrix. The cleavage of
key peptide bonds of basement membrane components results in the mechanical weakening of this
scaffold structure. As a consequence, in the second step, the biophysical hemodynamic forces normally
operating in the microcirculation, i.e., hydrostatic pressure, which largely determines wall tension, and
shear stress, induce a distention of the vessel wall, until the capillary is eventually disrupted, with the
consequent extravasation of blood. Reproduced by [68], Copyright 2011, Elsevier.

This hypothesis is compatible with ultrastructural alterations described above, i.e., an increase
in the capillary lumen associated with a thinning of endothelial cells and a drop in the number
of pinocytotic vesicles, together with overt disruptions in the integrity of endothelial cells through
which blood escapes to the interstitial space. One prediction arising from this hypothesis is that
capillary damage should not occur in conditions of absence of blood flow. This was corroborated at
the experimental level in muscle tissue of mice injected with a hemorrhagic SVMP in which blood flow
was totally interrupted; no endothelial cell damage was observed in these conditions [47]. Thus, the
rapid endothelial cell damage caused by hemorrhagic SVMPs in vivo is not due to a direct action of
these enzymes in the cells, but instead to an indirect effect as a consequence of the weakening of the
mechanical stability of the capillary wall owing to the effect of SVMP on the BM components. The
obvious questions are, then: How do hemorrhagic SVMPs affect the BM? Why are some SVMP able to
induce hemorrhage while others are not?
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7. Exploring the Hydrolysis of Basement Membrane Components by SVMPs

The biochemical characterization of hemorrhagic components in snake venoms demonstrated
that they are metalloproteinases. However, most of the early studies on purified SVMPs demonstrated
proteolytic activity on a variety of substrates that do not correspond to the physiological targets
of these enzymes [30,32]. Since microvessels are the target of hemorrhagic SVMPs, the study of
degradation of BM components became a relevant task in understanding SVMPs’” mechanism of
action. Ohsaka et al. [69] first demonstrated that hemorrhagic SVMPs hydrolyzed proteins of isolated
glomerular BM. In 1988, Bjarnason et al. [70] described the ability of SVMPs to hydrolyze proteins of
Matrigel, a BM preparation from Engelbreth-Holm-Swarm (EHS) mouse sarcoma, and on isolated BM
components. Since then, several studies have described the hydrolysis of BM components by a number
of SVMPs [53,71-77]. Notwithstanding, several puzzling findings arose from these observations:
(a) The time-course of SVMP-induced hydrolysis of BM components in vitro, as judged by SDS-PAGE,
usually take several hours, whereas hemorrhage in vivo appears within minutes; this could be explained
on the grounds that SDS-PAGE analysis may not reveal subtle, but significant, early cleavage of BM
components, which would be relevant for the weakening of BM stability. (b) Several SVMPs devoid or
having very low hemorrhagic activity have been shown to hydrolyze BM components in vitro [78-80].
This raises the possibility that a critical attack to the BM mechanical stability might be related to the
selective hydrolysis of some BM components.

The BM is a complex and highly specialized extracellular matrix structure which plays a
key scaffold role in capillary endothelial cells and in other cell types [81]. BM contains major
components such as laminin, type IV collagen, nidogen/entactin, and heparin sulphate proteoglycan
(perlecan), in addition to a number of minor components such as agrin, APARC/BM-40/ osteopontin,
fibulins and types XV and XVIII collagens [81-83]. In the context of this complexity, which are the
structurally relevant components whose cleavage by hemorrhagic SVMPs weakens the mechanical
stability of microvessels? When comparing the hydrolysis of Matrigel in vitro by PI hemorrhagic and
non-hemorrhagic SVMPs, a significant difference was found on the hydrolysis of type IV collagen
and perlecan, since the former cleaved these substrates, particularly type IV collagen, to a greater
extent [80]. On these grounds, deciphering the sites of cleavage of these molecules might shed light on
the molecular basis of BM destabilization. Jay W. Fox, Jon Bjarnason and colleagues have studied the
cleavage patterns of Crotalus atrox hemorrhagic SVMP on type IV collagen [32,72]. Cleavage occurs
at the ol (IV) and a2 (IV) chains. The al (IV) chains are cleaved at a triplet interruption region of
the triple helix, whereas the «2 (IV) chain is cleaved in the triple helical region near the NC2 domain.
Owing to the role of these sites in the association of type IV collagen monomers into tetramers, these
cleavages may have implications on the mechanical stability of the BM [32].

8. Exploring the Hydrolysis of BM Components by SVMPs in Vivo

The described in vitro observations of BM hydrolysis by SVMPs raised the need to explore
the degradation of BM components in vivo as a consequence of injection of SVMPs. This has been
approached by a combination of three methodologies, i.e., immunohistochemistry in tissue sections,
immunodetection by Western blot in tissue homogenates, and proteomics analysis of exudates collected
in the vicinity of affected tissue. These complementary approaches have provided novel clues for
understanding of the pathogenesis of SVMP-induced hemorrhage. Immunohistochemical staining of
BM components as early as 15 min after injection of hemorrhagic SVMPs revealed loss of staining in
microvessels of type IV collagen, laminin and nidogen [75,84], hence underscoring the rapid cleavage
of these proteins. Such degradation was corroborated when performing immunoblots for detection of
BM components on tissue homogenates and exudates [80,85]. Interestingly, when hemorrhagic and
non-hemorrhagic SVMPs were compared, a similar pattern of hydrolysis was observed for laminin
and nidogen, whereas the hemorrhagic enzyme induced a more extensive cleavage of perlecan and,
especially, type IV collagen [80] (Figure 3).
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Figure 3. Differential hydrolysis of basement membrane components in vivo by hemorrhagic and

non-hemorrhagic snake venom metalloproteinases (SVMPs). Non-hemorrhagic SVMP (leucurolysin
a-leuc) and hemorrhagic SVMP (BaP1) were injected in the muscle of mice. After 15 min, animals
were euthanized, and tissue was collected and homogenized. Supernatants of homogenates were

separated by SDS-PAGE, and transferred to nitrocellulose membranes for immunodetection with
either anti-laminin (A); anti-nidogen (B); anti-type IV collagen (C); and anti-endorepelin (perlecan)
(D) antibodies, and with anti-GAPDH as loading control. (C) Control muscle injected with saline
solution. A chemiluminiscent substrate was used to detect the reactions. Densitometric analysis was
then performed. The molecular mass of various markers (in kDa) is shown at the right of the gels.
A clear difference is observed between these SVMPs in the patterns of degradation of type IV collagen
and endorepelin (perlecan). Reproduced by [80], Copyright 2011, PLOS.
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Taken together, these findings strongly support the view that cleavage of type IV collagen, and
probably perlecan as well, play a key role in the weakening of the mechanical stability of the BM
of capillary vessels, and constitutes the first step in the pathogenesis of SVMP-induced microvessel
damage [68,80]. When immunoblotting experiments were performed with muscle homogenates
prepared from mice injected with a hemorrhagic SVMP in conditions where blood flow was interrupted,
similar degradation patterns of BM components were observed (our unpublished results), but the
integrity of capillary vessels was intact [47]. This supports the “two-step” hypothesis described above,
since in conditions of no blood flow, the first step occurs, i.e., enzymatic cleavage of BM components,
but the second one, i.e., distention and rupture of vessel integrity, does not, since the biophysical
hemodynamic forces dependent on blood flow are not operating in these circumstances.

A significant step forward in the study of venom-induced tissue damage was the introduction
of the proteomic analysis of exudate samples collected in the affected tissues [86], as well as of tissue
homogenates [87]. This experimental approach allowed the identification of cleavage products of
several extracellular matrix proteins, including BM components, as a consequence of the action of
SVMPs [80,85,86]. In addition, fragments of type VI and type XV collagens were detected [80,85,86].
Interestingly, the amount of BM-specific heparan sulfate proteoglycan core protein, type VI collagen
and type XV collagen were higher in exudates collected from tissue injected with a hemorrhagic SVMP
than in samples injected with a non-hemorrhagic enzyme [80], thus suggesting that cleavage of these
proteins may be related with the pathogenesis of hemorrhage. Type VI and XV collagens contribute
to the stabilization of capillary vessels by connecting the BM with the surrounding extracellular
matrix [88,89].

9. What Is the Basis for the Large Variation in the Hemorrhagic Potential of SVMPs?

When the hemorrhagic activity of isolated SVMPs is quantified, large differences are observed
between enzymes. Moreover, some SVMPs are able to induce systemic hemorrhage, whereas others
only cause local bleeding. The structural basis for these variations in hemorrhagic potential in enzymes
that, otherwise, have similar cleavage patterns on protein substrates, has been deciphered as the
structural features of SVMPs have become understood. In general, PIIl SVMPs, which comprise Dis-like
and Cys-rich domains in addition to the metalloproteinase domain, are more potent hemorrhagic
toxins than PI SVMPs having only the catalytic domain [33,49]. Moreover, some of the few P-II
SVMPs characterized to date are also potent hemorrhagic enzymes [90,91]. Thus, it is evident that the
additional domains potentiate hemorrhagic activity, probably by the presence of relevant exosites in
their sequences.

These exosites may contribute to hemorrhagic activity in various ways. They may promote
the binding of SVMPs to specific substrates in the tissues at relevant targets, such as the capillary
microvascular network. Indeed, immunohistochemical evidence has demonstrated that PII and PIII
SVMPs preferentially bind to the microvasculature when applied in mouse tissues, and present a
pattern of co-localization with type IV collagen in the vessel wall [84,85] (Figure 4). The same pattern
of co-localization was observed for a fragment constituted by the Dis-like and Cys-rich domains (DC
fragment) of a PIII SVMP, confirming that sequences in these domains are responsible for the targeting
to microvessels [84]. In contrast, PI SVMPs, devoid of these additional domains, show a widespread
localization in the extracellular matrix and are not concentrated in the vessels [84,85].
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Figure 4. Immunolocalization of snake venom metalloproteinases (SVMPs) with vascular basement

membrane on mouse cremaster muscle. Groups of mice were euthanized, and the cremaster muscle was
dissected out. The isolated muscles were incubated for 15 min with equi-hemorrhagic amounts of three
different SVMPs: BaP1 (PI SVMP, 30 pg), BlatH1 (PII SVMP, 3.5 ug) or CsH1 (PIII SVMP, 15 pg) labeled
with Alexa Fluor® 647 (blue). Control tissues were incubated with the SVMPs without labeling and no
fluorescence was detected. Whole tissues were fixed with 4% paraformaldehyde and immunostained
with anti-collagen IV following the secondary antibody labeled with Alexa Fluor 488 (green). Tissues
were visualized in a Zeiss LSM 5 Pascal laser-scanning confocal microscope. Three-dimensional
reconstitution of the images was carried out using IMARIS x64 7.4.2 software. (A) Distribution of
the SVMPs in the cremaster muscle tissue. Scale bar represents 150 um. (B) Localization of SVMPs in
capillary vessels in the cremaster. Scale bar represents 20 um. White areas represent co-localization of
the SVMPs (blue) with collagen IV (green) of vascular basement membrane in capillaries. Notice the
predominant localization of PII and PIII SVMPs in the vasculature, whereas PI SVMP localizes in a
more widespread fashion in the tissue. Reproduced by [85], Copyright 2015, PLOS.

Biochemical studies with jararhagin, a hemorrhagic PIII SVMPs from the venom of
Bothrops jararaca, showed that the Dis-like and Cys-rich domains mediate the binding to collagens
and «, 7 integrin, respectively [92,93]. Moreover, the Cys-rich domain of PIII SVMPs is responsible
for the binding to type I collagen and several proteins presenting von Willebrand factor (vWF) A
domains, such as VWF, various fibrillary-associated collagens with interrupted triple helices (FACITs)
and matrylins [94-96]. In light of the pathological and proteomic observations described above, the
binding to various fibrillar and non-fibrillar collagens are relevant, since hydrolysis of these substrates
is likely to be causally related to the onset of microvessel damage [68]. The fact that PIl SVMPs are
also potent hemorrhagic toxins, and at least one of them co-localizes with type IV collagen in the
vessels [85], demonstrates that exosites located in the Dis domain allow the targeting of these SVMPs
to the microvasculature. Thus, by directing PII and PIII SVMPs to the microvessels, these additional
domains are likely to position the catalytic sites of these enzymes nearby relevant substrates in the
BM. In contrast, PI SVMPs are not targeted to these loci in the tissue and therefore are less effective in
causing capillary damage.

It has been also described that the generalist plasma proteinase inhibitor «;-macroglobulin («;M)
effectively abrogates proteolytic and hemorrhagic activities of PI SVMPs, whereas it is ineffective
to inhibit these activities in PII and PIII SVMPs [91,97-100]. The structural basis for this difference
remains unknown, but it is likely that structural constraints in the Dis, Dis-like and Cys-rich domains
impair the inhibitory action of a;M. This finding is relevant in the light of the ability of PII and PIII
SVMPs to induce systemic hemorrhage, since they are not inhibited upon their entrance into the
circulation and their distribution to various organs. In contrast, PI SVMPs are readily inhibited by a,M
when they reach the bloodstream, thereby precluding their action at distant organs [49]. Moreover,
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PII and PIII SVMPs are able to inhibit platelet aggregation, owing to the action of sequences of their
Dis, Dis-like and Cys-rich domains [101], and also have the ability to degrade vVWF [96,102]. However,
these effects on hemostasis have been shown in vitro, and it remains to be investigated whether they
also have an impact in vivo.

10. SVMP-Induced Hemorrhage Viewed from a Holistic Perspective: Studying the Action of
SVMP in the Context of the Whole Venom

The field of Toxinology, as many other areas in biomedical research, is moving from a
predominantly “reductionist” approach to a more “holistic” and integrated perspective [103]. In
this context, the characterization of the structural and functional properties of hemorrhagic SVMPs
has provided a rich body of knowledge that has expanded our understanding on the mechanism of
action of these toxins in the tissues and on the structural determinants of their activity. Nevertheless, in
actual snakebites, it is whole venom that is injected in the victim’s tissues and, consequently, the action
of toxins has to be analyzed in the context of venoms. Probably the best example of this need, in the
case of hemorrhagic activity of SVMPs, is the potentiation of this activity by venom components that
affect hemostasis. Viperid venoms contain an array of proteins acting on plasma coagulation factors
and platelets [2,101,104,105]. Serine proteinases and SVMPs exert procoagulant effects by displaying
thrombin-like activity, or by activating factors II, X or V of the coagulation cascade [106]. I vivo, these
procoagulant effects result in defibrinogenation and incoagulability [2,105]. Although incoagulability
per se does not necessarily result in significant bleeding, coagulopathy potentiates bleeding in the
context of SVMP-induced vascular damage. In some cases, the action of procoagulant components in
snake venoms or the damage to the endothelial lining cause regional thrombosis [107,108], with the
consequent local or remote ischemic events, which contribute to the complexity of the pathophysiology
of cardiovascular alterations in snakebite envenomings.

Likewise, various venom components, such as proteins of the C-type lectin-like family, and also
serine proteinases, SVMPs, and disintegrins, exert effects that impair platelet function, either by causing
thrombocytopenia or inhibition of platelet aggregation [101,109-112]. The role of venom-induced
platelet disturbances in potentiating hemorrhagic activity has been demonstrated clinically [113] and
at the experimental level, whereby mice rendered thrombocytopenic by a C-type lectin-like venom
component developed stronger hemorrhage in the lungs after injection with a hemorrhagic SVMP [114].

Less evident instances of synergisms between SVMPs and other venom components have been
also described. The co-administration of hyaluronidase and a hemorrhagic SVMP increased the
hemorrhagic area as compared to the action of the SVMP alone, thus suggesting that hyaluronidase
plays the role of a spreading factor that extends the action of SVMPs [115,116]. In this context, it
is relevant to consider the possible involvement of non-hemorrhagic SVMPs since these enzymes,
despite lacking hemorrhagic activity, degrade various extracellular matrix components [79]; this effect
might contribute to the spreading and action of hemorrhagic SVMPs, a hypothesis that requires
experimental analysis. More recently, a puzzling phenomenon was described whereby a non-toxic
venom phospholipase A;, which does not affect endothelial cells, potentiates the cell-detaching
effect induced by a hemorrhagic SVMP on an endothelial cell line in culture [117]. Moreover, the
inflammatory landscape generated by various components upon venom injection in the tissues is likely
to promote vascular alterations that might potentiate the disruptive effect of hemorrhagic SVMPs in
the microvasculature. The role of inflammation in the pathogenesis of systemic hemorrhage in organs
such as the lungs or the brain remains to be explored.

11. Concluding Remarks

This summarized account of the journey followed by toxinologists for understanding the
mechanisms by which SVMPs induce hemorrhage has provided an overview of some of the landmarks
in the characterization of SVMPs and their action in the microvasculature. It is now clear that
hemorrhage occurs mostly through the SVMP-induced degradation of key structural proteins at
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the BM and its surroundings. The mechanical weakening generated by this enzymatic degradation
results in microvessel wall distention owing to the action of the hemodynamic forces operating in the
circulation, with the eventual disruption of the capillary wall and extravasation. The wide variation in
the hemorrhagic potential of SVMPs of different domain composition has been explained by the role of
Dis, Dis-like and Cys-rich domains in positioning these enzymes at physiologically-relevant sites for
exerting their hemorrhagic activity, i.e., at the microvasculature. There is a need to explore, at deeper
levels, which are the BM components critical for the disruption of microvessel integrity; in this regard,
the use of immunoelectron microscopic techniques should provide novel information on the precise
localization of SVMPs in the BM. Likewise, the proteomic analysis of samples of exudate and tissue
collected after injection of SVMPs is likely to offer further details of the fine pathological alterations
induced by these enzymes. The use of diverse, and complementary, methodological platforms has
been helpful in generating valuable information on the mechanism of action of SVMPs, and should be
strengthened and expanded in the future.

On the other hand, the action of hemorrhagic SVMPs in the organism has to be studied from a
more holistic perspective, by understanding it in the overall context of envenoming. In this regard, the
study of pathological alterations caused by SVMPs has to be complemented with the study of these
effects induced by crude venoms and by combinations of various venom components, as well as by
understanding the role of tissue responses to envenoming in the pathogenesis of hemorrhage and
other pathological effects. The complexity of these tasks demands the integration of multidisciplinary
research tools, including informatic resources. Toxinology is in need of renewed conceptual and
experimental platforms aimed at reaching a more profound understanding of the highly complex
pathophysiology of snakebite envenoming, including the pathogenesis of hemorrhage.
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Abstract: Snake venom metalloproteases, in addition to their contribution to the digestion of
the prey, affect various physiological functions by cleaving specific proteins. They exhibit their
activities through activation of zymogens of coagulation factors, and precursors of integrins or
receptors. Based on their structure—function relationships and mechanism of action, we have
defined classification and nomenclature of functional sites of proteases. These metalloproteases
are useful as research tools and in diagnosis and treatment of various thrombotic and hemostatic
conditions. They also contribute to our understanding of molecular details in the activation of
specific factors involved in coagulation, platelet aggregation and matrix biology. This review
provides a ready reference for metalloproteases that interfere in blood coagulation, fibrinolysis and
platelet aggregation.

Keywords: procoagulant; anticoagulant; factor X activator; prothrombin activator; platelet aggregation;
fibrinolytic; exosites in enzymes; allosteric sites

1. Introduction

Snake venoms are cocktails of pharmacologically active proteins and peptides. They are used
as offensive weapons in immobilizing, killing and digesting the preys [1,2]. Some of these toxins
exhibit various enzymatic activities, whereas others are nonenzymatic proteins. Most enzymes found
in snake venoms are hydrolases that breakdown biological molecules including proteins, nucleic acids
and phospholipids. In addition to their contribution to the digestion of the prey, a number of these
hydrolases exhibit specific pharmacological effects. Snake venoms, particularly crotalid and viperid
venoms, are rich sources of metalloproteases and serine proteases.

Snake venom metalloproteases (SVMPs) are Zn?*-dependent, endoproteolytic enzymes that
are classified into three different classes: P-I, P-II and P-III [3,4]. They are closely related to
ADAM (a disintegrin and metalloprotease) family proteins and are included in the M12B clan [5].
SVMPs selectively cleave a small number of key proteins in the blood coagulation cascade and in
platelet aggregation. Such limited proteolysis leads to either activation or inactivation of the protein
involved in these processes, thus resulting in interference in blood coagulation and platelet aggregation
(Figures 1 and 2). This review provides an overview on a number of metalloproteases that interfere in
blood coagulation, fibrinolysis and platelet aggregation.

Toxins 2016, 8, 284 117 www.mdpi.com/journal/toxins
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Figure 1. Snake venom metalloproteases affecting blood coagulation. Proteinases interfere by proteolysis
of specific factors (thick arrow heads). Green boxes, procoagulant SVMPs; red box, fibrinogenases
that cleave fibrinogen and fibrin; APC, activated protein C; FGDDP, fibrinogen degradation products;

FnDP, fibrin degradation products; PL, phospholipids; TF, tissue factor; TPA, tissue plasminogen
activator; UK, urokinase.
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Figure 2. Snake venom metalloproteases affecting platelet aggregation. Proteinases that induce or
inhibit platelet aggregation are shown in green or red boxes, respectively; Disintegrins that inhibit
platelet aggregation are shown in blue box; PAF, platelet activating factor; PAR, protease activated
receptor; PGD, prostaglandin D; PGI, prostaglandin I; TXA2, thromboxane A;.
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2. Procoagulant Proteases

Blood coagulation factors circulate as zymogens and they get activated through limited proteolytic
cleavage during the breach of the blood vessel in a sequential manner leading to formation of fibrin clot
that stops the blood leakage. All procoagulants from snake venoms characterized to date are proteases;
they activate a zymogen of specific coagulation factors in the coagulation cascade and hasten clot
formation. Unlike snake venom serine proteases, which activate various zymogens in the coagulation
cascade (for reviews, see [6,7]), SVMPs activate only two key coagulation factors, factor X (FX) and
prothrombin to exhibit their procoagulant effects.

2.1. Factor X Activators

Venoms from Viperidae, Crotalidae and Elapidae contain a variety of proteases capable of
activating factor X (for reviews, see [8,9]). They are either metalloproteases or serine proteases.
In general, metalloprotease FX activators are found in Viperidae and Crotalidae venoms [10-12],
while serine protease FX activators are found in Elapidae venoms [13-15]. All the metalloprotease
FX activators have two subunits held together by inter-subunit disulfide linkage; larger subunit is
a P-1II metalloprotease whereas the smaller subunit is a snaclec (snake C-type lectin-related proteins)
with two chains covalently linked by an inter-chain disulfide bond. FX activator from Russell’s viper
(Daboia russelli) venom (RVV-X) is the well-characterized protein (for details, see [8]). As with other P-III
enzymes, RVV-X possesses metalloprotease (M), disintegrin-like (D) and cysteine-rich (C) domains.
The smaller subunit is a typical C-type lectin-related dimer and contributes to FX selectivity by binding
to the y-carboxy glutamate residues containing Gla domain of FX. Similar to physiological activators,
intrinsic tenase (FIXa-FVIIIa) and extrinsic tenase (FVIla-tissue factor) complexes, RVV-X activates
FX by a proteolytic cleavage of Argl152-Ile153 bond resulting in the release of a 52-residue activation
peptide and the activated FXaot [16,17]. Bothrops atrox activators, however, produce two other cleavages:
one near the N-terminal end of the heavy chain of FX, generating FXy, and a second one located at one
extremity of the heavy chain of FXa«x, generating FXav [12].

Structural studies of RVV-X and other related P-III enzymes [18-23] help elucidate their
structure—function relationship. The three domains of P-IIl SVMPs are arranged into a C-shaped
configuration, with the N-terminal M domain interacting with C-terminal C domain (Figure 3A).
One of the exceptions is kaouthiagin-like protease from Naja atra, which adopts a more elongated
conformation due to the absence of a 17-residue segment and to a different disulfide bond pattern
in the D domain [22] (Figure 3B). Other than variations in the peripheral loops, the structures of
M domain among P-III [18-23], P-I [24-34] and P-II [35] enzymes are similar. M domains are folded as
a five-stranded [3-sheet interspersed with five a-helices into two subdomains flanking the catalytic cleft
in which a zinc ion is localized. The conserved Zn?*-binding HEXXHXXGXXHD motif is located at
the bottom of the catalytic cleft. The catalytic Zn?* ion is coordinated by the Ne atoms of three His side
chains within the consensus motif (underlined) in addition to a solvent water molecule, which in turn
is bound to the conserved Glu (italic). The identity of fourth ligand as water is ascertained by quantum
mechanical and molecular mechanical simulations [36]. The D domain has two sub-domains named the
“shoulder” (Ds) and the “arm” (D,) (Figure 3). The bound Ca?* ions and disulfide bonds in this domain
are essential for the rigidity of the C-shaped since it lacks other secondary structural elements [37].
The D, subdomain folds similar to disintegrin [38] with some variations in the RGD-containing
disintegrin (D)-loop and the C-terminal region. Although the D-loop of disintegrin is thought to be
involved in integrin-binding, it is not accessible for interaction in P-III enzymes as it packs against the
C domain. The C domain of P-III SVMPs can be divided into two subdomains, the “wrist” (Cy) at the
N-terminal, and the “hand” (C,) towards the C-terminal. The C,, subdomain extends from Dg and D,
subdomains to form the C-shaped arm structure while the Cy, subdomain forms a separated core of
made of a unique «/ 3 -fold structure (Figure 3). Within the C}, subdomain, a hyper-variable region
(HVR) can be identified and may function in specific protein—protein interactions [18].
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Figure 3. Structure of P-III snake venom metalloproteases. All proteins are shown as ribbon structures.
Zn2* and Ca”* ions are shown as red and light blue spheres, respectively. Subdomains and segments
are colored and named. (A) Catrocollastatin, an inhibitor of collagen-induced platelet aggregation
prothrombin activator and a P-IIl SVMP, showing M, D and C domains, which form a C-shaped
configuration (inset). (B) Kaouthiagin-like protease, in contrast exhibits straight configuration.
The presence of “hinges” between the domains help P-III SVMPs to “open” and exhibit straighter
configuration. (C) Ribbon structure of RVV-X, a P-Illd SVMP. Carinactivase and mutactivase,
prothrombin activators, also belong to this class. (D) Docking model (prepared by Soichi Takeda)
depicting the structural basis of FX activation.

P-IIId SVMPs is a subgroup that has additional subunits forming larger complexes. For example,
RVV-Xis a P-IlId complex [38] consisting of an MDC-containing heavy chain and two light chains
of snaclec (Figure 3C). It has a hook-spanner-wrench-like architecture, in which the MD domains
of the heavy chain resemble a hook, and the remainder of the molecule constitutes a handle [19].
A disulfide bridge between the Cys389 of heavy chain and Cys133 of light chain A links the two chains.
Multiple hydrophobic interactions and hydrogen bonds further stabilize the interface. Light chains A
and B are linked via a disulfide bond between Cys79 and Cys77 of the respective chains. The dimeric
interface formed by the two snaclecs light chains is a concave structure similar to the ligand-binding site
of factor IX/X binding protein [39]. This concave surface is likely to function as an exosite that binds
to the gamma-carboxyglutamic acid-rich (Gla) domain of FX in the presence of Ca®* [19]. A docking
model indicates that the C}, /light chain portion may act as a scaffold to accommodate the elongated
FX molecule. Ca?* is likely to induce conformational changes in the Gla domain of FX, which might be
necessary for the RVV-X recognition [17], consistent with the original proposal [8]. RVV-Xis an example
of venom complex that has evolved to target specific proteins in the blood coagulation cascade and to
cause immediate toxicity to the vertebrate prey by coagulating its blood.
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2.2. Prothrombin Activators

A large number of snake species contain prothrombin activators in their venoms (for an inventory,
see [40], and for reviews, see [41—46]). Based on their structural properties, functional characteristics
and cofactor requirements, they have been categorized into four groups [40,47,48]. Groups A
and B prothrombin activators are metalloproteases and they convert prothrombin to meizothrombin.
In contrast, groups C and D prothrombin activators are serine proteases and they convert prothrombin
to mature thrombin. Here I will discuss some of the salient features of only groups A and B
prothrombin activators. For more details, readers are advised to read recent reviews on prothrombin
activators [44-46].

2.2.1. Group A Prothrombin Activators

These metalloproteases efficiently activate prothrombin without the requirement of any cofactors,
such as Ca®* ions, phospholipids or FVa [40,41]. They are found in several viper venoms and
resistant to the natural endogenous coagulation inhibitors, such as serpins and antithrombin III [47].
They probably play the role of toxins in the venom. The best characterized Group A activator is
ecarin, isolated from the venom of the saw-scale viper Echis carinatus [49]. The mature protein is
a metalloprotease with 426 amino acids and shares 64% identity with the heavy chain of RVV-X [50].
Ecarin is also a P-III enzyme with MDC domains. In the disintegrin-like domain, the RGD tripeptide
sequence is replaced by RDD sequence. Consequently, ecarin has no inhibitory effect on platelet
aggregation. Ecarin is a highly efficient enzyme with a low Km for prothrombin and a high kcat.
It cleaves the Argsyo—Ilesr; bond in prothrombin and produces meizothrombin. Meizothrombin is
ultimately converted to a-thrombin by autolysis. Ecarin can also activate descarboxyprothrombin that
accumulates in plasma during warfarin therapy. Other prothrombin activators in this class [40,41],
for example, those isolated from the Bothrops species [51], also have similar properties. In contrast,
serine proteases that activate prothrombin (groups C and D) cleave at both Argy7—Thry7, and
Argzyo-Ilezp; bonds of prothrombin [52-55], converting it to mature thrombin. Structural details
of other Group A prothrombin activators are not available.

2.2.2. Group B Prothrombin Activators

In 1996, Yamada et al. [47] isolated and characterized carinactivase-1, another prothrombin
activator from E. carinatus venom. In contrast to ecarin and other Group A prothrombin activators,
this proteinase activity was Ca?*-dependent. Similar to RVV-X, carinactivase-1 consists of two subunits
held covalently through a disulfide bond: a 62 kDa P-III metalloprotease and a 25 kDa snaclec
dimer linked by disulfide bridge. The snaclec subunit is homologous to the factor IX/X-binding
protein from Trimeresurus flavoviridis venom [8,56]. Carinactivase-1 required millimolar concentrations
of Ca?* for its activity and had virtually no activity in the absence of Ca®* ions. The light chains
contribute to the specificity as well as Ca?* dependency of Carinactivase-1. Therefore, unlike ecarin,
Carinactivase-1 does not activate prothrombin derivatives, prethrombin-1 and descarboxyprothrombin,
in which Ca?*-binding has been perturbed. Based on this property, Yamada and Morita [57]
developed a chromogenic assay for normal prothrombin in the plasma of warfarin-treated individuals.
Functionally, the metalloprotease subunit by itself is similar to ecarin: it no longer requires Ca’* for
activity. Reconstitution of the snaclec subunit restores Ca®* dependence. Prothrombin activation
by carinactivase-1 is inhibited by prothrombin fragment 1, and the isolated snaclec subunit is
capable of binding to fragment 1 in the presence of Ca?* ions. Hence this protein recognizes the
Ca?*-bound conformation of the Gla domain in prothrombin via the 25 kDa regulatory subunit, and the
subsequent conversion of prothrombin is catalyzed by the 62-kDa catalytic subunit. Subsequently,
another prothrombin activator multactivase in Echis multisquamatus venom, which had very similar
properties to carinactivase-1 was characterized [58]. Similar to Group A prothrombin activators,
these enzymes also produce meizothrombin.
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3. Fibrinolytic Enzymes

Fibrinogen is cleaved by both venom serine proteases and metalloproteases. Interestingly,
serine proteases cleave the N-terminal end of the Ax or B} chains of fibrinogen releasing fibrinopeptide A
or B, respectively, unlike thrombin, which releases both peptides [59,60]. These thrombin-like enzymes
(TLEs) were isolated and characterized from venoms of pit vipers (Agkistrodon, Bothrops, Lachesis
and Trimeresurus), true vipers (Bitis and Cerastes) and colubrids, Dispholidus typus (for an inventory
and reviews, see [60-62]). Although classical serine protease inhibitors inhibit TLEs, most are not
inhibited by thrombin inhibitors like antithrombin III and hirudin [59,60,63]. TLEs usually form
friable and translucent clots presumably due to lack of crosslinking of fibrin by FXIIIa. In contrast,
SVMPs selectively cleave the Ac chain of fibrinogen but not cleave Bf3 and y chains and thus classified
as «-fibrinogenases [64-70]. They cleave at the C-terminal end of the A« chain produce truncated
fibrinogen, which is unable to form a stable fibrin clot, and thus inhibit blood coagulation. These SVMPs
belong to all three classes, P-I, P-II and P-III. Unlike TLEs, these SVMPs also exhibit fibrinolytic activity.
Thus, they may have clinical applications in the treatment of occlusive thrombi [71,72].

4. Platelet Aggregation Antagonists

Some «-fibrinogenases, described above, inhibit platelet aggregation [73,74]. Because of their
ability to degrade fibrinogen, the antiplatelet effects of fibrinolytic enzymes were suggested to be
caused by the formation of inhibitory fibrinogen degradation products [73,75,76]. Subsequent studies,
however, showed that the degradation products of fibrinogen produced by either the x-fibrinogenase
from A. rhodostoma venom or by plasmin do not show antiplatelet effects comparable to the
protease [74,77]. Thus, the a-fibrinogenase was proposed to inhibit aggregation by elimination of
the intact form of the adhesive molecule fibrinogen [74]. Interestingly, only a small number of
but not all fibrinogenases inhibit platelet aggregation. Thus, the role of fibrinogen degradation
in the inhibition of platelet aggregation by a-fibrinogenases was questionable. Our studies using
Fl1-proteinase, an «-fibrinogenase from Naja nigricollis venom, showed that the degradation products
of fibrinogen formed by this protease failed to inhibit platelet aggregation [78]. This SVMP inhibits
platelet aggregation in washed platelets and in platelets that were reconstituted with defibrinogenated
plasma. Thus, the inhibition of platelet aggregation by proteinase F1 is independent of its action on
fibrinogen [78]. We speculated that the inhibition could be due to either binding to or hydrolysis of
a plasma factor, or to accumulation of inhibitory peptides formed during the hydrolysis of a plasma
factor other than fibrinogen.

In 1992, Huang et al. purified a P-I SVMP from Agkistrodon rhodostoma (=Calloselsma rhodostoma)
venom that inhibited platelet aggregation [79]. It inhibited aggregation induced by low concentrations
of thrombin (<0.2 U/mL) with only slight effect on aggregation induced by high concentrations of
thrombin (>0.5 U/mL) [80]. This enzyme, named Kistomin, significantly inhibited cytosolic Ca?* rise,
completely blocked formation of thromboxane B2 and inositol phosphates in platelets stimulated by
0.1 U/mL of thrombin. In contrast, it inhibited significantly thromboxane but not inositol phosphates
formation of platelets stimulated by a high concentration of thrombin (1 U/mL). They showed
that incubation of platelets with kistomin resulted in a selective cleavage of platelet membrane
glycoprotein Ib (GPIb) [80]. These results suggested that (a) kistomin is a highly selective SVMP that
cleaves GPIb; and (b) thrombin activates platelets at least through two receptors; GPIb and a second
receptor. Intact GPIb plays critical role in the extent and rate of platelet aggregation stimulated by
low concentrations of thrombin [80]. Kistomin cleaves platelet GPIbx at two distinct sites releasing
45- and 130-kDa soluble fragments and specifically inhibits von Willebrand factor- (vVWEF-) induced
platelet aggregation [81]. Kistomin also cleaves vWF resulting in the formation of low-molecular-mass
multimers. It inhibits GPIb«x agonist-induced platelet aggregation, and prolongs the occlusion time in
mesenteric microvessels and tail-bleeding time in mice [81]. Kistomin also inhibits platelet aggregation
induced by collagen and convulxin (Glycoprotein VI (GPVI) [82]. It cleaves GPVI but not integrins ;31
and oy, B3. The release of 25- and 35-kDa fragments from GPVI suggests that kistomin cleaved GPVI
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near the mucin-like region. Hsu et al. identified that kistomin cleaves Gluyps-Alaygs and Valyig-Phepqg
peptide bonds using synthetic peptides [82]. Thus, P-I SVMP kistomin specifically targets receptors
GPIbx and GPVI on platelets and vWF in the plasma to exhibit its effects on platelet aggregation.
Kistomin may be useful for studying metalloprotease-substrate interactions and has a potential being
developed as an antithrombotic agent. Huang and colleagues also characterized crotalin, a P-I SVMP
from venom of Crotalus atrox that also cleaves vVWF and GPIb [83].

Mocarhagin, a 55-kDa SVMP from Naja mocambique mocambique (=Naja mossabica) cleaves
GPIbx [84]. The GPIbx fragment cleaved by this SVMP, His;-Gluyg, was useful in identifying the
thrombin-binding site; the sulfated tyrosine/anionic segment Y74 DYYPEEyg, are important for the
binding of thrombin and the botrocetin-dependent binding of vWF [84]. Interestingly, mocarhagin
cleaves a 10-amino acid residue peptide from the N-terminus of P-selectin glycoprotein ligand receptor
(PSGL-1) expressed on neutrophils to abolish P-selectin binding on endothelial cells and prevents
rolling of neutrophils [85]. In both cases, mocarhagin targets mucin-like substrates (GPIbx and PSGL-1)
within anionic amino acid sequences containing sulfated tyrosines. Brendt and colleagues showed the
presence of SVMPs that are immunologically and functionally similar to mocarhagin in N. kaouthia
(N. siamensis), N. nivea (N. flava), N. nigricollis crawshawii, N. nigricollis pallida, N. nigricollis nigricollis,
N. atra, N. haje, N. naja, N. melanoleuca and N. oxiana, but not in N. sputatrix venoms [86]. They also
developed a simple method for purification of SVMPs using Ni**-agarose column and purified Nk from
Naja kaouthia venom that cleaves GPIbx [87]. During the subsequent studies, same group found out
that nerve growth factor (NGF) binds to Ni**-agarose column and NGF is co-purified with SVMPs [88].
They showed venom NGF and human NGF inhibits both SVMPs and human MPs.

Interestingly, another distinct P-IIl SVMP, NN-PF3, that inhibits platelet aggregation was purified
and characterized from Naja naja venom [89]. NN-PF3, unlike the above Naja SVMPs, fails to inhibit
ristocetin-induced platelet aggregation. Instead, it inhibits collagen-induced aggregation of washed
platelets [89]. Western blot using anti-integrin ay[31 mAb 6F1 suggested that NN-PE3 binds to o3
integrin in a sequence-dependent manner only but does not cleave «;[3; integrin. However, there is
a drastic reduction in several intracellular signaling [89]. Further mechanistic details and structure—function
relationships of NN-PF3 may help delineate the differences in the targeting of Naja SVMPs.

Jararhagin from Bothrops jararaca (Brazilian pit-viper) venom is a P-III SVMP with MDC
domains [90]. The RGD tripeptide sequence in the D domain is replaced by ECD sequence.
Jararhagin cleaves the C-terminal part of fibrinogen Ax chains, resulting in the removal of a 23 kDa
fragment while leaving the 3 and y chains unaffected [91]. The cleaved fibrinogen molecule is still
fully functional in both platelet aggregation responses to ADP and adrenalin and in its ability to
clot plasma by thrombin. However, the fibrin polymerization is abnormal [91]. Jararhagin inhibits
both ristocetin- and collagen-induced platelet aggregations. The inhibition of ristocetin-induced
platelet aggregation is attributed to a direct cleavage of vVWF rather than its receptor GPIb-IX-V [92].
The cleavage vWF occurs in the N-terminal half, which contains the binding site for the GPIb receptor,
the Al domain. Hydrolysis of vVWF leads to the disappearance of the high molecular size multimeric
structure of vVWF and loss of platelet responses [92]. Ivaska et al. designed a series of eight short cyclic
peptides corresponding to hydrophilic and charged regions along the protein sequence to identify the
a2] binding site [93]. The peptide spanning C*34; TRKKHDNAQ49C* (*Cys residues form the disulfide
bond) binds to «2I domain and interferes with the interaction between a2l domain and collagen.
Using Ala scanning method, they identified the importance of RKK tripeptide sequence for this
interaction [93]. Finally they developed a shorter, more potent version of this peptide C*TRKKHDC*
which inhibits «2I domain and collagen interaction with an ICsy of 1.3 mM. These peptides bind
near the metal ion-dependent adhesion site of the human integrin oyI-domain [94]. The peptide
C*TRKKHDC* competes for the collagen-binding site of oyl but does not induce a large scale
conformational rearrangement of the I domain [95].

In contrast, the inhibition of collagen-induced aggregation is driven by interference with the
o371 integrin, but not GPVI receptor [96]. However, treatment of platelets with jararhagin drastically
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reduces «,[31 integrin on the platelet surface [92,97]. The effect was attributed both to binding to
the oI domain [97] and to cleavage of the « 31 integrin [92,98]. The degradation of the 3; subunit
of oy 1 by jararhagin results in the loss of pp725Y* phosphorylation and thus 31 subunit appears to
be critically involved in collagen-induced platelet signaling [99]. Using recombinant fragments and
monoclonal antibodies, Tanjoni et al. showed that jararhagin binding to collagen and ;31 integrin
occurs by two independent motifs, which are located on D and C domains, respectively [99]. The roles
of non-enzymatic domains in platelet aggregation are discussed below.

In addition to jararhagin (described above), several other P-III SVMPS, such as atrolysin A
from Crotalus atrox venom [100], catrocollastatin from Crotalus atrox venom [101], crovidisin from
Crotalus viridis venom [102], alternagin from Bothrops alternatus venom [103], acurhagin from
Agkistrodon acutus venom [104], halydin (D domain from a P-III) from Gloydius halys venom [105]
and kaouthiagin from Naja kaouthia venom [106] inhibit collagen-induced platelet aggregation.
Mechanistically, these SVMPs bind and/or proteolytically cleave vVWE, collagen, GPVI or a;f3;.
Interestingly, acurhagin (87% identity with jararhagin) selectively inhibits platelet aggregation
induced by collagen and suppresses tyrosine phosphorylation of several signaling proteins in
convulxin-stimulated platelets [104]. Thus, acurhagin exhibits its function mainly through its binding
to GPVI and collagen, instead of binding to a; 31, or cleaving platelet membrane glycoproteins [104].
Recently, a P-I SVMP from Bothrops barnetti venom that inhibits platelet aggregation induced by
VWE plus ristocetin and collagen was characterized [107]. It presumably cleaves both vVWF and GPIb
and thus, inhibits vVWF-induced platelet aggregation. It also cleaves the collagen-binding oy A domain
of ax 31 integrin and thus, inhibits collagen-induced platelet aggregation [107]. Despite the missing D
and C domains, this P-I SVMP has similar properties compared jararhagin, a P-IIl SVMP. Such examples
will help us understand subtleties in structure—function relationships.

5. Platelet Aggregation Agonists

A small number of SVMPs have been shown to induce platelet aggregation. Alborhagin,
a P-III SVMP isolated from Trimeresurus albolabris venom activates platelets through a mechanism
involving GPVI [108]. It induces similar tyrosine phosphorylation pattern [108] to convulxin,
a GPVI agonist [109-111]. Interestingly, alborhagin has minimal effect on convulxin binding to
GPVI-expressing cells, suggesting that these proteins may recognize distinct binding sites on
GPVI. Both alborhagin and crotarhagin from Crotalus horridus horridus venom induce platelet
aggregation [112]. They induce ectodomain shedding of GPVI by a mechanism that involves activation
of endogenous platelet metalloproteases. This shedding of 55-kDa soluble GPVI fragment required
GPVI-dependent platelet activation [112].

6. Role of Non-Enzymatic Domains and Subunits

In snake venoms, three distinct classes of SVMPs, P-I, P-II and P-III, are produced [34].
These enzymes exhibit various pharmacological effects by binding to specific target proteins. In most
cases, the cleavage of the target proteins through their Zn?*-dependent proteolytic activity leads to
either destruction of the receptor or release of new ligands. Thus, M domain plays critical role in most
of the pharmacological activities exhibited by SVMPs. However, in a significant number of instances,
SVMPs exhibit their functions by non-enzymatic mechanisms through selective binding to key proteins.
In such cases, non-enzymatic domains, such as D and C domains, as well as non-enzymatic subunits,
such as snaclecs, play important roles. At times, these domains are proteolytically “processed” and
exhibit independent pharmacological effects [3,4,113]. It is important to note that in some cases
proteolytic activity is essential for the biological effects, while in others just physical binding and steric
interference is sufficient for the function (although cleavage may still occur in any case). In this section,
we will highlight the roles of these non-enzymatic domains and subunits in specific binding to the
target proteins and inducing pharmacological effects.

As mentioned above, precursor of SVMPs are “processed” into various proteolytic
products [113,114]. Accordingly, “processing” of P-Il SVMPs lead to separation of M and D domains
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(P-I-like SVMPs and disntegrins, respectively), while “processing” of P-IIl SVMPs lead to separation
of M and DC domains. In 1994, Usami et al. isolated jararhagin-C, a 28 kDa protein containing the
DC domain of jararhagin [115]. Jararhagin-C inhibits collagen- and ADP-induced platelet aggregation
in high nanomolar concentrations [115]. Interestingly, phenanthroline-inactivated jararhagin inhibits
collagen-induced platelet-aggregation with similar potency [96]. Native jararhagin is only 3- to
4-times more active than inactive jararhagin. These results suggest that there is a significant
contribution of non-enzymatic mechanism to the inhibition of platelet aggregation and the small
difference is due to proteolytic activity (enzymatic component) of jararhagin. Similarly, native and
recombinant DC domains of alternagin, catrocollastatin and atrolysin A inhibit collagen-induced
platelet aggregation [100,103,116]. In contrast, leberagin-C, DC domain containing protein from
Macrovipera labetina transmediterranea venom inhibits platelet aggregation induced by thrombin and
arachidonic acid with ICsy of 40 and 50 nM, respectively [117]. It inhibits the adhesion of melanoma
tumor cells on fibrinogen and fibronectin, by interfering with the function of &, 3 and, to a lesser
extent, with oy ¢ and o1 integrins. It does not bind to «y(3; integrin. These studies support
the importance of DC domains in the inhibition of platelet aggregation through non-enzymatic
mechanisms. Structure—function relationships of these DC domains will help in determining the
integrin selectivity and binding.

As with DC domains, “processed” D domains were also isolated as disintegrins from crotalid and
viperid venoms. Disintegrins are among the potent inhibitors of platelet aggregation peptides [118-124].
These polypeptides, ranging from 49 to 84 amino acid residues, are isolated from crotalid and viperid
snake venoms. They have a RGD/KGD tripeptide sequence in a 13-residue 3-loop structure (dubbed as
RGD loop), which is responsible for their biological activity. The active tripeptide RGD is located
at the apex of a mobile loop protruding 14-17 A from the protein core [125,126] and plays key role
in the interaction of the disintegrins with the platelet integrin oy, 33 [127,128]. These disintegrins
are derived by the processing of the D domains from P-II SVMP precursors [113]. Disintegrins with
RGD sequence show different levels of binding affinity and selectivity towards oy, B3, &yf3 and
a5 31 integrins [129], while KGD-containing barbourin inhibits the &y, 33 integrin with a high degree
of selectivity [130]. This RGD tripeptide is replaced by various sequences including VGD, MLD,
MVD and KTS, resulting in distinct integrin selectivity [131] and references therein]. Despite the role
of disintegrins in inhibiting platelet aggregation, we will not focus on this group of non-enzymatic
polypeptides. Readers can obtain details on this group of fascinating molecules elsewhere [132-137].

In significant number of P-IIl SVMPs, RGD sequence is replaced by various tripeptide sequences
(for example, see [131]) and at the apex of the loop is a Cys residue involved in forming a disulfide
bond. Thus, this D domain is appropriately named as “disintegrin-like” domain [3,4]. As with
disintegrins, “disintegrin-like” D domains play important role in the recognition of various target
receptors or integrins and inhibit platelet aggregation [100,106,138-140]. Recombinantly expressed
D domain of jararhagin inhibits platelet-collagen interaction [140]. Linear peptides based on this
domain were shown to inhibit the release of 5-hydroxytryptamine (5-HT) from collagen-stimulated
platelets [140]. This selective inhibition of the secretion-dependent phase by jararhagin and its peptides
is due to the defective phosphorylation of pleckstrin, which is involved in dense granule secretion [140].
Cyclic peptides that cover the loop inhibit platelet aggregation [139] as well as bind to collagen [93,95].
These studies indicate that the non-enzymatic D domains indeed plays critical role in recognition and
binding of target receptor or integrin.

Thus far, polypeptides containing only C domain have not been isolated from snake venoms.
Therefore, C domains are recombinantly expressed to evaluate their role in platelet functions.
C domain of atrolysin A potently inhibits collagen- but not ADP-stimulated platelet aggregation [141].
These studies suggested that the C domain interacts with the collagen receptor oy31 integrin on
the platelet surface. Using overlapping peptides from C domains of atrolysin A and jararhagin,
Kamiguti et al. identified two peptides each corresponding to identical segments [142]. These peptides
inhibit collagen-induced aggregation, but not convulxin-induced. Thus, they interact with o3¢
integrin and not through GPVI. VKC+jararaca, but not VKC-atrox, induced a rapidly reversible weak
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aggregation [142]. Pinto et al. identified two regions, 3655 PCAPEDVKCG374 and 37, KCGRLYCK379
in C domain of jararhagin which could bind to vWF [143]. They ruled out the latter region using
molecular modeling and docking experiments. The C domain of atrolysin A not only bound directly
to vVWF and collagen I, but also blocked the collagen—vWEF interaction [144]. The interaction of the
C domain with the A1 domain of vVWF promotes vWF proteolysis and inhibition of vWF-mediated
platelet aggregation [145,146]. Similarly, C domain plays crucial role in ADAMTS-13, a vVIWE-cleaving
protease; removal of this domain leads to a remarkable reduction of its ability to cleave vWF [147].
These studies strongly support the importance of the C domain in the non-enzymatic mechanism of
inhibition of platelet aggregation.

Thus far, only snaclecs are found to be associated with P-III SVMPs [10-12,47,58]. As discussed
above, these subunits are covalently linked through P-III SVMPs by interchain disulfide bond.
As with other snaclecs, these subunits are heterodimeric proteins with two chains linked by
an interchain disulfide bond. The concave dimeric interface forms the ligand-binding site of FX
and prothrombin [17,47,56,58]. Respective Gla domains bind to these subunits in a Ca2+—dependent
manner and provide excellent selectivity. Thus, these non-enzymatic subunits impart to distinct
properties. Correctly modified and folded Gla domain is important for optimal activity. It defines the
Ca?*-dependence, as Ca?* ions are required for proper folding of Gla domain. Carinactivase-1 and
multactivase fail to activate prethrombin-1 and descarboxyprothrombin in which Ca?*-binding has
been perturbed. On the other hand, Ecarin, which does not have this subunit, activates prothrombin,
prethrombin-1 and descarboxyprothrombin with equal efficiency. This functional difference helps
in measuring normal prothrombin versus descarboxyprothrombin in the plasma of warfarin-treated
individuals [57]. Thus, these non-enzymatic regulatory subunits play critical role in substrate
recognition and selectivity.

7. Definition and Nomenclature for Interaction Sites in Proteases

Proteases recognize and interact with specific substrates by binding them through various
functional residues distributed among different sites. Each of these sites plays a specific role in
the overall function of the enzyme. Our understanding of the chemical and biophysical interactions
of various substrates with their respective enzymes has helped us to define these sites. Based on the
interactions of SVMPs with various substrates, receptors and integrins (discussed above), we would
like to propose new definitions of additional functional sites. We will also provide distinguishing
features of these new sites in comparison with established functional sites.

7.1. Active Site

It is the region where substrate molecules bind (binding site) and undergo a chemical reaction
(catalytic site). Binding site correctly orients the substrate for catalysis, while residues in the catalytic
site play mechanistic role in lowering the activation energy to make the reaction proceed faster.
Specific amino acid residues, cofactors and/or ions play critical roles in the catalytic mechanisms in
protein enzymes. For example, each residue in the catalytic triad (Ser, His and Asp/Glu) plays a role
in catalysis in serine proteases. The Acid—-Base-Nucleophile triad generates a nucleophilic residue
for covalent catalysis [148]. The residues form a charge-relay network to polarize and activate the
nucleophile, which attacks the substrate and forms a covalent intermediate, which is then hydrolyzed
to regenerate free enzyme. The nucleophile in serine proteases is a Ser; Cys, and occasionally Thr,
also serve as nucleophile in other classes of proteases. Catalytic cleavage in SVMPs is through Zn?*
coordinated by three conserved His side chains and a water anchored to a conserved Glu [24,25].
This polarized water molecule acts as general base that catalyzes peptide bond cleavage.

Substrate binding site can be quite elaborate and complex; higher the complexity better is
the substrate selectivity. The substrate binding site is divided into several subsites—the regions,
which are on the enzyme surface that interact with individual amino acid residues on either side of the
substrate cleavage site. The subsites on the amino side of the cleavage site are labeled as S1, S2, S3, etc.
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(non-prime subsites), while those on the carboxyl side are labeled as S1/,52/,S3’, etc. (prime subsites).
Generally, these are discontinuous sites and thus, the residues forming these subsites are not contiguous
in the protein sequence. P1 amino acid residue of the substrate associates with S1, P2 with S2, etc.
Similarly, P1’ amino acid residue binds to S1/, P2’ with S2/, etc. P1-P1’ peptide bond of the substrate is
proteolytically cleaved. Both non-prime and prime subsites could contribute to substrate selectivity
and affinity. Paes Leme et al. [149] determined the amino acid preferences across the full P4 to P4’
range for the three P-I SVMPs, leucurolysin-a, atrolysin C, and BaP1, and one P-III SVMP, bothropasin,
using high resolution mass spectrometric method and albumin-depleted plasma tryptic peptide library.
All these SVMPs showed preferences (clear specificities) towards large, hydrophobic aliphatic residues
at P1/, P2’ and P3' sites [149].

7.2. Exosite

This is a secondary binding site, remote from the active site, on the enzyme. Exosites provide
additional substrate (or inhibitor) selectivity. For example, thrombin (a serine protease) has
two distinct electropositive surface regions, exosite I and exosite II, that contribute to the specificity
of thrombin [150,151]. These exosites mediate the interactions of thrombin with its substrates,
inhibitors and receptors. Exosite I is adjacent to the P’ side of the active site cleft and is the fibrinogen
recognition exosite. Exosite II is more basic than exosite I and it binds to heparin. For details on
the interaction of these exosites with substrates, receptors and inhibitors, see [150-152]. In SVMPs
there is an exosite C*p4 TRKKHD,46C* (as numbered in jararhagin) that interacts with human integrin
apl-domain [93-95]. Because of their importance in determining exquisite selectivity and specificity,
the exosites are of immense interest in biomedical research as potential drug targets [153-158].

7.3. Allosteric Site

Small regulatory molecules interact with this site on the enzyme to activate or inhibit (positive or
negative allosterism) the specific enzyme. In general, the non-covalent and reversible interaction
of the allosteric effector often results in a conformational change. In homotropic allosterism,
the modulator molecule is the substrate as well as the regulatory molecule for the target enzyme.
It is typically an activator of the enzyme. In contrast, in heterotropic allosterism, modulator is
not the enzyme’s substrate. In this case, the modulator may be either an activator or an inhibitor.
Although multimeric proteins (e.g., hemoglobin and ATPase) are considered to be prone to allosteric
regulation, even monomeric proteins (e.g., myoglobin, human serum albumin, and human x-thrombin)
exhibit heterotropic allosterism [159-161]. The rational design of specific antagonists targeting the
active site to highly homologous enzymes is an extremely difficult task. As with exosites, allosteric sites
are also used for designing drugs targeting specific enzymes [162,163]. For details on protein allosteric
mechanisms, see [164].

7.4. Exosite versus Allosteric Site

Both exosite and allosteric site are on the surface of the enzyme or receptor. In the case of exosite,
one part of the substrate or inhibitor interacts with the exosite while the other part interacts with the
active site. Thus, exosite typically must be occupied first for optimal activity. In contrast, a substrate
molecule (homotropic allosterism) or a ligand (heterotropic allosterism) interacts with the allosteric
site and a second substrate molecule interacts with the active site. The binding at the allosteric site
enhances or decreases the binding or catalysis at the active site. Thus far, no allosterism has been
documented in SVMPs.

7.5. Classification of Exosites and Allosteric Sites (Figure 4)

Exosites and/or allosteric sites can be present in the same domain as the orthosteric site, such as
active site (in enzymes) or agonist binding site (in receptors). These sites are thus closer to the orthosteric
site and located on the enzymatic M domain and we name them as “p-exosite” (proximal-exosite) and
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“p-allosteric site” (proximal-allosteric site) (Figure 4A,B). The examples of p-exosites are exosite I and
exosite II of thrombin [150,151] and C*y4 TRKKHD,4¢C* exosite of SVMPs [93-95]. In multi-domain
enzymes and receptors, these regulatory sites may also be found in other domains. In such cases,
we name them as “d-exosite” (distal-exosite) and “d-allosteric site” (distal-allosteric site) (Figure 4A,B).
It is possible that these distal sites residing in different domains may be located physically closer to the
orthosteric site in the tertiary structure of the proteins. The sites on D and C domains of SVMPs are
excellent examples of d-exosites. A better understanding of the distance between orthrosteric site and
the regulatory sites will be helpful in designing bifunctional ligands for the target enzyme or receptor.
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Figure 4. Nomenclature of interaction sites in snake venom metalloproteases. Left and right columns
show free and respective substrate-bound protease. (A) Left: M domain showing catalytic site,
prime and non-prime subsites, and proximal allosteric and exosites. Right: Substrate S interacts
with the protease through active site and p-exosite. (B) Left: MDC domains showing distal allosteric

(7]

and exosites. Right: Substrate S interacts with the protease through active site, p-exosite and d-exosite.
(C) Left: MDC domains showing distal suresite and adaptor subunit, A showing interaction with MDC
domain through distal maresite. A subunit also shows adasite. Right: Substrate S interacts with the
protease through active site, p-exosite, d-exosite and adasite. (D) Left: MDC domains showing proximal
nedsite. Right: Next-door neighbor (NDN) subunit interacts with p-nedsite, while the substrate S
interacts with the protease through active site. See text for details.
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Enzyme complexes, such as RVV-X, carinactivase-1 and multactivase [38,47,58], are heterodimers
comprising a larger main subunit and smaller snaclec subunits. These enzymes use the concave dimeric
interface of the snaclec subunits to bind to the substrate [8,47,58]. If these snaclec subunits of these
SVMPs or the Gla domains of the substrates are removed, the substrate interaction is extremely poor.
Thus, the concave dimeric interface of the adapted subunit acts as the exosite. Therefore, we named
this site as “adasite” (adaptor exosite) (Figure 4C). In these cases, there are mutual recognition sites
that form the interface between the SVMP and the snaclec subunit. These interaction sites are named
as “maresite” (main subunit recognition site on the smaller subunit) and “suresite” (smaller subunit
recognition site on the main subunit) (Figure 4C). As with exosite and allosteric sites, suresites can
be either “p-suresite” (proximal-suresite, when located on the enzymatic M domain) or “d-suresite”
(distal-suresite, when located in other domains). The finer definition and differentiation among
various interaction sites will help improving the clarity in the field of SVMPs as well as other enzymes
and receptors.

8. Unusual Behavior of Metalloproteases

During our analyses of the literature, we found two interesting, somewhat unusual behaviors of
SVMPs. We have highlighted these observations as they will be useful in future research strategies in
the field of SVMPs as well as other proteases.

8.1. Binding to Cell Surface Receptors

A key step in the identification of target receptor or acceptor on the cell surface is the
characterization of specific binding and Scatchard plots [165,166]. Kamiguti et al. performed binding
studies using *I-jararhagin to determine specific binding to platelets [96]. Their experiments
showed no significant specific binding. Intelligently, they also studied the equilibrium binding of
1,10-phenanthroline-treated, catalytically inactive '?°Ijararhagin to platelets. The inactive jararhagin
showed excellent specific binding to platelets (Figure 5). They had earlier determined that treatment
of platelets with jararhagin drastically reduces «;(; integrin on the platelet surface [92,96].
These observations can be easily explained by the binding of active jararhagin to oy [3; integrin
and subsequent cleavage leading to the release of jararhagin from the platelet surface (Figure 5C,D).
In contrast, inactive jararhagin continued to bind to «y[31 integrin and stay bound to the platelet
surface in the absence of proteolytic activity. Thus, the diligent strategy used by Kamiguti et al. makes
an important contribution to specific binding studies of SVMPs. These strategies will also be extremely
useful in studying specific binding of other proteases to cell surface receptors.

8.2. Unusual Cleavage of the ay By Integrin

In general, proteases bind to a protein substrate and then cleave one or more peptide bonds of
this substrate. Jararhagin and other SVMPs have an unusual behavior in cleavage of the «; 31 integrin.
They bind to «;I domain of the «; integrin and cleave the 3 subunit [97,98]. Thus, the binding
and cleavage occur in two distinct protein subunits; these SVMPs bind to one protein subunit,
but cleave the “next door neighbor” subunit. Such proteolytic cleavage away from the vicinity of the
binding site may not be uncommon. The functional exosite that facilitates cleavage in the neighboring
protein is named as “nedsite” (next door site) (Figure 4D). Nedsite can be further classified as either
“p-nedsite” (proximal-nedsite, when located on the enzymatic M domain) or “d-nedsite” (distal-nedsite,
when located in other domains). The p-exosite C*4 TRKKHD,4C* of SVMPs [93-95] that binds to I
domain should be properly identified as a p-nedsite.
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Figure 5. Unusual specific binding of snake venom metalloproteases with target receptor.
(A) Schematic diagram showing specific binding of active and inactive SVMPs. Diagram is drawn based
on the data published by Kamiguti et al. [96]. (B) Active protease cleaves the receptor and gets released
into the solution. The picture was created by Cho Yeow Koh and Pol Zen Koh. (C) Inactive protease
binds to receptors on the surface of the target cells and remains bound to the cells in the precipitate.
(D) Active protease, on the other hand, cleaves the receptor and remains in the supernatant indicating
low or no binding to cells in the precipitate.
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9. Anticoagulant and Antiplatelet Activity in Hemorrhage

SVMPs frequently induce hemorrhage through the degradation of matrix proteins and basement
membrane, resulting in the disruption of endothelial cell integrity in blood vessel walls [143,167-169].
This extra-vascular blood leakage is exacerbated by the disturbance of blood coagulation and platelet
aggregation. A number of snake venom toxins have evolved to target various points along the
blood coagulation cascade and platelet aggregation pathways. These toxins exhibit both pro- and
anti-coagulation of blood or pro- and anti-platelet aggregation effects. Procoagulant toxins not only
activate factor VII, factor X, factor V, and prothrombin but also act directly on fibrinogen [170,171].
In the whole animal, defibrogenating the blood and removing significant number of blood coagulation
protein result in unclottable blood through consumptive coagulopathy [172]. In addition, a number of
SVMPs interfere in blood coagulation and platelet aggregation (described above) and thus enhance
hemorrhage. For example, Jararhagin affects hemostasis through fibrinogen degradation [91,173] and
by the inhibition of platelet aggregation [92]. These effects significantly enhance its own as well as
venom’s hemorrhagic activity.

10. SVMPs as Research Tools, and Diagnostic and Therapeutic Agents

Due to high specificity and selectivity, SVMPs and their parts are used in various applications.
Among them, their uses as diagnostic agents in hematology laboratories are well known. Stypven
(Styptic venom) time is one the earliest one-step clotting time [174]. Russell’s viper venom (capable of
stopping the bleeding when applied to a wound and hence styptic venom) activates FX directly to
initiate coagulation. The Stypven time is unaffected by deficiencies or abnormalities of factors VII,
XII, XI, IX or VIII. However, it is abnormal in FV, prothrombin and in most cases of FX deficiency.
Thus, it is used to detect hereditary deficiencies or abnormalities and disease- or drug-induced
deficiencies. A modified version with limiting amounts of phospholipid and venom, dilute Russell
viper venom time, is used for the detection of lupus anticoagulants [175,176]. The individuals
with a lupus anticoagulant produce autoantibodies that bind to phospholipids. These antibodies
prolong the clotting time by binding to phospholipids in dilute Russell viper venom time, a simple,
reproducible, sensitive, and relatively specific method. The ecarin clotting time (ECT) allows us to
carry out precise quantification of direct thrombin inhibitors [177]. Ecarin [49], a specific prothrombin
activator, activates prothrombin to generate meizothrombin. The cleavage of a chromogenic substrate
by meizothrombin is inhibited by direct thrombin inhibitors in a concentration-dependent fashion [178].
Various modifications of the ECT are important in both preclinical and clinical use, e.g., for biochemical
investigations, as a point-of-care method and for cardiac surgery. For details of the advantages and
disadvantages of these methods, see [177,178]. In CA-1 method, carinactivase-1 [47], a Ca2+—dependent
prothrombin activator, is used to activate prothrombin [57]. Since carinactivase-1 recognizes the
carboxylated, fully folded Gla domain of prothrombin, CA-1 method measures only normal prothrombin
and not descarboxyprothrombin (produced in warfarin-treated individuals). Thus, CA-1 method is
a novel assay for monito ring coagulant activity in warfarin-treated individuals. For details on other
snake venom proteins used as diagnostic agents, see [179,180].

SVMPs and their domains have also significantly contributed as research tools and also in
the development of therapeutic leads. Although classical snake venom D and DC domains are
proteolytically released from PII and PIII SVMPs [4,113,114], some heterodimeric disintegrins are
encoded by separate genes [181-183]. Most common disintegrins with RGD motif bind selectively
with high affinity to integrins including fibrinogen receptors (xp,33), vitronectin receptors (o 33)
and fibronectin receptor (xs5(31). Disintegrins with MLD motif are heterodimeric disintegrins and
bind to o431, a7 and o931 integrins. When their second subunit contains RGD, they bind to a531
integrin [184]. Disintegrins with KTS/RTS motif bind to «; 31 integrin [135,185-189]. The selectivity
and potency strongly depends on the amino acid composition surrounding RGD/MLD/KTS/RTS
motifs. For details on the selectivity of various disintegrins, see [134,136,137,184,186,190,191].
DC domains have a limited anti-integrin activity. Alternagin-C binds to collagen receptor, ot; 31 integrin
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through its RSECD sequence located in the D domain [102]. Leberagin-C binds to « 33 integrin [117].
However, specific integrin-binding motif was not evaluated. Because of their highly specific and
selective interaction with various integrins, these disintegrins modulate cellular responses in platelets,
neutrophils, T-lymphocytes, eosinophils and endothelial cells as well as various cancer cells (for details,
see [134,137,190] and references therein). In addition, they also exhibit uniquely exclusive effects
on smooth muscle cells [191,192], fibroblast-like cells [193,194], chondrocytes [195], osteoblasts [196],
and neuronal progenitors [197]. Recent studies using obtustatin has shown that ;31 integrin and
integrin-linked kinase modulate angiotensin II effects in vascular smooth muscle cells and thus,
are potential targets to the development of more effective therapeutic interventions in cardiovascular
diseases [198,199]. Thus, D and C domains selectively target specific integrins and play critical role in
our understanding of cell biology.

The high specificity, selectivity and affinity of D domains have helped the scientific community
to design potent therapeutic agents for various human diseases. For example, RGD-disintegrins
resulted in the successful design of two therapeutic drugs that inhibit a3 integrin and are
approved for the treatment of acute coronary ischemic disease and prevention of thrombotic
complication in balloon angioplasty and stenting [200,201]. Integrilin (Eptifibatide, a synthetic cyclic
heptapeptide) and tirofiban (Aggrastat, a non-peptide RGD mimic) were designed based on the
structure of barbourin [121] and echistatin [119], respectively. Native or recombinant contortrostatin,
a homodimeric RGD-disintegrin from Agkistrodon contortrix contortrix venom, exhibits potent
antiangiogenic effects in in vitro and in vivo models [202-204]. Using liposomal delivery is effective
as an anti-tumor agent in animal models of human breast, ovarian and prostate cancer [204,205].
A chimeric variant, Vicrostatin induces apoptosis and blocks tube formation in Matrigel [206]. Based on
KTS-disintegrins, Vimocin and Vidapin (cyclic KTS peptides) that target o1 1/ %231 integrins are being
developed as potent antagonists of angiogenesis for the treatment of angiogenesis disorders and
cancer [207], whereas Vipegitide and Vipegitide-PEG2 (peptidomimetics) that target oz 31 integrin are
being developed as another class of inhibitors of platelet aggregation for antithrombotic therapy [208].
Thus, research on the non-enzymatic D and C domains, which interact with integrins, have contributed
significantly and appear to have tremendous future in basic cell biology as well as in biomedical
applications [133,137,183,209,210].

SVMPs and their catalytically active M domains are also important in the development
of therapeutic agents. A direct fibrinolytic enzyme from Agkistrodon contortrix contortrix venom,
fibrolase and its recombinant analog, alfimeprase was developed as a clot-buster drug for myocardial
infarction and stroke due to its thrombolytic properties [67,211-213]. Alfimeprase reached Phase 1 and
Phase 2 clinical trials [214,215], but did not make it to the market. For details, see [216]. Despite the
setback, there are several lessons learnt through their efforts. Dual antithrombotic therapy using
hirudin (thrombin inhibitor) and 518886 (thromboxane A, receptor antagonist) were shown to
improve reperfusion after thrombolysis with alfimeprase but not tissue plasminogen activator [217].
A careful strategy may help in developing this and related SVMPs as an alternative thrombolytic
agent (clot buster) in clearing cardiovascular and cerebrovascular blockages in myocardial infarction
and stroke.

11. Summary and Future Prospects

SVMPs, and their domains and complexes have evolved to bind to various integrins, receptors
and extracellular matrix proteins. They activate or inactivate proteins through enzymatic or
non-enzymatic mechanisms and interfere in blood coagulation and platelet aggregation, and contribute
to venom toxicity, particularly to hemorrhagic activity and venom distribution in the prey or
victim. The understanding of their structure—function relationships and mechanism of action has
contributed significantly to basic sciences including protein chemistry, enzymology, hematology,
angiogenesis and cancer biology, and also helped in the development of diagnostic and therapeutic
agents. Further studies on this group of toxins will contribute to unlocking several complex
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physiological processes and pathological effects in blood coagulation, platelet aggregation, hemorrhage,
matrix biology, angiogenesis and cancer biology. Their structure-function studies will enhance the
potential in developing novel diagnostic and therapeutic agents.
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Abstract: The research on natural snake venom metalloendopeptidase inhibitors (SVMPIs) began in
the 18th century with the pioneering work of Fontana on the resistance that vipers exhibited to their
own venom. During the past 40 years, SVMPIs have been isolated mainly from the sera of resistant
animals, and characterized to different extents. They are acidic oligomeric glycoproteins that remain
biologically active over a wide range of pH and temperature values. Based on primary structure
determination, mammalian plasmatic SVMPIs are classified as members of the immunoglobulin (Ig)
supergene protein family, while the one isolated from muscle belongs to the ficolin/opsonin P35
family. On the other hand, SVMPIs from snake plasma have been placed in the cystatin superfamily.
These natural antitoxins constitute the first line of defense against snake venoms, inhibiting the
catalytic activities of snake venom metalloendopeptidases through the establishment of high-affinity,
non-covalent interactions. This review presents a historical account of the field of natural resistance,
summarizing its main discoveries and current challenges, which are mostly related to the limitations
that preclude three-dimensional structural determinations of these inhibitors using “gold-standard”
methods; perspectives on how to circumvent such limitations are presented. Potential applications of
these SVMPIs in medicine are also highlighted.

Keywords: cross-linking; hydrogen/deuterium exchange; mass spectrometry; metalloendopeptidase
inhibitor; modeling; natural immunity; natural resistance; snake venom; structure; therapeutic application

1. Introduction

Snakes and their venoms have always driven the fascination and curiosity of mankind—including
the desire to freely handle them without being harmed by the venomous effects of their bites.
Members of some ancient tribes used to drink small amounts of venom seeking protection from future
envenomation; curiously, individuals from other tribes were thought to be resistant as a consequence
of having snake blood running through their veins [1].

The idea that snakes could be resistant to their own venom traces back to Greek philosophers and
physicians. Galen of Pergamum (131—ca. 201 A.D.) described in his treatises De antidotis and De Theriaca
ad Pisonem the recipe for a concoction named “Theriac of Andromachus”, which consists of a variety of
ingredients including viper’s flesh. This theriac was believed to be, amongst other things, an antidote
to snakebite [2,3]. Many centuries later, Felice Fontana (1730-1805), an abbot from Trentino (Italy) [4,5],
inoculated the venom of the common European viper (Vipera berus) into the viper itself. He observed
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that the animal did not display any symptoms of envenomation, even after thirty six hours, leading to
his celebrated aphorism “Il veleno della Vipera non e veleno per la propria specie” [6], later translated by
Joseph Skinner to “The venom of the viper is not a poison to the viper itself” [7].

Based on the viper’s resistance to its own venom, Fontana concluded that this phenomenon was
limited to the same species. Later, Guyon (1861) inoculated the venom of the viper into different
snake species and found this resistance to be inter-specific [8]. By the end of the nineteenth century,
Calmette, Phisalix and Bertrand first described the natural resistance displayed by some mammals,
such as the mongoose and the hedgehog, towards snake bite envenomation [9,10]. Reports of
natural protection against snake venom pathophysiological effects were also published in relation
to several snakes, such as rattlesnakes (Crotalus sp.) [11], Thamnophis s. sirtalis, Pituophis s. sayi,
Natrix taxipilota, T. sirtalis infernalis, Heterodon contortrix [12], Sistrurus c. catenatus [13], Lampropeltis
getulus floridana [14], Pseudoboa cloelia [15], Crotalus atrox [16], C. adamanteus [17], and several mammals
from the Didelphidae [18,19]. For a comprehensive review on the early days of the natural resistance
field, the reader is referred to the work by Domont et al. [20].

After discovering the phenomenon of natural resistance, researchers in the field began to
investigate its underlying mechanism of action. It is now currently accepted that this resistance
can be conferred through two non-mutually exclusive mechanisms. In the first type, the resistant
animal displays mutation(s) in the receptor(s) targeted by the snake’s toxin(s), which prevent(s) the
deleterious effect(s). The second mechanism, on which this review will focus, involves the occurrence
of serum proteins that neutralize the toxins by forming noncovalent complexes, rendering them unable
to exert their pathophysiological effects [21]. These natural inhibitors are distributed in two major
classes—the phospholipases A; inhibitors (PLIs), which effectively inhibit the neuro- and myotoxic
effects of snake venoms (for comprehensive reviews see [22-24]), and the SVMPIs, which can suppress
the hemorrhagic symptoms commonly associated with Viperidae envenomation. In 2002, it was
proposed that such inhibitors may be an important feature of the innate immune system of those
venom-resistant animals due to their structural similarity to other proteins that exert relevant functions
in immunity, and for acting as ready-made soluble acceptors in the serum, thus constituting the first
line of defense against snake venom toxins [25].

During the second half of the 20th century, a large portion of the research in this field has
been devoted to the isolation of SVMPIs for further physicochemical and chemical characterizations,
including primary structure determination. However, over the last 15 years, the main goal of natural
resistance research shifted from protein purification to mechanistic studies in an attempt to understand
the interaction between inhibitors and target toxins at the molecular level. This review does not intend
to present all known SVMPIs and their determined characteristics; this information can be found by
the reader in a historical series of reviews [20,21,24,26-29]. In fact, with this contribution, we aimed to
summarize the available knowledge in the field of SVMPIs (Figure 1) and to discuss novel perspectives
in this research area, especially on how to address the actual bottleneck due to the lack of information
on the three-dimensional structures of SVMPIs (Figure 2).
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family [18,19].
Last 40 years Q 1972

Tamotsu Omori-Satoh

First purification of an antihemorrhagic factor (HSF)
from the serum of a snake, Protobothrops flavoviridis
[44].

Q1981

Juan M. Menchaca and John C.Pérez

First purification of an antihemorrhagic factor from the
serum of a mammal, Didelphis virginiana [71].

19920
Yoshio Yamakawa and Tamotsu Omori-Satoh

Elucidation of the primary sequence of HSF; the first
Il ! idase inhibitor identified as a member
of the cystatin superfamily of proteins [46].

Joseph J. Catanese and Lawrence F. Kress

Purification of oprin, the first metalloendopeptidase
inhibitor identified as a member of the immunoglobulin
supergene family of proteins [72].

© 199

Dietrich Mebs and colleagues

Purification of a high-molecular-weight antihemorrhagic
factor (erinacin) from the muscle extract of the european
hedgehog Erinaceus europaeus [95].
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Tamotsu Omori-Satoh and colleagues

Molecular characterization and aminoacid sequence
analysis of erinacin and classification into the
ficolin/opsonin P35 superfamily [98].

Q 2002
Jonas Perales and Gilberto B. Domont
Classification proposal of the natural inhibitors of
metalloendopeptidases,phospholipases A, and
myotoxinsinto the innate immune system of these
animals [25].
2012 Q
Ana Gisele C. Neves-Ferreira and colleagues
First quantitative studies on the interaction between a
metalloendopeptidase inhibitor (DM43) and a SVMP
(jararhagin) [91].

Future directions
Structural elucidation of inhibitors and inhibitor:toxin complexes
. (XL-MS, HDX-MS, SAXS, molecular modeling and dynamics).

Figure 1. Research milestones on natural inhibitors of metalloendopeptidases. The investigation on
the natural resistance that some animals presented to snake venoms began in the eighteenth century.
Since Fontana’s pioneering work, the field has grown considerably. Researchers have managed to purify
several inhibitors from the sera of snakes and mammals and determined their relevant physicochemical
properties. The challenges that lie ahead are the three-dimensional structure elucidation of these snake
venom metalloendopeptidase inhibitors (SVMPIs) in their free and toxin-complexed forms in order to

better understand the molecular dynamics of this interaction.

146



Toxins 2016, 8, 250

2. Biochemical Background

2.1. Snake Venom Metalloendopeptidases (Metalloproteinases)

In the early days of experimental research on the effects of viperid envenomation, hemorrhage
was recognized as one of its main clinical features [30]. At that time, the mechanism of hemorrhage was
largely unknown, and some authors referred to the principle in snake venom that caused hemorrhage
as “hemorrhagin” [31].

In 1960, Japanese investigators were able to purify peptidases from Trimeresurus (Protobothrops)
flavoviridis venom that displayed hemorrhagic activity. Their functional assays showed that both the
proteolytic and hemorrhagic activities of these proteins were eliminated following EDTA addition,
indicating that these molecules were most likely metallopeptidases [32-35]. The atomic absorption
spectroscopy experiments conducted by Bjarnason and Tu in 1978 confirmed this hypothesis,
demonstrating that hemorrhagins are zinc-dependent metallopeptidases, containing 1 mol of zinc ion
per mol of enzyme [36].

According to their structural features, snake venom metalloendopeptidases (SVMPs) are currently
grouped into three main classes: PI, PII, and PIII. SVMPs belonging to the PI class present only the
metalloendopeptidase domain in their structure, whereas the enzymes belonging to the PII class
present an additional disintegrin domain. Members of the PIII class present metalloendopeptidase,
disintegrin-like, and cysteine-rich domains; eventually, a lectin-like domain may be present (PIIId) [37].

Upon venom injection, SVMPs primarily target the capillary vessels, hydrolyzing components of
the basement membrane and promoting apoptosis of endothelial cells, leading to the extravasation of
blood components [38,39]. Together with other snake toxins, SVMPs can also promote dermonecrosis
and inflammatory reactions [40]. The local effects prompted by SVMPs occur shortly after the bite
and contribute prominently to the high morbidity rates observed in snakebite envenoming [41,42].
Apart from their contribution to the important tissue damage frequently observed at the site of venom
injection, SVMPs may also trigger systemic effects, being key toxins to the pathophysiology of snake
envenomation [43].

2.2. SVMPIs Isolated from Snakes

2.2.1. Cystatin Superfamily (Fetuin-Like Proteins)

The first natural SVMPI purified from the sera of snakes was HSF (habu serum factor), from the
serpent Protobothrops (Trimeresurus) flavoviridis. The purified protein has a molecular mass of 70 kDa,
determined by ultracentrifugal sedimentation equilibrium, and an isoelectric point of 4.0. It inhibits the
proteolytic activities of HR1 and HR2, two P-III class SVMPs isolated from the venom of this same snake,
both in vivo and in vitro. Interestingly, no precipitin line was detected in immunodiffusion assays with
the crude venom, HR1 or HR?2, indicating that the neutralizing factor was not an immunoglobulin [44,45].
Indeed, HSF is a 323-amino acid-long glycoprotein that possesses two cystatin-like domains located in
the N-terminal portion, followed by a C-terminal His-rich domain. MALDI-TOF MS (matrix-assisted
laser desorption/ionization mass spectrometry) analysis of HSF showed that it has a molecular mass
of 47,810 Da; compared to the native molecular mass (70 kDa), the results seem to indicate that HSF
is homodimeric in solution [24,46,47]. Using molecular exclusion chromatography, Deshimaru and
colleagues demonstrated that HSF binds the H6 protease from Gloydius halys brevicaudus venom at a
1:1 molar ratio; it also effectively inhibited several P-I, P-II and P-III class SVMPs from the venoms of
T. flavoviridis (HR1A, HR1B, HR2a, HR2b, and H2) and G. h. brevicaudus (brevilysins H3, H4, H6, and
L4), indicating that HSF has a broad inhibitory specificity, irrespective of the metalloendopeptidases’
domain architecture [48]. Recently, HSF was shown to interact with small serum proteins (SSP), i.e.,
low-molecular mass proteins from T. flavoviridis serum with unknown functions [49]. The interaction
of HSF with SSP-1 allowed the inhibition of HV1, a P-III class SVMP isolated from the venom of this
same snake. Neither HSF nor SSP-1 alone could inhibit HV1; it was only through the ternary complex
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among HSE, SSP-1 and HV1 that the toxin’s catalytic activity was abolished [50]. Currently, little is
known about the regions of interaction between HSF and its target toxins. Aoki and co-workers have
shown that the N-terminal half (residues 1-89) of the first cystatin-like domain of HSF is essential to its
inhibitory activity. Additionally, molecular modeling analyses pinpointed a cluster of amino acid
residues (Trp17, Trp48, Lys15, and Lys41) involved in the inhibition of SVMPs by HSF [51].

Another well-studied inhibitor from snake serum is BJ46a, isolated from Bothrops jararaca. BJ46a
also presents two cystatin-like domains sharing 85% sequence identity with HSF. The glycoprotein’s
primary structure, confirmed by both Edman degradation and cDNA sequencing, consisted of
322 amino acids with 12 cysteine residues and four N-glycosylation sites (Asn76, Asn185, Asn263, and
Asn274). By MALDI-TOF MS, BJ46a showed a molecular mass of 46,101 Da; by molecular exclusion
chromatography and dynamic laser light scattering, it has a calculated mass of 79 kDa, suggesting
a homodimeric structure. BJ46a effectively inhibited the proteolytic activity of the P-III class SVMP
jararhagin and the P-I class atrolysin-C upon the fluorogenic peptide Abz-Ala-Gly-Leu-Ala-Nbz;
titration experiments using molecular exclusion chromatography indicated that the inhibitor interacted
with those SVMPs at a 1:2 (BJ46a monomer:toxin) molar ratio. SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis) analyses, under reducing and nonreducing conditions, showed
a noncovalent interaction between the inhibitor and each target toxin. Interestingly, BJ46a was not
able to interact with jararhagin-C [52], a processed form of the SVMP jararhagin possessing only the
disintegrin-like and cysteine-rich domains, even at a three-fold molar excess of the inhibitor, suggesting
that the toxin’s metalloendopeptidase domain is essential for BJ46a binding [53]. Upon complex
formation, BJ46a dimer dissociated and each monomer noncovalently interacted with two molecules
of metalloendopeptidase; thus, the inhibitor may have two toxin-binding sites for each monomer,
a different stoichiometry than that reported for HSF [48]. A preliminary molecular modeling for BJ46a
first cystatin domain was done, using HSF’'s model as template. The results indicated that, in addition
to the cluster of residues Trp17, Trp48, Lys15, and Lys41 (also found in the three-dimensional model
of HSF), BJ46a has a second cluster formed by the residues Trp52 and Lys58 in the first cystatin-like
domain that could be involved in the binding of a second toxin molecule; another possibility is the
involvement of the second cystatin-like domain in the interaction, although these assumptions remain
to be experimentally verified [28]. Recently, Shi and colleagues expressed BJ46a in the methylotrophic
yeast Pichia pastoris [54]. This recombinant BJ46a (rBJ46a) showed a molecular mass of 58 kDa,
although after treatment with endoglycosidase H (for the removal of high mannose glycans) its mass
was reduced to 38 kDa (corresponding to the protein moiety). rBJ46a was able to reduce the invasion
of B16F10 melanoma cells and MHCC97H hepatocellular carcinoma cells in an in vitro trans-well
migration assay. In subsequent in vivo assays, rBJ46a partially inhibited tissue colonization in a lung
cancer model (C57BL/6 mice infected with B16F10 cells) and reduced the occurrence of metastasis in
BALB/c nude mice infected with MHCC97H cells. The authors attributed these antitumoral activities
to rBJ46a inhibitory capacity towards matrix metalloendopeptidases (MMPs) 2 and 9, even though no
clear evidence was presented to support this claim [55].

From the sera of the Chinese (Gloydius blomhoffi brevicaudus) and the Japanese (G. blomhoffi)
mamushis, two inhibitors were purified: cMSF and jMSF. Both proteins have a molecular mass
of 40,500 Da by MALDI-TOF MS and were also classified as members of the cystatin superfamily,
presenting sequence identities of 84% (cMSF) and 83% (jMSF) when compared to HSE. However, these
new inhibitors presented a 17-residue deletion within their C-terminal His-rich domain. Despite this
deletion, the inhibitor cMSF suppressed mamushi venom-induced hemorrhage in a dose-dependent
manner and inhibited the proteolytic activities of the P-III class SVMPs HR1A and HR1B from
Protobothrops flavoviridis venom. As for jMSF, it interacted with brevilysins H2, H3, H4, and H6
from G. blomhoffi brevicaudus venom but was unable to inhibit the SVMP HR2a from P. flavoviridis
venom and brevilysin L6 from Agkistrodon halys brevicaudus. Even though the previously mentioned
C-terminal deletion did not affect cMSF anti-hemorrhagic activity, the authors demonstrated that cMSF
has a lower thermal stability limit (60 °C) when compared to HSF (100 °C) [56]. Shioi and colleagues
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also managed to purify SSPs from the serum of the Japanese mamushi that, as above discussed for
HSE, interacted with jMSF in a yet to be described mechanism [57].

From the sera of P. flavoviridis and G. blomhoffii brevicaudus, Aoki and coworkers purified and
characterized three proteins: habu HLP from P. flavoviridis and HLP-A and HLP-B from G. b. brevicaudus.
All three proteins showed sequence homology to HSF but were devoid of antihemorrhagic activity;
therefore, those proteins were named HLP, standing for habu-like proteins. One of these HLPs (HLP-B)
was able to inhibit calcium phosphate precipitation, characterizing it as a bona fide (snake) fetuin,
a protein class that is known to interact with calcium and prevent calcification [58]. To map the protein
regions responsible for the maintenance of the antihemorrhagic activity, the sequences of all SVMPIs
belonging to the cystatin superfamily of proteins (BJ46a, HSF, cMSF, and jMSF) were aligned with the
deduced HLP sequences. The first cystatin-like domain showed approximately 60% identity between
inhibitors and HLPs, whereas the second domain was conserved amongst all proteins (84% to 94%
identity), indicating that the diversification process that originated SVMPIs and HLPs resulted from an
alteration in amino acid sequences in the first cystatin-like domain [59]. Finally, the authors propose
that these three snake blood proteins from the fetuin family (SVMPIs, HLPs, and true fetuin) evolved
via gene duplication from a common ancestor to achieve different functions, including conferring
resistance against the deleterious effects of envenomation [59].

2.2.2. Undetermined Protein Family

Additional inhibitors have been purified and partially characterized from the plasma/serum of
venomous and non-venomous snakes, such as Agkistrodon contortrix mokasen [11,60], Bothrops asper [61],
Crotalus atrox [62,63], Dinodon semicarinatus [64], Natrix tesselata [65], Protobothrops mucrosquamatus [66],
and Vipera palestinae [67]. To date, none of them had their primary structure determined. However,
the SVMPIl isolated from N. tesselata, named NtAH, displayed unique structural characteristics. It is
the only high-molecular-mass (880 kDa) metalloendopeptidase inhibitor isolated from snake blood
displaying an oligomeric composition of three polypeptide chains of 150, 100, and 70 kDa in an
unknown arrangement. NtAH inhibited BaH1, the main metalloendopeptidase from Bothrops asper
venom [65].

2.3. SVMPIs Isolated from Mammals

The earliest reports of mammals with natural resistances to snake envenomation date back to
the nineteenth century. In their experiments, Felix de Azara, Albert Calmette, Césaire Phisalix &
Gabriel Bertrand described the immunities of the lutrine opossum (Lutreolina) [68], the mongoose
(Herpestes ichneumon) [9], and the hedgehog (Erinaceus europaeus) [10], respectively.

Vellard [19], when studying the natural resistance that mammals of the family Didelphidae
presented to snake venoms, proposed that such phenomenon should be an adaptation to prey on
venomous snakes [69]. Based on his observations on the resistance of Didelphis virginiana, including
the injection of a high dosage (15 mg/kg) of Agkistrodon piscivorus venom, Kilmon hypothesized that
the only reason that this opossum could fight snakes and survive the venomous bites was the existence
of a “unique and extremely efficient immune-response system” [70]. However, because there was no
evidence of antibody involvement, the association with the immune system remained elusive.

In 1981, Menchaca and Pérez isolated an antihemorrhagic factor from D. virginiana serum,
named AHF; this was the first antihemorrhagic factor to be purified from the serum of a mammal.
AHF presented a molecular mass of 68 kDa, an isoelectric point of 4.1, thermal (0-37 °C) and pH (3-10)
stabilities; no precipitin line formation was evident when AHF was incubated with rattlesnake venom,
indicating that AHF did not interact with snake venoms in a classic antigen—antibody reaction [71].

2.3.1. Immunoglobulin Supergene Family

In 1992, Catanese and Kress purified another inhibitor from D. virginiana serum, which was
named oprin. It showed sequence homology (36% identity) with «;B-glycoprotein and was classified
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as a member of the immunoglobulin supergene family. Oprin was able to inhibit several snake
venom metalloendopeptidases but failed to inhibit serine endopeptidases, MMPs or bacterial
metalloendopeptidases; oprin interacted with Crotalus atrox a-proteinase. The authors proposed that
oprin partially accounted for the natural resistance of D. virginiana, and that its serum would contain
at least two inhibitors of metalloendopeptidases [72]. Other studies identified and characterized to
different extents inhibitors belonging to the immunoglobulin supergene family from the plasma/serum
of Herpestes edwardsii (AHF-1 to AHF-3) [73-75], Lutreolina crassicaudata [76], Philander opossum
(POA41) [76,77], and Didelphis albiventris (DA2-1I) [78].

Following the first studies on the resistance that D. marsupialis showed to snake venoms [79-81],
Perales and colleagues optimized the purification of an antibothropic fraction (ABF) that effectively
blocked the hemorrhagic and lethal effects of Bothrops jararaca venom in mice [82,83]. ABF was
further fractionated yielding ABC (antibothropic complex), which was composed of two proteins,
with apparent molecular masses of 48 kDa and 43 kDa, as determined by SDS-PAGE under reducing
conditions. ABC inhibited the hemorrhagic, hyperalgesic and edematogenic effects of Bothrops jararaca
venom [76,84,85]. In vitro, ABC inhibited the proteolytic activity of the venom upon fibrinogen, fibrin,
collagen IV, laminin, and fibronectin [86]. ABC was also found in the opossum’s milk, reinforcing
neonatal protection against snakebite envenomation [87].

Neves-Ferreira and colleagues fractionated ABC, leading to the isolation of two SVMPIs:
DM40 and DM43. Both of these factors are acidic glycoproteins with molecular masses of 40,318 Da
for DM40 and 42,373-43,010 Da for DM43 by MALDI-TOF MS; by SDS-PAGE under reducing
conditions, DM40 and DM43 molecular masses are 43 kDa and 48 kDa, respectively [88]. DM43
remains the most extensively studied inhibitor to date; it is a homodimeric glycoprotein bearing
three immunoglobulin-like domains per monomer and is homologous to «1B-glycoprotein, a human
serum protein [89]. The structural resemblance and the presence of a degenerate WSXWS sequon
on each domain of DM43 (typically found in proteins bearing an Ig-like fold) classified DM43
into the immunoglobulin supergene family of proteins [89]. The analysis of its glycan moiety
revealed that all N-glycosylation consensus sites (Asn23, Asn156, Asn160, and Asn175) were occupied
with complex-type N-glycans containing the monosaccharides N-acetylglucosamine, mannose,
galactose, and N-acetylneuraminic acid at a 4:3:2:2 molar ratio, which is compatible with biantennary
glycan chains.

MALDI-TOF MS analyses of deglycosylated and native DM43 revealed that the glycan moiety
corresponded to 21% of the average molecular mass of the inhibitor [89,90]. Similar to many
glycoproteins, DM43 presents at least four glycoforms, which may result from glycan composition
heterogeneity [91]. In vitro, DM43 inhibited the proteolytic activity of the SVMP jararhagin upon the
fluorogenic substrate Abz-Ala-Gly-Leu-Ala-Nba and upon casein, fibrinogen, and fibronectin; in vivo,
DM43 showed the same properties as the ABC in mice [88]. Titration experiments using molecular
exclusion chromatography and electrophoresis in denaturing conditions demonstrated that DM43
interacted with snake venom metalloendopeptidases at a 1:1 (monomer of DM43:toxin) molar ratio,
and that this interaction was maintained noncovalently [88]. Surface plasmon resonance analysis using
a sensor chip with immobilized jararhagin indicated a high-affinity interaction, with an equilibrium
dissociation constant (Kp) of 0.33 £ 0.06 nM [91]. The strength of the DM43-jararhagin binding was
comparable to therapeutic monoclonal antibodies, which typically have Kp values in the range of 1 pM
to 1 nM [92].

The current knowledge about the regions of interaction between DM43 and its target toxin is still
very limited; DM43 does not bind jararhagin-C, indicating that the interaction between the inhibitor
and target toxin involves the toxins” metalloendopeptidase domain [89]. Additionally, after partial
deglycosylation with PNGase F under nondenaturing conditions, the inhibitory activity of DM43 was
reduced to 50% compared to native DM43 [90]. It still remains to be verified whether the N-glycans
were directly involved with the interaction between the inhibitor and the metalloendopeptidase or
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if the partial removal of the N-glycosylation induced a conformational change that hindered the
formation of the toxin—antitoxin complex.

The interaction between DM43 and SVMPs from different snake venoms was explored through
affinity chromatography, with the covalent immobilization of DM43 on a HiTrap NHS-activated
column. The venoms of Bothrops atrox, B. jararaca, B. insularis, and Crotalus atrox were injected into the
DM43-column and the unbound and bound protein fractions were collected and analyzed through
two-dimensional protein electrophoresis (2D-PAGE) [93]. DM43 was able to interact with several
metalloendopeptidases from those venoms, but the presence of SVMP spots in the 2D-PAGE gels of the
unbound fractions indicated that DM43 was not a universal SVMP inhibitor. Accordingly, DM43 did
not interact with HE3, a highly glycosylated P-III class SVMP from B. jararaca venom, suggesting that
some SVMPs may have structural features that pose difficulties to DM43 binding [94]. On the other
hand, DM43 was able to interact with MMPs from osteoarthritis synovial liquid and supernatants of
MCEF-7 cell cultures; Western blot analyses have shown that DM43 interacted with MMP-2, MMP-3,
and MMP-9, outlining a promising application for DM43 in biotechnology [95].

2.3.2. Ficolin/Opsonin P35 Family

The antihemorrhagic factor erinacin was isolated from Erinaceus europaeus muscle extract. It is
a high-molecular mass protein of 1040 kDa composed of two main subunits—« and f—at a molar
ratio of 1a:2f3. The x-subunit is a homodecamer of 370 kDa maintained by noncovalent bonds, and
the 3 subunit is composed of ten polypeptide chains of 35 kDa interacting via covalent bonds [96].
When analyzed by electron microscopy, erinacin showed a molecular structure that resembled a flower
bouquet, an arrangement typical of proteins from the ficolin/opsonin P35 superfamily, such as plasma
ficolin and the Hakata antigen [97,98]. Amino acid sequencing revealed that both subunits of erinacin
were composed of N-terminus, collagen- and fibrinogen-like domains homologous to proteins from
this family [99]. In vitro, erinacin inhibited a metalloendopeptidase from the venom of B. jararaca,
through the establishment of an equimolar complex; it did not inhibit serine endopeptidases such as
trypsin or chymotrypsin, and the dissociation of erinacin into its subunits caused complete loss of its
antihemorrhagic activity. Regarding the mechanism of metalloendopeptidase inhibition by erinacin, the
authors suggested two possibilities: (a) the C-terminal region of the fibrinogen-like domain of erinacin
could contribute to the metalloendopeptidase inhibition by recognizing an N-acetylglucosamine
molecule, as reported for P35 lectin and plasma ficolin [97,100]; and (b) the collagen-like domain of
erinacin would act as a “decoy” substrate for the SVMPs [99].

3. Possible Therapeutic Applications

SVMPs are members of the metzincin clan of metalloendopeptidases, together with ADAMs
(a disintegrin and metalloendopeptidase), ADAMTS (ADAM with thrombospondin motifs), astacins,
serralysins, and MMPs [101-103]. SVMPs are abundant toxins in Viperidae (and some Colubridae)
venoms, being responsible for the onset of local (blistering, edema, inflammatory reactions, and
dermonecrosis) and systemic (hemorrhage, coagulopathy, and myonecrosis) pathophysiological
effects [43].

The current antiophidic therapy is based on intravenous administration of antivenom, which in
turn relies on antibody specificity, affinity, and ability to reach SVMPs (and other snake venom toxins)
to be effective. The application of antivenom soon after B. jararaca venom injection in mice was not
able to fully reverse the local effects of envenomation due to impaired and delayed venom/antivenom
interaction at the site of injury [104,105]. Therefore, one of the current initiatives for the improvement
of antiophidic therapy is the local administration of inhibitors soon after the envenomation event to
restrain the extent of tissue degradation, and thus lower the high morbidity rates associated with
snakebite envenoming [106].
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SVMPIs could be used as a scaffold for the rational development of peptidic inhibitors of
metalloendopeptidases because the interaction between the inhibitors and their target toxins is specific
and leads to a tight-binding complexation.

The concept of rational drug design has already been applied to proline-rich oligopeptides from
Bothrops jararaca venom, known as bradykinin-potentiating peptides (BPPs), initially described by
Ferreira and co-workers [107]. From this same venom, other authors were able to isolate and fully
determine the primary structures of six BPPs [108], including <Glu-Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro,
later named BPP-9a; a synthetic version of this peptide was named SC 20,881. Gavras et al.
demonstrated that the parenteral administration of SC 20,881 to hypertensive patients led to a
significant drop in arterial blood pressure [109]. However, due to its lack of oral activity, this peptide
had limited clinical applicability [110]. In following studies, Ondetti and colleagues showed that
BPPs were substrate analogs that bound competitively to the active site of angiotensin-converting
enzyme (ACE), and the optimal inhibitory region of the sequence was composed by the tripeptide
Phe-Ala-Pro [110]. Based on the Phe-Ala-Pro sequence and structural studies of carboxypeptidase A
as a model for ACE, Cushman and Ondetti synthesized D-2-methylsuccinyl-L-proline. This molecule
proved to be a specific inhibitor of ACE with an ICsy of 22 uM. A further substitution of a carboxyl to a
sulfhydryl group enhanced the molecule’s inhibitory activity by three orders of magnitude, yielding
the compound SC 14,225, later named Captopril [111,112]. Captopril is widely used in the treatment of
hypertension and paved the way for the development of many antihypertensive compounds [113].

Peptide drugs are an ever-growing branch of the pharmaceutical industry, with a market
value estimated at more than 40 billion dollars per year; these pharmaceuticals offer high potency,
high selectivity, high chemical diversity, lower toxicity, and lower accumulation in tissues [114].
Peptide inhibitors of metalloendopeptidases are currently approved for the therapeutic intervention
of hypertension, periodontal disease, and osteoarthritis [115]. Hence, peptide drugs derived from
the natural inhibitors of metalloendopeptidases could not only be used in the improvement of the
antiophidic therapy but also for the treatment of many pathological conditions related to the abnormal
expression of closely related molecules, such as the ADAMs, ADAMTS and MMPs. These last
are associated with the spread of malignant tumors and chronic diseases (e.g., multiple sclerosis,
arthritis, fibrosis, and inflammatory conditions), whereas ADAMs/ADAMTS are involved in interstitial
pulmonary fibrosis, bronchial asthma, and neurodegenerative diseases [115,116].

Most inhibitors of metalloendopeptidases undergoing clinical trials are small molecules that
possess zinc-binding groups, such as hydroxamate, that interact with side pockets of the catalytic site;
classical representatives of these low selectivity inhibitors are marimastat and batimastat. However,
both peptidic inhibitors have been discontinued during phase III of clinical trials for the treatment of
invasive cancers because they displayed an excessive number of off-target effects [115,117].

The research history on natural SVMPIs described in this review envisage the possibility that
they possess a different mechanism of inhibition than the one described for the previously mentioned
artificial inhibitors, targeting different regions of the molecule with higher specificity, as shown for
some TIMPs (tissue inhibitors of metalloendopeptidases) [118]. This potentially opens a new path for
the treatment of pathological conditions related to the unbalanced expression of metalloendopeptidases.
However, the current lack of knowledge regarding the tertiary and quaternary structures of these
natural inhibitors, as well as their regions of interaction with SVMPs, is the bottleneck in this research
area, and precludes further understanding of their mechanism(s) of action.

4. Status Quo and Perspectives on Three-Dimensional Structure Determination for SVMPIs

In this section, we will discuss experimental and computational approaches that could be used to
further the knowledge of the tridimensional structures of SVMPIs (Figure 2) and the mapping of the
regions of interaction between these inhibitors and SVMPs.

To date, no three-dimensional structures have been experimentally determined for any members
of the different protein families related to SVMPIs (cystatin, immunoglobulin supergene, and
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ficolin/opsonin P35). Furthermore, molecular modeling attempts have only been performed for
one member of the immunoglobulin supergene family—DM43 [89]—and one from the cystatin
superfamily—HSF [51]. Due to the lack of literature on the subject, the discussion that follows will rely
on some of our group’s unpublished data, related to two well-characterized SVMPIs: BJ46a (isolated
from Bothrops jararaca—cystatin superfamily) [53] and DM43 (from Didelphis aurita—immunoglobulin
supergene family) [89].

3D structure elucidation of natural inhibitors of SVMP

| Natural inhibitors (e.g. DM43,BJ46a)

“gold-standard” techniques 1 Low-resolution structural analysis + molecular
modeling approaches
0. o I
.
. °' BLAST Blastp analyses
] Template search
NMR spectroscopy XRD crystallography
For proteins < 70 kDa i
L __resolution<3A | ID > 40% D < 40%

Comparative modeling Comparative modeling
Sequence-Sequence search Sequence-Fold recognition/

n threading methods
Data analysis

Filtering results with
experimental data
XL-MS, HDX-MS, SAXS

Protein structure !
! Final models

Figure 2. Strategies for a structural view of SVMPIs. (Left) The experimental methods for structure
determination, NMR spectroscopy and XRD crystallography, are the “gold-standard” techniques in
protein structure elucidation, providing atomic resolution of individual proteins and their complexes.
The SVMPIs DM43 and BJ46a represent a challenge for these techniques. For NMR spectroscopy, due to
the molecular size of both molecules, costly and time-consuming methods for sample labeling and
analysis are required. For XRD crystallography, crystals of DM43 produced low-resolution diffraction
pattern while BJ46a could not be crystallized, highlighting the limiting character of the crystallization
step. Hence, modeling becomes an important tool for the structural studies of these molecules. (Right)
In molecular modeling, the main step is the identification of a homologous protein, whose experimental
structure has already been determined, to be used as a template structure. The identification in
structure databases of sequences evolutionarily correlated with sequential identity greater than 40%
is done by standard pairwise sequence search methods, allowing the generation of high accuracy
models. However, below this sequence identity threshold the correlation between two structures is
difficult to address. In this range, sequences are correlated directly with proteins of known structure
(fold recognition). A drawback is that, due to the low evolutionary correlation and the low sensitivity
in the sequence alignment building, the accuracy of the produced models is lower. On the other hand,
the ensemble of models produced can be filtered according to their agreement with experimental data.
In our proposed strategy, these data would come from XL-MS, HDX-MS and SAXS assays, leading
to the selection of accurate models, and shedding some light on the three-dimensional structural
characteristics of these SVMPIs. Consequently, the molecular basis of the interaction between the
inhibitors and their target toxins could be established.

During the first 10 years after the primary structures of BJ46a and DM43 were published,
our efforts were focused on applying standard X-ray diffraction (XRD) protocols to study the
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crystallized forms of these proteins. Multiple attempts at crystallizing the inhibitors BJ46a and
DM43 have failed; after the eventual successful crystallization (DM43 only), the crystals showed a
low-resolution diffraction pattern. A possible explanation is that these SVMPIs are glycoproteins whose
glycan antennae show high conformational heterogeneity. These different states can be co-crystallized
and interfere destructively in the diffraction pattern, decreasing its final resolution. Additionally,
the absence of homologous proteins with an already determined crystallographic structure makes it
impossible to solve the structure by molecular replacement, requiring more time and investment in
producing heterologous proteins labeled with heavy atoms to solve the phase problem [119].

We have also evaluated if these proteins were good candidates for analysis by nuclear magnetic
resonance (NMR) spectroscopy. However, DM43 (43 kDa monomer) and BJ46a (46 kDa monomer)
are homodimeric in solution, exhibiting molecular masses outside the limit of standard protocols for
NMR, requiring triple isotopic labeling (1°N, 13C, and ?H) in parallel with the selective/segmental
labeling of specific amino acids, thus resulting in high production costs for NMR samples, and long
data analysis times [120,121].

To overcome the absence of structural information, molecular modeling techniques can be
used to produce models that could help us explain the mechanism of inhibition of SVMPIs.
Molecular modeling is based on the assumption that proteins with similar primary sequences
(defined by an identity threshold) should display matching three-dimensional structures and biological
functions [122,123]. The limiting step in protein modeling is the identification of template sequences
(homologous sequences) whose experimentally (XRD or NMR) determined structures are available.
After the identification, the two sequences (target and template) are aligned. The coordinates and
geometrical parameters of the template structure (in the aligned regions) are applied to the target
sequence to generate the new model. Thus, the quality of the template/target alignment is essential to
produce a biologically relevant model. Ideally, these two sequences must display a minimum of 40%
sequence identity, with long aligned regions, and a low number of sequence alignment gaps [124].

The first application of modeling for SVMPI structure determination was done for DM43 [89].
This member of the Ig supergene family is composed of three Ig-like domains (D0, D1 and D2) for a
total of 291 amino acid residues. At that time, the best template available was the inhibitory receptor
(p58-cl42) for human natural killer cells, a two-domain protein whose Protein Data Bank identifier
(PDB ID) is INKR. The overall sequence identity (taking only domains D1 and D2 into account) is
25.9% (Table 1). The low sequence identity level led to a difficult modeling process that required
manual interference at all steps. The model allowed the prediction of the third domain (domain D2) as
the one interacting with the metalloendopeptidases. However, the detailed SVMP interacting regions
proposed by the model are not supported by low-resolution structural data (crosslinking resolved
by mass spectrometry (XL-MS), hydrogen/deuterium exchange monitored by mass spectrometry
(HDX-MS), and small angle X-ray scattering (SAXS)) recently acquired by our group.

Recent searches in the PDB database for structures analogous to DM43 now revealed PDB ID
5EIQ (Table 1), human OSCAR ligand-binding domain, as the best match. Released 17 years later than
PDB ID INKR, the structure 5EIQ shows an increased identity level, and similar number of positive
matches for the same DM43 region. Even though the expected value level (E-value) of alignment for
DM43/5EIQ points to a good match (7 x 10_18), it is still limited to domains D1 and D2, in the same
fashion as for the alignment DM43/1NKR (original model). Nevertheless, the alignment is still below
the 40% sequential identity threshold, suggesting that no new structural information is present in the
protein structure database that could suggest a new direction for DM43 molecular modeling.

We used the same analysis for the SVMPIs HSF and BJ46a, belonging to the cystatin superfamily
and displaying 85% sequence identity between themselves. As can be seen from Table 1, the sequence
pairwise search results yielded sequence identity levels below the homology-modeling threshold of
40%, a low number of aligned residues, and high e-values. Altogether, these results suggest that,
for the time being, SVMPIs are still a challenge for the application of standard modeling techniques.
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Table 1. Template search for the SVMPIs DM43, HSF, and BJ46a. All structures identified as possible
templates are below the threshold of 40% of sequence identity.

Feature Ig Supergene Family Cystatin Superfamily
DM43 (291) HSF (323) BJ46a (322)
Template (PDB ID) INKR 5EIQ 2KZX 2WBK
Release date 11 November 1998 25 November 2015 15 February 2012 4 April 2014
Number of aligned residues 193 192 98 55
E-value 4x107° 7x 10718 1x 1071 5% 107!
Identity (50/193) 26% (71/192) 37% (26/98) 27% (15/55) 33%
Positives (78/193) 40% (91/192) 47% (42/98) 42% (29/55) 52%
Gaps (15/193) 7% (14/192) 7% (5/98) 5% (1/55) 1%
Aligned region 9-196 1-188 14-110 207-261

The complete primary structures of DM43, HSF, and BJ46a are composed of 291, 323, and 322 amino acids,
respectively (numbers in parentheses). PSI-Blast search with default parameters (Expect threshold 10, Word
size 3, Matrix BLOSUMS62, Gap Costs Existence 11, Extension 1, PSI-BLAST threshold 0.005) were done
against the PDB database. Template is the best hit, identified by its PDB ID number. Release date is the
structure’s publication date in the database. E-value is the expected number of chances that the match is
random. Three percentages are calculated relatively to the number of aligned residues: identity (exact match
residues), positives (exact + homology match residues), and gaps (inserted spaces to allow the alignment).
INKR: inhibitory receptor (p58-cl42) for human natural killer cells. 5EIQ: human OSCAR ligand-binding
domain. 2KZX: ABDHTS5 from Clostridium thermocellum, Northeast Structural Genomics Consortium Target
CmR116. 2WBK: beta-mannosidase, Man2A.

Another methodology for modeling was independently proposed with the seminal papers
of Bowie, Jones, and Zhang [125-127]. This method is able to correlate two sequences that are
evolutionarily distant (low sequence identity), based on the concept that the folding, and consequently
the function, is more conserved than the primary structure. These authors introduced the term
“threading”, a method where the target sequence is fitted onto the backbone coordinates of a known
protein structure (the template). The fitting is scored by an energy potential, and the lowest energy
fitting corresponds to the best model.

There is one report in the literature describing this structural modeling approach for HSF [51].
This paper used sequence-to-structure methods to thread the HSF sequence into template PDB ID 1G96.
Applying the algorithm DELTA-BLAST [128], we were able to trace the new structures available since
then (Table 2). As can be seen, since 2001 (release date of structure 1G96), three more structures that
are structurally related to HSF were determined. All selected structures are members of the cystatin
superfamily, in agreement with the prediction from HSF’s primary structure. Moreover, entry 4LZl is a
convergent choice between several search algorithms (data not shown).

Table 2. New HSF-correlated structures in the PDB database, using DELTA-Blast.

Feature HSF (323)
Template (PDB ID) 4171 3PS8 1R4C 1G96
Release date 26 February 2014 21 December 2011 21 September 2004 6 April 2001
Number of aligned residues 222 115 107 115
E-value 4x107% 6x107% 8§ x 1073 2 x 1073
Identity (31/222) 14% (15/115) 13% (17/107) 16% (15/115) 13%
Positives (67/222) 30% (39/115) 33% (32/107) 29% (39/115) 33%
Gaps (55/222) 24% (8/115) 6% (4/107) 3% (8/115) 6%

DELTA-Blast search followed by PSI-Blast, with the default parameters described in Table 1. Template is the best
hit, identified by its PDB ID number. Release date is the structure’s publication date in the database. E-value is
the expected number of chances that the match is random. Three percentages are calculated relatively to the
number of aligned residues: identity (exact match residues), positives (exact + homology match residues), and
gaps (inserted spaces to allow the alignment). Despite the intermediate sequential identity value, the structure
4LZI shows the best sequence coverage (number of aligned residues) and positive matches, being the best
template since structure 1G96. 4LZI: Solanum tuberosum multicystatin. 3PS8: L68V mutant of human cystatin C.
1R4C: N-truncated human cystatin C, dimeric form. 1G96: human cystatin C, dimeric form.
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Finally, the same analysis was done for BJ46a (85% sequential identity with HSF), and, as expected,
the results were very similar (Table 3). Three out of four structures selected as template to model HSF
were also found in this case. However, even though the results are equivalent, there was a significant
difference in the alignment with the secondary structure elements calculated using the threading
algorithm (data not shown).

Table 3. BJ46a-correlated structures in PDB database, using DELTA-Blast.

Feature BJ46a (322)
Template (PDB ID) 4LZ1 3Ps8 1G9%6
Release date 26 February 2014 21 December 2011 6 April 2001
Number of aligned residues 226 115 115
E-value 3x107% 3x107% 6 x107%
Identity (30/226) 13% (14/115) 12% (14/115) 12%
Positives (65/226) 28% (41/115) 35% (41/115) 35%
Gaps (55/226) 25% (8/115) 6% (8/115) 6%

DELTA-Blast search followed by PSI-Blast, with default parameters described in Table 1. Template |is the best
hit, identified by its PDB ID number. Release date is the structure’s publication date lin the database. E-value is
the expected number of chances that the match is random. Three percentages are calculated relatively to the
number of aligned residues: identity (exact match residues), positives (exact + homology match residues), and
gaps (inserted spaces to allow the alignment). Despite the intermediate sequential identity value, the structure
4LZI shows the best sequence coverage (number of aligned residues) and positive matches, being the best
template since structure 1G96. 4LZI: Solanum tuberosum multicystatin. 3PS8: L68V mutant of human cystatin C.
1G96: human cystatin C dimeric form.

In summary, sequence-based methods (i.e., comparative homology modeling) can only produce
good quality alignments and high accuracy models for closely related sequences (>40% identity).
Below this identity level, threshold sequence-to-structure methods (i.e., fold recognition modeling or
3D-threading) show better performance. However, the low quality of the alignments may compromise
the accuracy of the generated models. These limitations led to the development of hybrid strategies,
which combine search algorithms based on sequence-profiling methods, and the energy potentials
derived from threading methods. The new generation of fully automated servers for protein structure
prediction is based on this hybrid strategy (genThreader, PSIPred, and i-Tasser), allowing the structure
prediction of proteins at a proteome scale [129-131].

Hence, in order obtain confident structural models for these SVMPIs, we advocate that the overall
strategy should be to apply sequence-to-structure methods to produce large ensembles of models,
followed by validation against experimental data generated by XL-MS [132], HDX-MS [133], and
SAXS [134-136] (Figure 2, Right panel).

5. Conclusions

The field of natural inhibitors of snake venom toxins has advanced considerably since the amazing
phenomenon of innate venom resistance was first described more than two centuries ago. Currently,
the physicochemical characteristics of the antiophidic proteins are known, but the molecular bases
underlying their neutralizing properties are not quite well understood. For instance, translating this
scientific knowledge into novel effective therapies (e.g., preventing snake envenomation morbidity)
necessarily requires a deep understanding of the structure—function relationship. To tackle this
challenge, greater emphasis should be placed on the concerted use of emerging structural biology
techniques that are complementary to traditional approaches.
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Abbreviations

The following abbreviations are used in this manuscript:

ABC AntiBothropic Complex

ABF AntiBothropic Fraction

ADAM A Disintegrin And Metalloendopeptidase

ADAMTS ADAM with ThromboSpondin motifs

BPP Bradikynin-Potentiating Peptide

HDX-MS Hydrogen/Deuterium eXchange MS

HLP Habu-Like Protein

HSF Habu Serum Factor

Ig Immunoglobulin

MALDI TOF Matrix-Assisted Laser/Desorption Ionization

MS Mass Spectrometry

MMP Matrix MetalloendoPeptidase

PDBID Protein Data Bank IDentifier

PLI PhosphoLipase A, Inhibitor

NMR Nuclear Magnetic Resonance

SAXS Small-Angle X-ray Scattering

SDS-PAGE Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis
sSSP Small Serum Protein

SVMP Snake Venom MetalloendoPeptidase

SVMPI SVMP Inhibitor

TIMP Tissue Inhibitor of MetalloendoPeptidase

2D-PAGE Two-Dimensional PolyAcrilamide Gel Electrophoresis
XL-MS Cross-Linking MS

XRD X-ray Diffraction
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Abstract: Snake genome sequencing is in its infancy—very much behind the progress made in
sequencing the genomes of humans, model organisms and pathogens relevant to biomedical research,
and agricultural species. We provide here an overview of some of the snake genome projects in
progress, and discuss the biological findings, with special emphasis on toxinology, from the small
number of draft snake genomes already published. We discuss the future of snake genomics, pointing
out that new sequencing technologies will help overcome the problem of repetitive sequences in
assembling snake genomes. Genome sequences are also likely to be valuable in examining the
clustering of toxin genes on the chromosomes, in designing recombinant antivenoms and in studying
the epigenetic regulation of toxin gene expression.

Keywords: snake; genome; genomics; king cobra; reptile; Malayan pit viper

1. Introduction

The sequencing of animal genomes is uncovering a treasure trove of biological information.
Genomes can be defined in various ways. Functional definitions based on concepts of information-
encoding and transfer tend to ignore the role of extra-genomic (epigenetic) mechanisms in these
processes [1]. Therefore, we shall simply assume the genome to comprise the nucleotide sequence of
all nuclear and mitochondrial DNA of an organism. The genome may be sequenced in its entirety via
whole genome sequencing [2,3]. It may be more practical for some research questions to sequence
only the region of interest, using a ‘targeted capture” approach [4]. Targeted approaches include the
selective sequencing of bacterial artificial chromosome (BAC) libraries [5].

Genome sequencing has tended to focus on Homo sapiens and there are reportedly plans to
sequence 2 million human genomes for biomedical research objectives including personalized
medicine [6]. Further, the genomes of many animal species used as models in biomedical research,
or reared in agriculture, have also been sequenced. The genomes of non-model species have received
far less attention although there are plans to sequence many thousands of vertebrate genome in the
near future [7].

Toxins 2016, 8, 360 164 www.mdpi.com/journal/toxins
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1.1. Why Snakes Are Interesting

Snake genomics is a neglected topic, as can be seen by the relatively modest number of published
genomes and projects in the pipeline (Table 1). Nonetheless, it is a topic that is attracting increasing
interest from a biologists in several sub-disciplines [8]. This interest in snake genomes stems from
the medical importance of snakebite in many developing countries [9], the potential for finding novel
drugs and other bioactive compounds in venoms [10] and, from the perspective of fundamental
research, the extraordinary array of evolutionary novelties found in snakes [11,12].

Table 1. Snake genome projects published or in progress.

Trivial Name Scientific Name Family Notes
Prong-snouted blind snake Anilios bituberculatus Typhlopidae EJ. Vonk et al., in progress
Texas blind snake Rena dulcis Leptotyphlopidae T.A. Castoe et al., in progress
Boa constrictor Boa constrictor Boidae Ref. [13]; GenB: PRINA210004
Boa constrictor Boa constrictor Boidae Ref. [14]
Burmese python Python bivittatus Pythonidae Published [2]; GenB: AEQU00000000
Thamnophis sirtalis Colubridae GenB: LFLD00000000
Garter snake
Thamnophis elegans Colubridae Ref. [13]; GenB: PRJNA210004
Corn snake Pantherophis guttatus Colubridae Ref. [15]; GenB: JTLQ01000000
Corn snake Pantherophis guttatus Colubridae Targeted sequencing: 5’ hox genes [16]
King cobra Ophiophagus hannah Elapidae Published [3]; GenB: AZIM00000000
Malayan pit viper Calloselasma rhodostoma Viperidae EJ. Vonk et al., in progress
Five-pacer viper Deinagkistrodon acutus Viperidae Ref. [17]
Baylor College of Medicine,
European adder Vipera berus berus Viperidae Human Genome Sequencing Center;
GenB: JTGP00000000
Protobothrops . . .
Habu flavoviridis Viperidae H. Shibata et al., in progress
- Protobothrops - A.S. Mikheyev et al., in progress;
Brown spotted pit viper mucrosquamatus Viperidae GenB: PRJDB4386
Prairie rattlesnake Crotalus viridis viridis Viperidae T.A. Castoe et al., in progress
Western diamond-backed Crotalus atrox Viperidae Ref. [5]
rattlesnake
Timber rattlesnake Crotalus horridus Viperidae GenB: LVCR00000000.1
Speckled rattlesnake Crotu’l;:;rrrl:;t:hellu Viperidae Ref. [18]; GenB: JPMF01000000
Western Dlamon?lback Crotalus atrox, Targeted sequencing of bacterial
rattlesnake, Mojave - -
C. scutulatus, and Viperidae artificial chromosome (BAC) clones
rattlesnake and Eastern C. adamanteus containing phospholipase A, genes
Diamondback rattlesnake ' & phospholip 28 ’
Pygmy rattlesnake Sistrurus miliarius Viperidae Ref. [13]; GenB: PRINA210004
Temple pit viper Tropidolaemus wagleri Viperidae R.M. Kini et al., in progress

This list is not necessarily exhaustive. Abbreviation: GenB, GenBank accession number. Taxonomy according to

the Pubmed Taxonomy database [19].

Snakes (Serpentes) are represented by around 3000 extant species [20]. They show a suite of
adaptations common to many lineages of vertebrates that have independently evolved long, thin
bodies. This suite includes limb reduction or loss, axial elongation, increase in vertebral count and
asymmetry of paired viscera. Extant snakes have completely lost all traces of the forelimb and pectoral
girdle. In most species there is also loss of the hindlimb and pelvic girdle [11]. Exceptions include the
femoral and pelvic girdle remnants found on each side in Leptotyphlopidae (reviewed in Ref. [21]);
and the single pelvic element on each side in Typhlopidae [22]. Pelvic vestiges are also present in
Aniliidae, Cylindrophiidae and Anomochilidae; and in boas and pythons. There are both pelvic and
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femoral vestiges, the latter often tipped with a horny spur [22,23]. Compared to ancestral squamates,
snakes show elongation of the primary axis with a high vertebral number and poor demarcation of the
vertebral regions [24]. The left lung is reduced in size or absent [25].

Other adaptations include jaw modifications and metabolic adaptations associated with
swallowing prey whole [2]; the presence of a venom delivery system [26], consisting of the venom
glands and fangs; and heat-sensing “pit organs”. Venom delivery systems are found in approximately
600 species in the Elapidae, Viperidae, Colubridae and Atractaspididae [27]. Heat-sensitive pit organs
are represented by the loreal pit of Crotalinae [28], and the labial pits of some pythons and boas [29].

In the context of this special journal issue, the most relevant of these adaptations is venom, and the
peptide or protein toxins that it contains. Venom can be defined as any glandular secretion produced
by a metazoan that can be introduced into the tissues of another animal through a puncture (inflicted
by the venomous animal for that purpose) and which incapacitates prey or deters attackers by virtue
of its potent bioactivity [30]. Venom, and an associated venom delivery system (a gland connected to
a puncturing device), has evolved independently in many animal clades [31,32].

1.2. What Genomes Can Tell Us

As has been pointed out [33], toxin evolution has been studied for many years using traditional
sequencing and proteomics approaches; but new tools for genomics, transcriptomics and proteomics
are greatly advancing the field. For biomedical research in general, there are many advantages in
having genomic sequence data and we now summarize just a few of these advantages. A whole
genome sequence allows, in principle, the prediction of all translated genes (the exome) by means
of ab initio gene prediction algorithms [34] and homology searches using reference sequences [35].
Because of the paucity of genome sequences and the apparent frequent duplication of toxin-encoding
genes, the use of transcriptome data from the same species, or one closely related, makes this task
easier. The genes predicted may include genes for translated proteins as well as microRNAs (mRNAs)
and other non-coding genes.

Predicted gene sequences can then be used in a host of applications and analyses, ranging from
the design of probes for in situ hybridization [26], to searches for genes under positive or negative
selection, as inferred by the dy/ds ratio [36]. The latter analyses have shown that multiple genes are
under selection in snakes, or in clades within the snakes, including some venom toxin genes [3] and
developmental genes possibly connected to development of the serpentiform body plan [2].

With genome sequences, evolutionary gene loss can be more confidently asserted than by looking
at the transcriptome alone. Hypotheses about gene loss, or the degeneration of functional genes into
pseudogenes, can be more easily tested because non-coding pseudogenes can be identified in the
genome sequence on the basis of sequence homology or synteny [37]. Synteny refers to the location
of loci on the same chromosome, or the order and orientation of neighboring genes, especially when
compared across species [37].

Analysis of genome sequences shows that several visual pigment genes have been lost in snakes
compared with other squamates [2]. This may be related to the putative fossorial (burrowing) lifestyle
of an ancestral snake which might have had reduced eyes [38]. Genomics also reveals that some
neurotoxin genes have been lost in the lineage leading to the Western and Eastern diamond-backed
rattlesnakes (Crotalus atrox and C. adamanteus, respectively) [5].

Using genome sequences, it is possible to look for candidate regulatory regions; this in turn
may allow genomic regulatory blocks to be identified [39]. In the context of toxinology, it will
be especially interesting to examine whether duplicated toxin genes of the same toxin family are
clustered [5] and functionally part of a common regulatory landscape—in a way analogous, perhaps,
to the well-studied hox developmental genes [16]. Genome sequences allow the identification of
structural variations, including inversions, insertions, deletions and tandem duplications and other
large rearrangements [40]. It is also possible to look for transposable elements and other repetitive
sequences [41].
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Genomic data can be used in phylogeny reconstruction (which is one aspect of the discipline
phylogenomics) although this endeavor is not without difficulties [37,42]. One such difficulty is that
the evolution of nucleotide sequences effectively overwrites the ancestral sequence making homologies
(orthologues) more difficult to identify [37,42]. Horizontal gene transfer (between species), gene
loss and genome duplications [43] can further obscure the phylogenetic relationships among species
(reviewed in Ref. [37]).

1.3. Aims and Objectives of This Review

Our aim here is to review some of the biological results yielded, to date, by snake genomes; and to
consider some of the research questions that may one day be solved by the analysis of snake genomes.
We will focus mainly on the evolution of venom toxins, but discuss also some questions related to
snake morphological and physiological adaptations that are being illuminated by genomics.

2. Status of Snake Genome Sequencing Projects

The sequencing of snake genomes is very much in its infancy. The first draft genomes of
snakes to be published were those of the Boa constrictor (Boa constrictor) [13,14], Burmese python
(Python molurus bivittatus) [2] and the king cobra (Ophiophagus hannah) [3], followed by a high coverage
(238 x) assembly of the first viper genome (Crotalus mitchellii) [18]. Some key data on the first two of
these draft genomes are summarized in Table 2. The status of some other snake genome projects
known to us, including studies based on targeted capture, is summarized in Table 1. As can be seen,
the genome sizes of the Burmese python [2] and king cobra [3] are 1.44 and 1.36-1.59 Gbp, respectively.
This is roughly half the size of the human genome and closer to the smaller genomes of some other
sauropsids such as the chicken and the anole lizard (Table 2).

Table 2. Selected data from the Burmese python and king cobra draft genomes and comparison with
genomes of other species.

Species Coding Genes (k)  Genome Size (Gb) Repeats (%)
Burmese python 25(2] 1.44 (2] 31.8-59.4 (2]
King cobra 21.19 [3] 1.36-1.59 [3] 35.2-60.4 [2]
Chicken 20-23 * [44] 1.05 [44] 4.3-8.0 [45]; 9.4 [44]
Human 20.4 1; 19 [46] 3541 >66-69 [47]
Anolis 1857 170t 30% ¥ [48]

*v. 85.4 in ensembl.org gives the number of coding genes in the chicken genome as 15,508; T Human genome,
build 38; ensembl.org; * GenBank Assembly ID GCA_000090745.1;  Mobile elements.

3. Genome Data in the Reconstruction of Toxin Evolution

3.1. Overview of Possible Mechanisms of Toxin Evolution

Toxin evolution is reviewed in Ref. [32]. Waglerin toxins in Wagler’s viper (Tropidolaemus wagleri)
may well have arisen de novo since no orthologues have been found [49]. This is an exceptional case
and in general, the evolution of genes de novo is thought to be comparatively rare. Thus, in the human
genome, entirely new genes (i.e., those not found in other primates) are very few in number, and tend
not to be expressed in the proteome, suggesting that they function as non-protein-coding genes [46].
In fact, the likelihood of a gene being expressed in the human proteome at all was found to be related
to the age of evolutionary origin of that gene [46].

Cysteine-rich secretory protein (CRISP) and kallikrein toxins in Wagler’s viper are suggested
to have become toxic simply as a result of evolutionary changes in the coding sequence of existing
salivary proteins [49]. Indeed, another study concluded that not just a few, but in fact most, snake
venom toxins evolved from proteins expressed ancestrally in salivary glandular tissue [50]. In any
case, it is clear most venom toxins share close sequence similarity, at least in their functional domains,
with known, non-venom genes (physiological or body genes) [49].
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Alternative splicing can result in both physiological and toxin isoforms being generated from
the same gene in different tissues. This appears to be the case with acetylcholinesterase gene of
Bungarus fasciatus [51].

3.2. Moonlighting: The Strange Case of Nerve Growth Factor

Nerve growth factor (NGF) is a component of venoms in many snakes. At first sight, it may seem
to be nothing more than an innocuous neurotrophin apparently occurring in the venom for no good
reason. However, NGF is an extremely potent inducer of mast cell degranulation; thus it is possible
that it may produce increased local vascular permeability and toxin absorption; it may also produce or
enhance anaphylaxis [52,53]. The possibility that venom nerve growth factor may contribute to the
toxicity of venom is further suggested by the fact that, like other true venom toxins, it is under positive
selection in at least some snakes [52,53]. Nerve growth factor may also play an ancillary (non-toxic) role
while the venom is stored in the venom gland by inhibiting metalloprotease-mediated degradation [54].
Since a single isoform is present in Bothrops jararaca [55] it is possible that nerve growth factor may be
‘moonlighting” as a venom component—that is, taking on functions in the venom additional to those of
its function as a neurotropin (the concept of moonlighting is discussed in Ref. [56]). However, arguing
against moonlighting is the fact that nerve growth factor is present in at least two copies in the king
cobra genome [3] and in other cobras (reviewed in Ref. [50]; see also Table 3 in the current article).

Table 3. Number of copies (paralogues) of toxin genes in the king cobra (Ophiophagus hannah) genome;
data from Ref. [3].

Venom Toxin or Toxin Family Number of Paralogues

3FTx (three-finger toxin) * 21
PLA; (phospholipase A,) * 12
Lectin * 11
Kunitz * 10
Waprins *
Cystatin
CRISP (cysteine-rich secretory protein)
CVF (cobra venom factor)
Kallikrein
SVMP (snake venom metalloproteinase)
LAAO (L-amino acid oxidase)
NGEF (nerve growth factor)
NP (natriuretic peptide) *
Acetylcholinesterase
Hyaluronidase
PLB (phospholipase-B)
VEGF (vascular endothelial growth factors)
Vespryn

o= = R NN WW W W o

—_

Key: (*) estimated number of paralogues; the current genome assembly is not sufficiently well-scaffolded to
allow the number of paralogues to be determined with certainty.

3.3. Gene Duplication

Gene duplication may be important in the evolution of venom toxins at two levels: (i) in the origin
of the toxin gene from its ancestral counterpart and (ii) in subsequent expansion of the established
toxin gene into a multigene family.

Some toxin genes may have undergone an initial duplication event, after which one copy came to
be relatively highly expressed in the venom gland by some change in tissue-specific regulation [32].
The nascent toxin gene could then, in principle, undergo sequence evolution independently of its
non-venom paralogue to evolve a new function. This process is called neo-functionalization [57,58].
One problem with neo-functionalization as a mechanism is that mutations are more likely to
be deleterious than beneficial [59]. An alternative model of gene evolution after duplication is
sub-functionalization. This phenomenon can account for the survival of both paralogues because,
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weakened in function by deleterious mutations, the two copies will need to be retained in the genome
in order to make up, together, the full ancestral function by virtue of their complementary effects [60].
This has been called the duplication-degeneration-complementation (DDC) hypothesis [60].

There is no predictable pattern of duplication events in toxin evolution, as can be readily seen, for
example, in the highly variable number of different toxin paralogues in the king cobra genome (Table 3).
The number varies from one (hyaluronidase) to 21 (three-finger toxins). It is possible that some genes
have undergone what we have referred to as ‘hijacking’ [3]; that is, sequence modification without
duplication (Figure 1 in the current article). Comparative analysis of synteny (Figure 1) suggests that
the ancestral PLBD1 gene may have evolved into the king cobra venom phospholipase-B (PLB), and
that the HYALP1 gene similarly gave rise to venom-expressed hyaluronidase (HYAL).

A hijacking/modification - PLB

6o [

chicken ={ GUCY2C 455500 Smpfpfim] PLBD1 zsmw:>—/
250600 161080

green anole —{GUCY2C s v/4—{ PLBD1 18,67map

-
King cobra GUCY2C crzmme D=7 PL-B 20000
-
PLB ey ATTIp 11500

B hijacking/modification - HYAL

69408bp 12025bp
Mouse WASL 483626 /il HYALP1 57350 ol HYAL4 1030550

72849bp 19847bp.
King cobra —QASL 1367300 |=A=={ HYAL 845100 >—//—| HYAL4 mb,,>—

C duplication - SVMP

5 oste
green anole  ={STC1 s /—|ADAMzsssm>—/ [ NEMF__wone
; 19 210
King cobra —{ApAm MWM SUMP mm>—0—’| SUMP mb>—

T —.

Figure 1. Syntenic comparisons of venom genes in the king cobra with other vertebrates revealing
toxin recruitment by hijacking /modification and gene duplication. (A) Modification of PLBD1 gene
found in the green anole lizard (Anolis carolinensis) and the chicken (Gallus gallus) results in the venom
gland expressed phospholipase-B (PLB). Note that PLB is found split across two king cobra genome
scaffolds; (B) Modification of HYALP1 gene found in the mouse (Mus musculus) results in the venom
gland expressed hyaluronidase (HYAL); (C) Duplication of the non-venom gland expressed ADAM
gene in the king cobra results in a venom gland expressed snake venom metalloproteinase (SVMP)
gene. The ADAM gene in the green anole is flanked on both sides by non-SVMP genes, demonstrating
the absence of gene duplication in this species. Note that subsequent downstream duplication of the
SVMP gene in the king cobra results in multiple venom gland expressed SVMP isoforms. Based on
Figure S5 from [3].

An example of a gene that has undergone duplication is the ADAM gene which underwent
duplication and subsequently these duplicates evolved into a venom-expressed snake venom
metalloproteinase (SVMP) gene (Figure 1). Other toxins that have undergone multiple rounds of
duplication to produce multigene families include phospholipase A; in rattlesnakes [5]. In that gene
family, some paralogues subsequently disappeared from the genome in different lineages, possibly
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because of a change in prey type [5]. The origin of genes by duplication, and the subsequent loss of
some paralogues in this way, is consistent with the birth-and-death model of the evolution of multigene
families [61,62].

3.4. Possible Selective Advantage of Possessing Multigene Toxin Families

A preliminary analysis of the king cobra genome (Figure 2) suggests one possible selective
advantage of duplication in the evolution of multigene toxin families. There is a tendency for
paralogues that have undergone recent expansion to be more highly expressed in the venom gland
transcriptome. More work is required to confirm this hypothesis although it is consistent, for example,
with the relationship between amylase abundance and mRNA abundance in mice [63].

"
a Gn3FTxisot4 b .

Gn IFTxisol3

Gn IFTxisoil

Gn 3FTxisold

Gn IFTx iso2)

Gn 3FTxisolE

o Gn 3FTx ol ' Gn 3FTxisot2

18

Expression level
LB

i
Figure 2. Preliminary analysis of three finger toxin isoforms in the king cobra genome. (a) Phylogeny
showing isoform numbers; (b) Expression level (transcript abundance) in the venom gland; (c) Apparent
copy number in genome. One hypothesis consistent with the figure is that the more recently expanded
paralogues tend to be more highly expressed. The figure is an unpublished analysis by one of us
(Christiaan Henkel) based on data in Ref. [3]. See Table 4 for corresponding genome sequencing and
accession codes of the three finger toxin isoforms.
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Other explanations for the evolution of multiple isoforms of the same toxin is that they might
provide broad spectrum toxicity against a range of prey species. Presumably, this is more likely to
be advantageous for generalists, than for specialists such as the king cobra. Multiple isoforms might
also provide potentiation, so that the toxin complex is more potent than a single toxin. Potentiation
is known, for example, in the cone snails [64]. The possession of multiple gene copies might make it
more difficult for prey to evolve resistance.

Table 4. King cobra three finger toxin genome sequencing and accession codes. Isoforms correspond
with the ones referred to in Figure 2.

3FTX Isoform Nucleotide Sequence Accession Code Genbank

Isol GATACACCTTGACATGTCTAACACATGAATCATTATTTTTTGAAACCACTGAGAC AZIMO1011044.1
TTGTTCAGATGGGCAGAACCTATGCTATGCAAAATGGTTTGCAGTTTTTCCAGGTG .

Iso2 GATACACCAGGATATGCCACAAATCTTCTTTTATCTCTGAGACTTGTCCAGATGG AZIMO1016929.1
50 GCAGAACCTATGCTATTTAAAATCGTGGTGTGACATT |

Iso3 GATACACCTTGACATGCATCACATCTGCTCGTAACTTTGAGACTTGTCCACCTGG AZIMO1214498.1
50 GCAGAACCTATGCTTTTTAAAATCATGGTATGAAGCTTCAT )

TACAAAACCGGTGAACGTATTATTTCTGAGACTTGTCCCCCTGGGCAGGACCTAT
GCTATATGAAGACTTGGTGTGACGTTTTTT

Iso5 GATACACCATGACATGTTACACACAGTACTCATTGTCTCCTCCAACCACTAAGAC AZIMO1015434.1
50 TTGTCCAGATGGGCAGAACCTATGCTATAAAAGGTGATTTGCGTTTATTCCACATG )

Isob GATACACCACGAAATGCTACGTAACACCTGATGCTACCTCTCAGACTTGTCCAG AZIMO1133918.1
ATGGGGAGAACATATGCTATACAAAGTCTTGGTGTGACGGTTTTT )

Iso7 GATACACCACGAAATGCTATGTAACACCTGATGCTACCTCTCAGACTTGTCCAGA AZIMO01229389.1
50 TGGGGAGAACATATGCTATACAAAGTCTTGGTGTGACGTTTTTT )

Iso8 GATACACCACGAAATGCTACATAACACCTGATGTGAAGTCTCAGACTTGTCCAG AZIMO01229389.1
ATGGGGAGAACATATGCTATACAAAGACTTGGTGTGATGTTTGGT .

Is09 GATACACCACGAAATGCTACGTAACACCTGATGTTAAGTCTGAGACTTGTCCAG AZIMO01028336.1
50 ATGGGCAGGACATATGCTATACAGAGACTTGGTGTGACGTTTGGT :

ol GATACACCACGAAATGCTACGTAACACCTGATGTTAAGTCTGAGACTTGTCCAG AZIMO1097792.1
0 CTGGGCAGGACATATGCTATACAGAGACTTGGTGTGATGCTTGGT :

GACACACCAGGATATGTCTCACAGACTACTCAAAAGTTAGTGAAACCATTGAGA
TTTGTCCAGATGGGCAGAACTTCTGCTTTAAAAAGTTTCCTAAGGGTATTCCATTTT

012 GATACACCATGAAATGTCTCACAAAGTACTCCCGGGTTAGTGAAACCTCTCAGA AZIMOI011575.1
0 CTTGTCACGTTTGGCAGAACCTATGTTTTAAAAAGTGGCAGAAGG -

Isol3 GACACACCTTGATATGTGTCAAACAGTACACAATTTTTGGTGTAACCCCTGAGAT AZIMO1011969.1
TTGCGCAGATGGGCAGAACCTATGCTATAAAACATGGCATATGGTGTATCCAGGTG )

Isold GATACACCACGAAATGTTACAACCACCAGTCAACGACTCCTGAAACCACTGAAA AZIMO1034614.1
0 TTTGTCCAGATTCAGGGTACTTTTGCTATAAAAGCTCTTGGATTGATGGACGTG |

Isol5 GATACACCCTGATATGTCACCGAGTGCATGGACTTCAGACTTGTGAACCAGATG AZIMO01009352.1
0 AGAAGTTTTGCTTTAGAAAGACGACAATGTTTTTTCCAAATC )

GATACACCAGGAAATGTCTCAACACACCGCTTCCTTTGATCTATANTTAAAATGA
CTATTAAGAAGTTGCCATCTA

Isol7 NATACACCAGGATATGTTTAAAGCAAGAGCCATTTCAACCTGAAACCAGTACAA AZIMO1019523.1
0 CTTGTCCAGATGGGGAAGATGCTTGCTATAGTACATTTTGGAGTGATAACC )

Isol8 NATACACCAGGATATGTTTAAAGCAAGAGCCGTTTCAACCTGAAACCACTACAA AZIMO1052732.1
CTTGTCCAGAAGGGGAGGATGCTTGCTATAATTTGTTTTGGAGTGATCACA )

Isol19 GATACAGCTTGATATGTTTTAACCAAGAGACGTATCGACCTGAAACCACTACAA AZIMO01009977.1
S0 CTTGTCCAGATGGGGAGGACACTTGCTATAGTACATTTTGGAATGATCACCATG )

15020 CACAAACCAAGACATGTTACTCATGCACTGGAGCATTTTGTTCTAATCGTCAAAA AZIMO1013260.1
ATGTTCGGGTGGGCAGGTCATATGCTTTAAAAGTTGGAAAAATACTCTTCTGATAT )

Iso21 CACACACCCTGACATGTTACTCATGCAATGGATTATTATGTTCTGACCGTGAACA AZIMO1013561.1
ATGTCCAGATGGGTAGGACATATGCTTTAAGAGATGGAATGATACTGATTGGTCAG

Ts022 GATACAGCTTGACATGTCTCAATTGCCCAGAACAGTATTGTAAAAGAATTCACA AZIMO1071124.1

CTTGTCGAGATGGGGAGAACGTATGCTTTAAAAGGTTTTACGAGGGTAAACTATTAT

GATACACTCTGTTGTGTTGCAAATGCAATCAAACGGTTTGTGATCTCAATTCGTAT

TGTTCAGCAGGCAAGAACCAATGCTATATATTGCAGAATAATA

Iso4 AZIMO01146344.1

Isoll AZIMO01006046.1

Isol6 AZIM01009586.1

Is023 AZIM01008565.1

3.5. The Selective Expression of Toxin Genes, or Their Ancestral Orthologues, in the Venom Gland

Given that many toxins have arisen by duplication from genes whose ancestral function was
something other than that of a venom toxin [5,49,55,65], how did one or more of the duplicates
(paralogues) come to be selectively expressed in the venom gland?

3.5.1. Recruitment and Neo-Functionalisation Hypothesis

One scenario for the selective expression of toxin genes in the venom gland is as follows [49].
One of the copies of the ancestral gene underwent a change in tissue-specific regulation so as to
become expressed de novo in the venom gland [66]. This paralogue then underwent evolution of
its coding sequence so as to become more effective as a venom toxin [3]. Such adaptive changes in
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the coding sequence of the newly-recruited gene represent “neo-functionalization”—the evolution
of a function not related to the ancestral function (reviewed in Ref. [57,58]). Changes in the coding
sequence may be accompanied by additional changes in the regulation of toxin gene transcription,
as well as in translation and post-translational modification of the protein [67]. Finally, there is evidence
that a toxin gene may ultimately undergo a further change in tissue-specific regulation and revert to
being expressed in a tissue or organ other than the venom gland [55,68]. While this hypothesis has
been disputed [69], recent work comparing toxin expression in multiple different tissues of B. jararaca
provided additional evidence for reverse recruitment [55].

3.5.2. Restriction and Sub-Functionalisation Hypothesis

The hypothesis of duplication and neo-functionalisation outlined above has been questioned [50]
on the grounds that gene duplication in vertebrate genomes is an extremely rare event, and that
persuasive examples of neo-functionalisation have rarely been described in any context. Furthermore,
since new transcriptional regulatory relations have to be established for a gene to become highly
expressed in the venom gland, the whole scenario is argued to be improbable [50].

An alternative hypothesis is that the ancestral gene was expressed in a wide range of tissues,
including the venom gland; it then underwent duplication, with one paralogue becoming restricted
in expression to the venom gland and losing expression in the other tissues [50]. Thus, while the
recruitment and neo-functionalisation hypothesis is critically dependent on the acquisition of new
regulatory regions (for the novel expression of a paralogue in the venom gland), the recruitment and
sub-functionalisation depends on the loss of regulatory regions (that ancestrally drove expression in
tissues other than the venom gland).

3.5.3. Testing the Recruitment and Restriction Hypotheses

It may well prove to be difficult or impossible to test these hypotheses using comparative
transcriptomic data only. An essential pre-requisite will be the availability of multiple snake genomes
that provide appropriate taxon sampling, together with the identification of regulatory regions that
control the tissue-specific expression of toxin genes and their ancestral paralogues. Putative regulatory
sequences will also have to be tested functionally. Progress is being made in this area, as we shall
now discuss.

3.6. Mechanisms of Transcriptional Regulation That Might Have Led to Selective Expression of Toxin Genes in
the Venom-Gland

3.6.1. Non-Coding RNA Genes

RPTLN are long, non-coding RNA genes that may have been involved in the evolution of
snake venom metalloproteinases (SVMPs) from a disintegrin and metalloproteinase (ADAM) gene.
According to one hypothesis [66], RPTLN was under the control of a venom gland promotor and
its signal sequence became fused with the extracellular domain of the one copy of the ancestrally
physiological ADAM gene (the latter having previously undergone tandem duplication). After thus
being activated in the venom gland, the ADAM gene evolved into an SVMP [66]. The authors note that
their hypothesis can be tested as soon as genome builds for the relevant snake species are available
(see also this issue: see Ref. [70] for more information).

3.6.2. Transposable Elements

Another intriguing possibility is that CR1 LINE transposable elements, which are much more
abundant in advanced than in basal snakes, may have played a role in toxin gene recruitment [2].
CR1 LINEs are abundant in the genome of the copperhead (Agkistrodon contortrix)—much more
abundant than they are in the Burmese python (Python molurus bivittatus) genome [41]. We discuss
transposable elements and other repetitive sequences in more detail below.
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3.6.3. VERSE

It has previously been shown that the gene sequences of TroD (venom prothrombin activator gene)
and TrEX (blood coagulation factor X gene) are highly similar, except for promoter and intron 1 regions,
indicating that TroD probably evolved by duplication of its plasma counterpart [22]. The insertion,
in the promoter of TroD, of a VERSE sequence (VEnom Recruitment/Switch Element) accounts for
elevated, but not tissue-specific, expression [23].

3.6.4. AG-Rich Motifs

More recently, it was found that AG-rich motifs, in the first intron, silence gene expression
in non-venom gland tissues [71]. These AG-rich motifs are promotor-independent silencers, and
such cis-elements are also found in some snake toxin genes, but not in housekeeping genes.
Several polycomb group proteins (transcription factors) were identified to bind these motifs to regulate
expression. Genome sequences will help in identifying regulatory elements that control tissue-specific
expression of toxin genes in venom glands as well as expression of cognate genes in respective tissues.

3.7. Evolution of Toxin Resistance in Snakes as Studied with Genomic Data

Genome sequences have cast light on the resistance by snakes to the toxins of their prey.
Thus, the Eastern hog-nosed snake (Heterodon platirhinos) is resistant to the tetrodotoxin of
Notophthalmus viridescens a newt on which it preys [72], and the garter snake Thamnophis sirtalis
likewise shows resistance to the neurotoxic tetrodotoxin of newts in the genus Taricha [73]. Tetrodotoxin
resistance in Thamnophis is due to modification of the amino acid sequence of tetrodotoxin targets:
sodium ion channels on skeletal muscles (Nay1.4) and peripheral neurons (Nay1.6 and Nay1.7;
reviewed in Refs. [73,74]). Analysis of snake genomic data and partial sequences, suggests that
tetrodotoxin resistance in Thamnophis arose stepwise over a long period of evolutionary time, with
the ancient modifications of the sodium channels in nerves providing the necessary conditions for
evolution of resistance in skeletal muscle sodium-channels [73].

4. Transposable Elements and Other Repetitive Sequences in Snake Genomes

Repetitive elements (repeats) are DNA sequences present in many copies in a genome; they can be
classified into tandem repeats and transposable elements [75]. They are relatively abundant in snake
genomes, especially the genomes of advanced snakes.

Studies of snake genomes have shown how transposable elements have accumulated in the
Hox complex of developmental genes. The Hox complex consists of transcription factor genes that
have important roles in regulating embryonic pattern formation. Di-Poi and colleagues selectively
sequenced the 5 regions of the Hox clusters of different species [6]. In the squamates studied, including
the corn snake (Pantherophis guttatus) the clusters had become expanded in size due the accumulation of
numerous transposable elements. These transposons include retrotransposons and DNA transposons,
and occur mainly in the introns and intergenic regions [6]. The availability of genomic sequences is
also helping to uncover possible incidences of horizontal gene transfer. Thus, the long interspersed
element (LINE) non-LTR retrotransposon BovB is suggested to have been transferred, by tics, from
squamates to bovids [28].

5. Future Prospects in Snake Genomics

In the future, it may be possible to scan snake genomes for bioactive molecules; this could be
done, for example, by comparison with a pharmacophore database. Drug discovery from venoms
has already delivered drugs such as Prialt, Integrilin, Captopril and Byetta, and multiple candidates
are now progressing in clinical trials [76,77]. Furthermore, peptides derived from venoms are valid
pharmacological tools to study diseases [78]. For example, the study of the snake toxin «-bungarotoxin
led to characterisation of the nicotinic acetylcholine receptor (nAChR) and a new understanding
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of the disease myasthenia gravis [79]. Genome sequences also provide the prospect of generating
recombinant antivenoms [80]. Additionally, methylome sequencing will allow us to investigate the
role of epigenetics in regulating toxin gene expression [81].

Another step forward in snake genome sequencing will be new sequencing techniques. Next- or
second-generation sequencing, so-called because of the advance in Sanger sequencing, produces
short reads with low error rates and high throughput [82]. Examples of next-generation platforms
are Illumina and Roche 454. The newly-emerging third-generation sequencing platforms are able to
provide reads many kB long [83,84]. These platforms include the so-called “PacBio” system—single
molecule, real-time (SMRT) sequencing—from Pacific Biosciences; and MinION™ from Oxford
Nanopore Technologies [82]. MinION™ has a higher error rate than PacBio [82] and both have
higher error rates than second-generation sequencing. For a review of different sequencing platforms
and their properties, see Ref. [84].

Given the relatively high percentage of repetitive sequences in advanced snake genomes, a hybrid
approach is very promising, and has indeed proved useful for the tackling the same problem in the
human genome [84]. This approach involves using the long reads of third-generation sequencing to
bridge the gaps due to repeats; and combining them with reads from second-generation sequencing
to ameliorate the problem of errors in the long reads [84]. We have used this approach to assemble
a draft genome of the Malayan pit viper (unpublished data). However, as the error rate of long-read
sequencing improves, the hybrid approach will likely lose favor.

Other interesting developments in sequencing include optical mapping [85], useful for examining
the large-scale organization of genomic features, especially around large repetitive clusters; and
single-cell RNA-seq [86]. The latter would be very useful in investigating the regulation of toxin
production in the venom gland, as it provides a transcriptomic profile per individual cell (and thereby
an overview of the different cell types in a gland).
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Abstract: Snake venom metalloproteinases (SVMPs) play key biological roles in prey immobilization
and digestion. The majority of these activities depend on the hydrolysis of relevant protein substrates
in the tissues. Hereby, we describe several isoforms and a cDNA clone sequence, corresponding to PII
SVMP homologues from the venom of the Central American pit viper Bothriechis lateralis, which have
modifications in the residues of the canonical sequence of the zinc-binding motif HEXXHXXGXXH.
As a consequence, the proteolytic activity of the isolated proteins was undetectable when tested on
azocasein and gelatin. These PII isoforms comprise metalloproteinase and disintegrin domains
in the mature protein, thus belonging to the subclass PIIb of SVMPs. PII SVMP homologues
were devoid of hemorrhagic and in vitro coagulant activities, effects attributed to the enzymatic
activity of SVMPs, but induced a mild edema. One of the isoforms presents the characteristic RGD
sequence in the disintegrin domain and inhibits ADP- and collagen-induced platelet aggregation.
Catalytically-inactive SVMP homologues may have been hitherto missed in the characterization of
snake venoms. The presence of such enzymatically-inactive homologues in snake venoms and their
possible toxic and adaptive roles deserve further investigation.

Keywords: snake venom metalloproteinases; PII SVMP homologues; disintegrin domain;
zinc-binding motif; hemorrhagic activity; platelet aggregation; proteinase activity

1. Introduction

Snake venom metalloproteinases (SVMPs) are abundant components in the venoms of
advanced snakes of the superfamily Colubroidea and play key roles in venom toxic and digestive
actions [1-3]. Together with the ADAMs and ADAMTs, SVMPs are classified within the M12 family
of metalloproteinases (subfamily M12B or reprolysin) [1], which, in turn, belong to the metzincin
superfamily of these proteinases. This superfamily is characterized by a canonical zinc-binding
sequence (HEXXHXXGXXH) followed by a Met-turn [4].

SVMPs have been classified into three classes on the basis of the domain composition (PI, PII
and PIII). All contain a signal sequence, a prodomain and a metalloproteinase domain. In the case of the
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PI class, the mature protein has only the metalloproteinase domain, while the PII class has, in addition
to the catalytic domain, a disintegrin (Dis) domain, which may be proteolytically processed, giving
rise to a free disintegrin, that in most cases hosts the canonical RGD motif [5]. In turn, PIII class SVMPs
have disintegrin-like (Dis-like) and cysteine-rich (Cys-rich) domains following the metalloproteinase
domain. In some PIII SVMPs, two additional C-type lectin-like subunits are covalently linked to the
cysteine-rich domain. Within each one of these SVMP classes, there are several subclasses that vary in
their post-translational processing and quaternary structure [1,6]. SVMPs play key biological roles
for snakes, both as digestive enzymes and as toxicity factors, since they are responsible for local and
systemic hemorrhage, blistering and dermonecrosis, myonecrosis and coagulopathies, in addition to
exerting a pro-inflammatory role [2]. Most of the biological effects of SVMPs depend on their catalytic
activity, particularly on their capacity to hydrolyze extracellular matrix components and coagulation
factors. However, other functions are associated with the non-metalloproteinase domains, such as the
action of disintegrins and disintegrin-like sequences on platelet aggregation [1,2,7,8].

SVMPs constitute a model of evolution and neofunctionalization of multigene families [9].
The evolutionary history of these toxins, which has been characterized by domain loss, gene
duplication, positive selection and neofunctionalization, started with the recruitment of an ADAM
(ADAM 7, ADAM 28 and/or ADAM decysin 1), followed by the loss of C-terminal domains
characteristic of ADAMSs, resulting in the formation of P-IIl SVMPs [10,11]. After that, a duplicated
SVMP PIII gene evolved by positive selection into a PIL SVMP via loss of the Cys-rich domain. Then,
PI evolved by disintegrin domain loss, with further neofunctionalization of the metalloproteinase
domain to play diverse biological roles [6,10,11]. PIIl SVMPs are present in all advanced snake families,
whereas PI and PII SVMPs occur only in the family Viperidae [2,6]. This accelerated and complex
evolutionary process has generated a great functional diversity in this group of enzymes and the
expression of multiple, structurally-distinct SVMP isoforms in snake venoms [6,12,13].

Many representatives of PII SVMPs undergo a post-translational modification by which the
disintegrin domain is released from the precursor protein [1,6]. However, in two subclasses of PII
SVMPs, i.e., Pllb and Pllc, this proteolytic cleavage does not occur, and the mature proteins are
comprised by the metalloproteinase and the Dis domain held together [6]. In addition, PIIc SVMPs
occur as dimers, whereas PIIb are monomers. Despite the great diversification of SVMPs, to the best of
our knowledge, there are no reports on enzymes with mutations in the canonical zinc-binding motif of
the active site, and all SVMPs described to date are catalytically active.

In the course of the characterization of SVMPs from the venom of the arboreal pit viper
Bothriechis lateralis, a species distributed in Central America [14], a fraction containing internal
sequences characteristic of SVMPs, but being devoid of proteinase and hemorrhagic activities, was
isolated. The characterization of this fraction and the cDNA cloning of a related isoform showed
the presence of modifications in the residues constituting the zinc-binding motif characteristic of the
reprolysin group of metalloproteinases. This study describes the isolation and characterization of these
SVMP variants and discusses some biological implications of their presence in snake venoms.

2. Results

2.1. Purification of SVMP BlatPII

A PII SVMP, hereby named BlatPIl, was purified from the venom of B. lateralis by two
chromatographic steps. First, ion-exchange chromatography on diethylaminoethyl (DEAE)-Sepharose
yielded five protein fractions (Figure 1A). Then, Peak III, which showed hemorrhagic activity,
was fractionated by phenyl sepharose chromatography (Figure 1B). Fraction II of the latter
chromatography was devoid of hemorrhagic activity, but had sequences characteristic of SVMPs
by mass spectrometric analysis. When run on SDS-PAGE, it showed bands of 36 kDa and 39 kDa,
under non-reducing and reducing conditions, respectively (Figure 1C), indicating that it is a monomeric
protein containing intramolecular disulfide bond(s). It stained positive in the carbohydrate detection
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test, i.e., it is a glycoprotein (not shown). Reversed-phase HPLC analysis demonstrated that the protein,
apparently homogeneous on SDS-PAGE, can be separated into two peaks (Figure 1D) with molecular
masses of 35,409 & 248 Da and 36,715 + 249 Da, estimated by MALDI-TOF mass spectrometry.

\%
0.3+ A
T
c \Y
: C
& 0.2 1 2 3
° I 1 " :
g 116 — '
K] 66 =
S 0.1 o
2
< 45— W
450 600 750 900 1050 1200 1350 35— .
Time (min)
0.154 25— -
5 a b c B
(=]
g 0.104 18— .
8
= 14— -
£ 0.05
o
0
e
< N
0.00 T ¥ f T T Y
75 125 175 225 275 325 D
Time (min)
B)
£ 1000 1 2 3 >
E 45— g 60
£ S ] 2
2 600 25 g } — ‘ 40 g
A | g
| - | |
c et T
8 0 el | N\ f\ \“ ® 2
S n — N, UV VAR VA VA W &
3 o,:'L,fxf,, e ~ I 0
< 5 10 15 20 25 30 35

Time (min)

Figure 1. Isolation of BlatPII from B. lateralis venom. Venom was fractionated by ion-exchange
chromatography on diethylaminoethyl (DEAE)-Sepharose (A); and hydrophobic interaction
chromatography on phenyl sepharose (B); as described in the Materials and Methods. Arrows inserted
in (B) correspond to the addition of 100 mL of 0.01 M phosphate buffer, pH 7.8, containing 1 M NaCl (a);
100 mL of 0.01 M phosphate buffer, pH 7.8 (b); and 100 mL of deionized water (c). Fraction II from the
hydrophobic interaction chromatography is a SVMP devoid of hemorrhagic activity and was named
BlatPIl. (C) SDS-PAGE of the purified protein under reducing (Lane 2) and non-reducing (Lane 3)
conditions. (D) BlatPII was separated into two main peaks by RP-HPLC. Red line corresponds to
acetonitrile gradient (see the text for details). SDS-PAGE under reducing conditions of Peak 1 (Lane 2)
and Peak 2 (Lane 3) is shown in the insert of (D). Lane 1 in gels of (C) and the insert of (D) corresponds
to molecular mass standards (kDa).

2.2. Determination of Internal Peptide Sequences

Mass spectrometry analysis and Edman N-terminal degradation of peptides obtained by digestion
of RP-HPLC Peaks 1 and 2 with different proteinases identified several sequences characteristic
of the metalloproteinase and disintegrin domains of SVMPs (Table 1). Sequences having two
different patterns of substitutions in the canonical sequence of the zinc-binding motif of SVMPs

183



Toxins 2016, 8, 292

(HEXXHXXGXXH) were found. One of them (HELGHNLGIHQ) has a Gln instead of a characteristic
His, whereas the other (HDLGHNLCIDH) has two substitutions, i.e., an Asp instead of Glu and a Cys
replacing a Gly. These sequences were found in peptides having variations in other internal sequences,
hence evidencing the presence of several isoforms within these two basic patterns of substitutions in
the zinc-binding motif (Table 1). Representative high-resolution MS/MS spectra of the above referred
peptides are shown in the Supplementary Material (Figures S1-S5). All fragmentation patterns were
automatically interpreted by PEAKS De Novo software (version 8, Bioinformatics Solutions Inc.,
Waterloo, Canada, 2016). Only sequence results with very high confidence (average local confidence
(ALC) >99% and local confidence score for each amino acid >98%) were considered. The sequence
RGD, characteristic of many disintegrins, was observed in a few peptides derived from proteins eluted
in the HPLC Peak 2 (Table 1). The high-resolution MS/MS spectrum of one of these peptides is shown
in the Supplementary Material (Figure S6). For this specific peptide, the de novo ALC was 91%, and the
local confidence score for each amino acid ranged from 59% to 99%. All peptides derived from proteins
from HPLC Peaks 1 and 2 identified by automatic de novo sequencing and showing ALC > 99% were
aligned against the BlatPII-c sequence using PepExporer, a similarity-driven tool (Figures S7 and S8).
Considering a minimum identity of 75%, the sequence coverage obtained for BlatPII-c was 22.1% and
49.1%, respectively, for peptides from HPLC Peak 1 and Peak 2.

2.3. Cloning of a P-II SVMP

The PCR amplified a 1458-bp cDNA sequence (Figure 2), with a precursor protein sequence
including a 17-residue N-terminal signal peptide, a pre-pro-domain (residues —18-—190, including the
canonical cysteine switch motif (PKMCGVT)), followed by a mature protein comprising a 206-amino
acid metalloproteinase domain, a short spacer sequence (residues 207-211) and a long PII disintegrin
domain (212-297) containing the characteristic RGD motif. Noteworthy, the metalloproteinase domain
contains the CIM sequence characteristic of the Met-turn of metzincins [4] and a mutated zinc-binding
motif with the sequence HDLGHNLCIDH, instead of the canonical HEXXHXXGXXH. This sequence is
identical to the mutated catalytic site of some of the internal sequences determined in proteins eluted in
Peak 2 of the RP-HPLC separation (Table 1). When comparing the complete sequence of the clone with
the peptide sequences identified in RP-HPLC peaks (Table 1), there were differences in some residues.
Thus, this cDNA-deduced amino acid sequence is likely to correspond to another isoform having
the same substitutions in the canonical catalytic site found in some of the isolated protein isoforms.
The protein coded by the cDNA clone is hereby named BlatPII-c. The BlatPII-c clone presents two Cys
residues, corresponding in the mature protein to residues at positions 217 and 236. The presence of
these Cys residues identifies this domain as a member of the long-chain disintegrin subfamily [13,15]
and has been suggested to underlay the lack of proteolytic processing of the disintegrin domain in
some PII SVMPs. Therefore, the data suggest that BlatPII-c belongs to the subclass PIIb of SVMPs,
i.e.,, monomeric PII containing metalloproteinase and disintegrin domains in the mature protein [16]
(Figure 2). The sequence of this clone was deposited in GenBank under Accession Number KU885992.

2.4. Proteolytic Activity on Azocasein and Gelatin

Proteolytic activity on these two substrates was tested with the fraction BlatPII, which contains
isoforms that can be separated only by RP-HPLC. Since the solvents used for this separation denature
the enzymes, it was not possible to assess the proteolytic activity of the RP-HPLC peaks separately.
Under the experimental conditions used, BlatPII did not show proteolytic activity on the two substrates
tested. In contrast, both BaP1 and BlatH1 SVMPs, which are active proteinases, hydrolyzed azocasein
and gelatin (Figure 3).
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Figure 2. cDNA sequence and deduced amino acid sequence of BlatPIl-c. The deduced amino acid
sequence of the mature protein is depicted in bold letters and is preceded by the pro-domain, which
contains the sequence PKMCGVT characteristic of the Cys switch (highlighted in green). Sequences
corresponding to signal peptide, pro-domain, metalloproteinase domain, spacer region and the
disintegrin domain are indicated. The sequences corresponding to the mutated zinc-binding motif
and the sequence CIM (Cys-Ile-Met) of the Met-turn are highlighted in yellow, as well as the sequence
RGD in the disintegrin domain. Cysteine residues proposed to be related to the lack of proteolytic
processing of the disintegrin from the metalloproteinase domain are labeled with asterisks. Primers
used to PCR-amplify the cDNA clone and the C-terminal amino acid sequence gathered by MS/MS
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Figure 3. Evaluation of the proteolytic activity of BlatPIl and other SVMPs on azocasein and gelatin.
(A) BlatPII (5.5 uM) was incubated with azocasein (see the Materials and Methods for details).
For comparison, an equimolar concentration of PI SVMP BaP1, from the venom of Bothrops asper,
and of the hemorrhagic PII SVMP BlatH1, from the venom of Bothriechis lateralis, were also tested.
PBS was used as a negative control; (B) Quantification of the gelatinolytic activity of the SVMP by a
fluorescent commercial kit (EnzCheck® protocol Gelatinase/Collagenase Assay Kit, Molecular Probes,
Life Technologies, Eugene, OR, USA). One-point-six micrograms of BlatPII were incubated with 20 pg
of the fluorescent gelatin; equimolar quantities of BaP1 and BlatH1 were used as positive controls;
samples were incubated at room temperature for 6 h. Fluorescence intensity was measured in the
BioTek Synergy HT microplate reader using the absorption filter at 495 nm and the emission filter
at 515 nm. * p < 0.05 when compared with BaP1 and BlatH1. In (A,B), the signal of BlatPII was
not significantly different when compared to the controls without enzyme (p > 0.05); (C) Gelatin
zymography: 2.5 ug of BlatPII (Lane 2) and 2.5 ug of BlatH1 (Lane 3) were separated on SDS-PAGE
under non-reducing conditions. Lane 1 corresponds to molecular mass standards. The dark band
observed in Lane 2 corresponds to BlatPII, whose migration in SDS-PAGE-gelatin gels is delayed as
compared to SDS-PAGE gels without gelatin.

2.5. Hemorrhagic, Edema-Forming, Coagulant and Platelet Aggregation Inhibitory Activities

BlatPII did not exert local hemorrhagic activity when injected in the skin of mice at a dose of
100 pg, nor did it show coagulant activity on human plasma. Likewise, the protein did not induce
pulmonary hemorrhage after i.v. injection of 100 pug in mice. On the other hand, BlatPII demonstrated
a low edema-forming activity (Figure 4), and inhibited ADP- and collagen-mediated aggregation of
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human platelets in PRP, with estimated ICsgs of 0.25 and 0.33 uM, respectively (Figure 5A,B). In the
case of the peaks obtained by RP-HPLC separation, Peak 1 did not induce the inhibition of platelet
aggregation, while Peak 2 inhibited platelet aggregation using ADP and collagen as the agonists
(Figure 5C).
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Figure 4. Edema-forming activity of BlatPII. Groups of four CD-1 mice were injected subcutaneously
in the right footpad with 5 ug of BlatPII, in a volume of 50 uL. PBS. Controls were injected with 50 uL
PBS only. The paw thickness was measured using a low pressure spring caliper, as a quantitative index
of edema, before injection and at 30, 60, 180 and 360 min after injection. Edema was calculated as
the percentage of increase in the paw thickness of the right foot injected with SVMP as compared to
the left foot; in parallel, 5 pg of BlatH1 were used as a positive control. BlatH1 induced significantly
higher (p < 0.05) edema than BlatPII at all time intervals, whereas BlatPII induced a significant edema,
as compared to the control, only at 60 and 180 min (* p < 0.05).
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Figure 5. Inhibition of platelet aggregation by BlatPIl and RP-HPLC Peaks 1 and 2. Various
concentrations of BlatPII were tested using ADP (A) or collagen (B) as agonists. (C) Inhibition of
platelet aggregation by HPLC Peak 1 and Peak 2. Results presented correspond to one experiment
representative of three different independent experiments.
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2.6. Three-Dimensional Model of the Active Site of BlatPII-c

As described above, the clone codes for the sequence HDLGHNLCIDH instead of the characteristic
canonical site HEXXHXXGXXH at the enzyme active site. Three-dimensional structures, based on
homology models, were generated using the Modeller method available in the Accelrys Discovery
Studio 3.5 software [17]. The vascular apoptosis-inducing protein 1 (VAP-1) (PDB Code 2ERQ) was
used as a template. After aligning the generated model of the BlatPII-c with the VAP-1 crystal structure,
it was shown that the substitution of Glu for Asp causes an increase in the distance between residue
Asp335 and the water molecule (4.203 A), both of which play a key role in the hydrolysis of the peptide
bond. In the case of VAP-1, a PIII SVMP from the venom of Crotalus atrox, which has the characteristic
active site with Glu, the distance between the water molecule and Glu is 2.691 A (Figure 6). A PIII
SVMP (VAP-1) was used as a model, because no PII SVMP has been crystallized, and the sequence
identity percentage between these toxins is acceptable (55%) for the modeling program.

T A T B
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Figure 6. 3D model of the active sitt HDLGHNLCIDH. Using the Discovery Studio Program Version
3.5.0.12158 (Accelrys Software Inc, San Diego, CA, USA), a 3D model of the active site of BlatPIlI was
generated (A). Determination of distances in the predicted model was made using the coordinates of
the zinc atom and the water molecule from the crystallographic structure of VAP-1 from venom of
Crotalus atrox (B).

3. Discussion

In contrast to the SVMPs described so far, the PIl SVMP homologues described in the present study
have the peculiarity of being devoid of proteinase activity. To the best of our knowledge, this constitutes
the first case of a snake venom protein having a SVMP structural scaffold, but being devoid of
proteolytic activity. Mass spectrometric and molecular analyses of the isoforms of BlatPII underscore
the presence of mutations in the canonical sequence of the zinc-binding motif characteristic of the
active site of SVMPs. In the canonical sequence (HEXXHXXGXXH), the catalytic zinc is coordinated
by the three His residues, and a water molecule plays the role of a fourth ligand and is clamped
between the catalytic Glu of the motif and the metal, forming a trigonal pyramidal coordination
sphere around the zinc [4]. In the catalytic process, the water molecule is added to the peptidic bond
by a nucleophilic attack, in which the carbonyl group of the scissile peptide bond is polarized by
the active site zinc. In such a mechanism, the zinc-bound water molecule mediates between this
carbonyl group and the catalytic Glu residue, giving rise to the acquisition of nucleophilicity by the
water molecule, necessary for attacking the carbonyl carbon of the scissile peptide bond, resulting
in a tetra-coordinate transition state. The catalytic Glu then presumably serves as a proton shuttle
to the cleavage products [4,18,19]. Thus, it is likely that the substitutions of these highly-conserved
catalytic residues occurring in the isoforms of BlatPII drastically affect one or more steps in this catalytic
process. The presence of catalytically-inactive SVMP homologues in snake venoms needs to be further
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investigated since the isolation of SVMPs is usually followed by testing proteinase or toxic activities
of the chromatographic fractions; this approach does not detect catalytically-inactive variants. It is
therefore recommended that the search for this type of inactive SVMP homologues is based on either
immunological detection of components cross-reacting with SVMPs or on the proteomic identification
of these variants, as performed in our study.

In contrast to SVMPs, where no examples of enzymatically-inactive variants have been described
before, mutations in the catalytic site have been reported in the case of the other branch of the
reprolysin group of metalloproteinases, i.e., the ADAMs [1,20,21]. Some ADAMSs have completely
lost the sequence of the zinc-binding motif [1,21-24]. In other cases, such as ADAMDEC-1 [20] and
ADAM-7 [21,25], substitutions in this canonical motif have been described, with variable impact on
the proteolytic activity of these proteins. On the other hand, the detection of several mutated isoforms
of BlatPII and the presence of variations in the internal sequences determined highlight the existence
of several isoforms in this venom within the two basic mutated patterns of the zinc-binding motif.

Two basic patterns of substitutions in the canonical sequence of the zinc-binding motif were
found in our study. In one case, an Asp substitutes the Glu and a Cys substitutes a Gly, whereas in
the other, a GIn substitutes the third His in the canonical sequence. It is therefore proposed that these
substitutions drastically affect the catalytic machinery in these PII SVMP homologues. A 3D modeling
of the active site, using the sequence of BlatPII-c, showed that the substitution of Glu for Asp causes
an increase of the distance between the Asp335 residue and the water molecule, as compared to the
distance between Glu335 and water in a catalytically-active variant. The increment of this distance
may affect the activation of the water molecule, thus precluding the nucleophilic attack of the peptide
bond. On the other hand, the substitution of a Gly by Cys might also bear structural consequences that
affect the catalytic machinery. The elucidation of the 3D structure of BlatPII-c will certainly provide an
explanation for the described effect in proteolytic activity.

The lack of hemorrhagic and coagulant activities in BlatPII is probably related to the loss of
enzymatic activity, since these effects have been associated with proteolysis in catalytically-active
SVMPs. The observation that BlatPII induces mild edema is compatible with a study that described
edema-forming activity of a fragment constituted by the Dis-like and Cys-rich domains [26].
HPLC peak 2 inhibits platelet aggregation induced by ADP and collagen, and as expected, sequences
found in HPLC Peak 2 present the characteristic RGD motif in the disintegrin domain. Since this
sequence is associated with the ability of many disintegrins to bind a3 integrin in the platelet
membrane, causing inhibition of aggregation [27-29], it is suggested that it is responsible for the effect
observed in platelets.

The existence of catalytically-inactive PII SVMP homologues in the venom of B. lateralis is
intriguing from the adaptive standpoint, since most of the described biological roles of SVMPs,
associated with both prey immobilization and digestion, are dependent on the proteolytic degradation
of diverse substrates, usually extracellular matrix components or plasma proteins [2]. BlatPII isoforms
are devoid of hemorrhagic and coagulant effects, in agreement with their lack of proteinase activity.
The only biological effects shown by BlatPII were a mild edema-forming effect and inhibition of platelet
aggregation, which may be due to the presence of RGD in the disintegrin domain and may play a
role in the overall toxicity of the venom by affecting this aspect of hemostasis, although this requires
experimental demonstration. Alternatively, the presence of BlatPII in the venom may reveal a neutral
evolutionary process by which these catalytically-inactive homologues are expressed in the venom
gland without playing a significant trophic role. Many components have been described in snake
venoms that have not been shown to play a biological role. Nevertheless, it would be relevant to
explore the possible toxicity of these isoforms by assessing a wider set of effects and also by studying
their toxicity in prey other than mice, since adult B. lateralis also feeds on birds and bats in addition to
rodents [14].

In the wider context of hydrolytic enzymes, examples of catalytically-inactive homologues of
phospholipases A, (PLA;) and of serine proteinases have been described in snake venoms. In the
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case of PLA; homologues, substitutions of key residues in the catalytic machinery have resulted in
the loss of enzymatic activity. However, many catalytically-inactive PLA; homologues exert toxic
effects, such as myotoxicity and pro-inflammatory activities, owing to the appearance of ‘toxic sites’
in some regions of the surface of these molecules [30]. Likewise, serine proteinase homologues have
been reported, which are characterized by substitutions in the catalytic triad His, Asp, Ser [31,32]. Ina
serine proteinase isolated from the venom of Trimeresurus jerdonii, the replacement of His-43 by Arg-43
at the catalytic triad has been associated with the loss of proteolytic activity [32].

In conclusion, cDNA encoding for a PIl SVMP and several isoforms of PII SVMP homologues with
a mutated catalytic site occur in the venom of the arboreal viperid snake B. lateralis, which contains a
high percentage of SVMPs (55.1%) [33]. Such mutations in the canonical sequence of the zinc-binding
motif of these enzymes are likely to be responsible for the lack of enzymatic activity observed. To
the best of our knowledge, this is the first case of catalytically-inactive SVMP homologues described
in snake venoms. The possible biological role, if any, of these SVMP variants remains unknown,
although one of them is able to inhibit ADP- and collagen-induced platelet aggregation in vitro. These
components expand the wide set of SVMP variants in viperid snake venoms. The search for other
enzymatically-inactive SVMP homologues in venoms is a relevant task in order to ascertain how
frequent they are and to discover new possible biological roles for this group of venom components.

4. Materials and Methods

4.1. Venom and Toxins

A pool of venom obtained from at least 20 adult specimens of B. lateralis collected in various
locations of Costa Rica, and maintained at the Serpentarium of Instituto Clodomiro Picado, was used.
Venom was lyophilized and stored at —20 °C. Venom solutions were prepared immediately before
each experiment. In some experiments, BlatH1, a PIl SVMP isolated from the venom of B. lateralis [34],
and BaP1, a PI SVMP from the venom of Bothrops asper [35], were used for comparative purposes.

4.2. Purification of SVMP

One hundred milligrams of B. lateralis venom were dissolved in 5 mL of 0.01 M phosphate buffer,
pH 7.8, and centrifuged at 500 x g for 10 min. The supernatant was loaded onto a DEAE sepharose
column (column 10 cm in length X 2 cm internal diameter) previously equilibrated with the same
buffer. After eluting the unbound material, a linear NaCl gradient (0-0.4 M) was applied, and fractions
were collected at a flow rate of 0.3 mL/min. The fraction containing SVMPs, identified on the basis
of hemorrhagic activity in mice, was then adjusted to 1 M NaCl and applied to a phenyl sepharose
hydrophobic interaction column (6 cm x 1.5 cm i.d.). Unbound proteins were eluted with 100 mL
of 0.01 M phosphate buffer, pH 7.8, containing 1 M NaCl. Then, 100 mL of 0.01 M phosphate buffer,
pH 7.8, were applied, and finally, the chromatographic separation was finished by the addition of
100 mL of deionized water. The eluted fractions were analyzed by SDS-PAGE, hemorrhagic activity
and mass spectrometry analysis of tryptic peptides. A peak of 39 kDa devoid of hemorrhagic activity,
but showing amino acid sequences corresponding to SVMPs, was isolated after the application of
100 mL of 0.01 M phosphate buffer, pH 7.8, and was further characterized in this study; it was named
BlatPIL The peak obtained after the application of water has been previously characterized as a dimeric
PII hemorrhagic SVMP, known as BlatH1 [34]. Homogeneity and molecular mass were determined by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing and non-reducing conditions,
using 12% polyacrylamide gels [36].

4.3. HPLC Separation of Isoforms

One hundred micrograms of BlatPIl were loaded on a Thermo AQUASIL C4 column
(150 mm x 4.6 mm i.d.), and the reversed-phase HPLC fractionation was made on an Agilent
1200 instrument (Agilent Technologies, Santa Clara, CA, USA) at a flow of 0.5 mL/min, with detection
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set at 215 nm. The solvent system was 0.1% trifluoroacetic acid in H,O (Solvent A) and 0.1%
trifluoroacetic acid in acetonitrile (Solvent B). The gradient program began with 0% Solvent B for 5 min
and was then ramped to 70% Solvent B at 300 min, followed by 70% Solvent B for 5 min.

4.4. Mass Spectrometry Analyses

4.4.1. MALDI-TOF/TOF

Mass determination of the whole protein was performed by mixing 0.5 uL of saturated sinapinic
acid (in 50% acetonitrile, 0.1% trifluoroacetic acid) and 0.5 uL of sample, which were spotted
onto an OptiTOF-384 plate, dried and analyzed in positive linear mode on an Applied Biosystems
4800-Plus MALDI-TOF/TOF instrument (Applied Biosystems, Framingham, MA, USA). Mass spectra
were acquired with delayed extraction in the m/z range of 20,000-130,000, at a laser intensity of
4200 and 500 shots per spectrum. Protein identification and amino acid sequencing of peptides
obtained by digestion with trypsin, chymotrypsin or endoproteinase Glu-C were carried out by CID
tandem mass spectrometry. Protein bands were excised from Coomassie Blue R-250-stained gels
(12% polyacrylamide) following SDS-PAGE run under either reducing or non-reducing conditions and
were reduced with dithiothreitol, alkylated with iodoacetamide and digested with sequencing-grade
bovine trypsin (Sigma-Aldrich Co, St. Louis MO, USA), chymotrypsin (GBiosciences, St. Louis, MO,
USA) or endoproteinase Glu-C (V8 protease) (GBiosciences, St. Louis, MO, USA), on an automated
processor (ProGest, Digilab, Marlborough, MA, USA) overnight at 37 °C, according to the instructions
of the manufacturer. The peptide mixtures were then analyzed by MALDI-TOF-TOEF. Mixtures of
0.5 uL of sample and 0.5 uL of saturated x-cyano-4-hydroxycinnamic acid (in 50% acetonitrile, 0.1%
trifluoroacetic acid) were spotted, dried and analyzed in positive reflector mode. Spectra were
acquired using a laser intensity of 3000 and 1625 shots per spectrum, after external MS and MS/MS
calibration with CalMix-5 standards (ABSciex, Framingham, MA, USA) spotted on the same plate.
Up to 10 precursor peaks were selected from each MS spectrum for automated collision-induced
dissociation MS/MS spectra acquisition at 2 kV (500 shots/spectrum, laser intensity of 3000).
The spectra were analyzed using ProteinPilot v.4.0.8 and the Paragon® algorithm (ABSciex) against the
UniProt/SwissProt database (Serpentes; downloaded 12 January 2016) for protein identification at
a confidence level of 99%. Subsequently, sequences were manually inspected to confirm amino acid
sequences de novo.

44.2. nLC-MS/MS

RP-HPLC Peaks 1 and 2 were dissolved in 0.4 M ammonium bicarbonate/8 M urea, reduced in
10 mM dithiothreitol at 37°C for 3 h, alkylated in 25 mM of iodoacetamide, followed by final quenching
step in 4.5 mM DTT. The last two steps were performed at room temperature, in the dark, for 15 min
each. After diluting the urea to 1 M, trypsin (Promega, Madison, WI, USA) was added (enzyme to
substrate ratio 1:50 w/w) and the hydrolysis proceeded for 18 h at 37°C. Trifluoroacetic acid was then
added to a final concentration of 1% (v/v), followed by sample desalting on Poros R2 microcolumns.
Peptides were completely dried in a vacuum centrifuge, followed by re-suspension with 1% formic
acid in water. Peptide quantitation (2 uL aliquots) was based on the UV absorbance at 280 nm
on a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) (1 Absorbance
unit = 1 mg/mL, considering 1 cm path length). Peptides (~1 pg) were submitted to a reversed
phase nanochromatography (Ultimate 3000 system, Thermo Scientific Dionex, Sunnyvale, CA, USA)
hyphenated to a quadrupole Orbitrap mass spectrometer (Q Exactive Plus, Thermo Scientific, Waltham,
MA, USA). For desalting and concentration, samples were first loaded at 2 uL/min onto a home-made
capillary guard column (2 cm x 100 umi.d.) packed with 5 um, 200 A Magic C18 AQ matrix (Michrom
Bioresources, Auburn, CA, USA). Peptide fractionation was performed at 200 nL/min on an analytical
column (30 cm x 75 um i.d.) with a laser pulled tip (~5 um), packed with 1.9 um ReproSil-Pur 120
C18-AQ (Dr. Maisch). The following mobile phases were used: (A) 0.1% formic acid in water; (B) 0.1%
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formic acid in acetonitrile. Peptides were eluted with a gradient of 2%—40% B over 162 min, which
was increased to 80% in 4 min, followed by a washing step at this concentration for 2 min before
column re-equilibration.

Using data-dependent acquisition, up to 12 most intense precursor ions in each survey scan
(excluding singly-charged ions and ions with unassigned charge states) were selected for higher energy
collisional dissociation (HCD) fragmentation with 30% normalized collision energy. The following
settings were used: (a) full MS (profile mode): 70,000 resolution (FWHM at m/z 200), Automatic
Gain Control (AUC) AGC target 1 x 10°, maximum injection time 100 ms, scan range 300-1500 m1/z;
(b) dd-MS/MS (centroid mode): 17,500 resolution, AGC target 5 x 104, maximum injection time 50 ms,
isolation window 2.0 m/z (with 0.5 m/z offset), dynamic exclusion 60 s. The spray voltage was set
to 1.9 kV with no sheath or auxiliary gas flow and with a capillary temperature of 250 °C. Data were
acquired in technical triplicates using the Xcalibur software (Version 3.0.63, Thermo Fisher Scientific,
Waltham, MA, USA). To avoid cross-contamination, two blank injections were run before the analysis
of each biological replicate. The mass spectrometer was externally calibrated using a calibration
mixture that was composed of caffeine, peptide MRFA and Ultramark 1621, as recommended by the
instrument manufacturer.

PEAKS (version 8, Bioinformatics Solutions Inc., Waterloo, KW, Canada, 2016) was used
for de novo sequencing analysis, using the following parameters: fixed cysteine modification
(carbamidomethylation); 10 ppm peptide mass error tolerance; 0.02 Da fragment mass tolerance.
Only de novo sequences showing >99% ALC (average of local confidence) were exported and
submitted to sequence alignment against the mature BlatPII-c clone sequence using the algorithm
PepExplorer [37]. The following parameters were used in the similarity-driven analysis: 75% minimum
identity, minimum of 6 residues per peptide, substitution matrix PAM30MS.

4.5. Determination of Internal Peptide Sequences by Edman Degradation

The fractions obtained by reversed-phase HPLC were dried and reconstituted in 20 uL of
0.4 M NH4HCO;3, 8 M urea. Then, 5 uL. of 100 mM dithiothreitol were added, and the solution
was incubated for 3 h at 37 °C. After that, 400 mM of iodoacetamide were added and incubated at
room temperature for 15 min, protected from light. Then, 130 uL of deionized water were added, and
digestion was performed with 2 ug trypsin (Sigma-Aldrich Co, St. Louis, MO, USA), overnight at
37 °C. The reaction was stopped with 20 pL of 1% (v/v) trifluoroacetic acid. Peptides were separated
by reversed-phase HPLC on an Agilent 1200 instrument (Agilent Technologies, Santa Clara, CA, USA)
in a Thermo AQUASIL C18 column (4.6 x 150 mm) at a flow of 0.5 mL/min, with detection at 215 nm.
The solvent system was 0.1% trifluoroacetic acid in H,O (Solvent A) and 0.1% trifluoroacetic acid in
acetonitrile (Solvent B). The gradient program started with 5% Solvent B for 5 min and was then raised
to 75% Solvent B at 50 min, and 75% Solvent B was maintained for 5 min. N-terminal sequences of
isolated peptides were determined on a Shimadzu Biotech PPSQ 33A instrument according to the
manufacturer’s instruction. These tryptic peptides were also used for MALDI-TOF/TOF MS analysis.

4.6. Detection of Carbohydrates

Two-point-five micrograms of purified SVMP were separated by 12% SDS-PAGE under reducing
and non-reducing conditions. The gel was stained using a Pro-Q Emerald 300 Glycoprotein Kit
(Molecular Probes, Eugene, OR, USA), as described by the manufacturer.

4.7. PCR Amplification of SVMPs cDNA

An adult specimen of B. lateralis, kept at the Serpentarium of Instituto Clodomiro Picado,
was sacrificed 3 days after venom extraction, and its venom glands were dissected out for
total RNA isolation. After homogenization of the venom glands, the total RNA was extracted
using the RNeasy Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions.
The first strand of cDNA was reverse-transcribed using the RevertAid H Minus First Strand cDNA

193



Toxins 2016, 8, 292

Synthesis kit, according to the manufacturer's (ThermoScientific, Waltham, MA, USA) protocol,
using the Qt-primer 5'-CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC(T)17-3". ¢<DNAs
coding for PII SVMP sequences were amplified by PCR using the following primers: Forward (Fw)
primer 5'-ATGATCCCAGTTCTCTTGGTAACTATATGCTTAGC-3' (corresponding to a conserved
sequence in the pro-peptide of a metalloproteinase precursor; Figure 2), and reverse (Rev) primer,
5'-AGCCATTACTGGGACAGTCAGCAG-3/, coding for the C-terminal amino acid sequence of BlatPII,
obtained by mass spectrometry analysis (Figure 2). The PCR program was as follows: initial
denaturation step (94 °C for 2 min), 35 cycles of denaturation (94 °C for 45 s), annealing (55 °C
for 45 s), extension (72 °C for 120 s) and final extension (72 °C for 10 min). The PCR products were
separated by 1% agarose electrophoresis, and the fragments with the expected molecular mass were
purified using Illustra GFXTM PCR DNA and Gel Band Purification Kit (GE Healthcare, Life Sciences,
Uppsala, Sweden). The purified sequences were cloned in a pGEM-T vector (Promega, Madison, WI,
USA), which were used to transform Escherichia coli DH5« cells (Novagen, Darmstadt, Germany) by
using an Eppendorf 2510 electroporator following the manufacturer's instructions. Positive clones,
selected by growing the transformed cells in LB (Luria-Bertani medium) (Thermo Fisher Scientific,
Waltham, MA, USA) broth containing 10 ug/mL of ampicillin, were confirmed by PCR-amplification
using M13 primers of the pGEM-T vector. The inserts of positive clones were isolated using kit Wizard
(Promega) and sequenced on an Applied Biosystems Model 377 DNA sequencer.

4.8. Proteolytic Activity on Azocasein

The proteinase activity of the SVMP on azocasein was assessed according to [38]. For comparative
purposes, the PI SVMP BaP1 and the dimeric PII SVMP BlatH1 were used.

4.9. Proteolytic Activity on Gelatin

Proteolytic activity on gelatin was assessed by two methods: gelatin zymography and using a
fluorescent commercial kit (EnzCheck® protocol Gelatinase/Collagenase Assay Kit, Molecular Probes,
Life Technologies, Eugene, OR, USA). For the zymography, the method described by Herron et al. [39],
as modified by Rucavado et al. [40], was used. Briefly, 2.5 ug of the SVMP were separated on a
10% SDS-PAGE containing 0.5 mg/mL of Type A gelatin (Sigma Chemical Co., St Louis, MO, USA).
The same amount of BlatH1 was included as a positive control. After electrophoresis, gels were
incubated with zymography substrate buffer overnight at 37 °C. Then, the gel was stained with 0.5%
Coomassie Blue R-250 in acetic acid:isopropyl alcohol:water (1:3:6) and destained with distilled water to
visualize gelatinolytic bands. In order to quantify the gelatinolytic activity of the SVMP, the commercial
kit EnzCheck® was used following the manufacturer’s instructions. Various concentrations of the
SVMP, dissolved in 100 uL of reaction buffer, were incubated with 20 pg of the fluorescent gelatin
substrate in a 96-well microplate. Samples were incubated at room temperature for 6 h and protected
from light. Samples were analyzed in triplicate; a reagent blank was included. BlatH1 and BaP1
were included as positive controls. Fluorescence intensity was measured in the BioTek Synergy HT
microplate reader using the absorption filter at 495 nm and the emission filter at 515 nm.

4.10. Local and Systemic Hemorrhagic Activities

Local hemorrhagic activity was determined by the mouse skin test [41]. Groups of four CD-1
mice (18-20 g) were intradermally (i.d.) injected in the ventral abdominal region with different doses
of B. lateralis SVMP, dissolved in 100 uL of PBS. After 2 h, animals were sacrificed by CO, inhalation.
The presence of hemorrhagic areas in the inner side of the skin was determined. The experimental
protocols involving the use of animals in this study were approved by the Institutional Committee
for the Care and Use of Laboratory Animals (CICUA) of the University of Costa Rica. Systemic
hemorrhagic activity was tested as described by Escalante et al. [42]. Groups of four CD-1 mice
were intravenously (i.v.) injected, in the tail vein, with various doses of the SVMP, dissolved in
100 uL PBS. After one hour, mice were sacrificed by an overdose of a ketamine/xylazine mixture.
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The thoracic cavity was opened, and the presence of hemorrhagic spots was assessed by macroscopic
observation of the lungs. Lungs of injected animals were dissected out and fixed in formalin solution
for processing and embedding in paraffin. Then, sections were stained with hematoxylin-eosin for
microscopic observation.

4.11. Edema-Forming Activity

The edema-forming activity was assessed according to the method of Lomonte et al. [43].
Groups of four CD-1 mice were injected subcutaneously (s.c.) in the right footpad with 5 ug of
SVMP, dissolved in 50 pL PBS. In other mice, the SVMP BlatH1 was used as a positive control. Control
mice were injected with PBS under otherwise identical conditions. The paw thickness was measured
using a low pressure spring caliper before injection and at 0, 30, 60, 180 and 360 min after injection.
Edema was calculated as the percentage of increase in the paw thickness of the right foot injected with
SVMP as compared to the thickness before injection.

4.12. Coagulant Activity

Coagulant activity was determined as described by [44], with the following modifications: various
doses of SVMP, dissolved in 25 pL PBS, were added to 0.25 mL of citrated human plasma, previously
incubated for 5 min at 37 °C. Coagulant activity was monitored for 15 min at 37 °C. PBS was used as a
negative control.

4.13. Platelet Aggregation Inhibitory Activity

Platelet-rich plasma (PRP) was obtained from adult healthy human volunteers, as described [45].
Two hundred twenty five microliters of PRP were pre-warmed at 37 °C for 5 min. The SVMP, dissolved
in 25 uL of sterile saline solution, was added to PRP, and the mixture incubated for 5 min. After that,
either ADP (20 uM final concentration) or collagen (10 pg/mL final concentration) (Helena Laboratories,
Beaumont, TX, USA) was added to the PRP-SVMP mixture, and platelet aggregation was recorded for
5 min using an AggRAM analyzer (Helena Laboratories, Beaumont, Texas, TX, USA) at a constant spin
rate of 600 rpm. Platelet aggregation was expressed as the percentage of transmittance, considering
100% response the aggregation induced by ADP or collagen alone.

4.14. Statistical Analysis

Significant differences between the mean values of experimental groups were assessed by one-way
ANOVA, and a Tukey post-test was used in order to compare all pairs of means. Values of p lower
than 0.05 were considered significant.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/10/292/s1,
Figure S1: High-resolution fragmentation spectrum of the n1/z 576.6180 ion (z = 3; precursor error 0.2 ppm)
from HPLC Peak 1 obtained on a QExactive Plus instrument (Thermo Scientific, Waltham, MA, USA) (A); the
peptide sequence was interpreted by the PEAKS 8 de novo sequencing software. The average local confidence was
set to 99%, and the local confidence score for each amino acid (i.e., “the likelihood of each amino acid assignment”)
was >98%. (B) Ion table showing the calculated mass of possible fragment ions. All fragment ions matching
a peak within the mass error tolerance were colored blue (b-ion series) or red (y ion series). The lower graph
shows the mass error distribution of all matched fragment ions (represented by blue and red dots); Figure S2:
High-resolution fragmentation spectrum of the 7/z 614.9611 ion (z = 3; precursor error 1.2 ppm) from HPLC
Peak 2 obtained on a QExactive Plus instrument (A). The peptide sequence was interpreted by the PEAKS 8 de
novo sequencing software. The average local confidence was set to 99%, and the local confidence score for each
amino acid (i.e., “the likelihood of each amino acid assignment”) was >98%. (B) Ion table showing the calculated
mass of possible fragment ions. All fragment ions matching a peak within the mass error tolerance were colored
blue (b-ion series) or red (y ion series). The lower graph shows mass error distribution of all matched fragment
ions (represented by blue and red dots); Figure S3: High-resolution fragmentation spectrum of the n1/z 864.4214
ion (z = 2; precursor error —2.1 ppm) from HPLC Peak 2 obtained on a QExactive Plus instrument (A). The peptide
sequence was interpreted by the PEAKS 8 de novo sequencing software. The average local confidence was set to
99%, and the local confidence score for each amino acid (i.e., “the likelihood of each amino acid assignment”) was
>98%. (B) Ion table showing the calculated mass of possible fragment ions. All fragment ions matching a peak
within the mass error tolerance were colored blue (b-ion series) or red (y ion series). The lower graph shows mass
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error distribution of all matched fragment ions (represented by blue and red dots); Figure S4: High-resolution
fragmentation spectrum of the n1/z 959.9163 ion (z = 2; precursor error —1.5 ppm) from HPLC Peak 2 obtained
on a QExactive Plus instrument (A). The peptide sequence was interpreted by the PEAKS 8 de novo sequencing
software. The average local confidence was set to 99%, and the local confidence score for each amino acid
(i.e., “the likelihood of each amino acid assignment”) was > 98%. (B) Ion table showing the calculated
mass of possible fragment ions. All fragment ions matching a peak within the mass error tolerance were
colored blue (b-ion series) or red (y ion series). The lower graph shows mass error distribution of all matched
fragment ions (represented by blue and red dots); Figure S5: High-resolution fragmentation spectrum of the m/z
902.4039 ion (z = 2; precursor error —0.4 ppm) from HPLC Peak 2 obtained on a QExactive Plus instrument (A).
The peptide sequence was interpreted by the PEAKS 8 de novo sequencing software. The average local confidence
was set to 99%, and the local confidence score for each amino acid (i.e., “the likelihood of each amino acid
assignment”) was >98%. (B) Ion table showing the calculated mass of possible fragment ions. All fragment ions
matching a peak within the mass error tolerance were colored blue (b-ion series) or red (y ion series). The lower
graph shows mass error distribution of all matched fragment ions (represented by blue and red dots); Figure Sé:
High-resolution fragmentation spectrum of the /2 709.6204 ion (z = 3; precursor error —1.7 ppm) from HPLC
Peak 2 obtained on a QExactive Plus instrument (A). The peptide sequence was interpreted by the PEAKS 8 de
novo sequencing software. The average local confidence was 91%, and the local confidence score for each amino
acid (i.e., “the likelihood of each amino acid assignment”) is shown in the yellow inset. (B) Ion table showing the
calculated mass of possible fragment ions. All fragment ions matching a peak within the mass error tolerance
were colored blue (b-ion series) or red (y ion series). The lower graph shows mass error distribution of all matched
fragment ions (represented by blue and red dots); Figure S7: Sequence coverage of mature BlatPIl-c showing
de novo sequenced tryptic peptides from HPLC Peak 1 with average local confidence (ALC) >99%, according
to PEAKS 8 De Novo software. MS data were acquired using a Q Exactive Plus high resolution instrument.
The similarity-based alignment was performed by the PepExplorer software, using the following search
parameters: minimum identity = 75%; minimum number of residues per peptide = 6; substitution
matrix = PAM30MS. Under these conditions, the sequence coverage obtained for BlatPII-c was 22.1%; Figure
S8: Sequence coverage of mature BlatPIl-c showing de novo sequenced tryptic peptides from HPLC Peak 2
with average local confidence (ALC) >99%, according to PEAKS 8 De Novo software. MS data were acquired
using a Q Exactive Plus high resolution instrument. The similarity-based alignment was performed by the
PepExplorer software, using the following search parameters: minimum identity = 75%; minimum number of
residues per peptide = 6; substitution matrix = PAM30MS. Under these conditions, the sequence coverage obtained
for BlatPII-c was 49.1%.
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Abstract: Viperid snakebite envenomation is characterized by inflammatory events including increase
in vascular permeability. A copious exudate is generated in tissue injected with venom, whose
proteomics analysis has provided insights into the mechanisms of venom-induced tissue damage.
Hereby it is reported that wound exudate itself has the ability to induce increase in vascular
permeability in the skin of mice. Proteomics analysis of exudate revealed the presence of cytokines
and chemokines, together with abundant damage associated molecular pattern molecules (DAMPs)
resulting from both proteolysis of extracellular matrix and cellular lysis. Moreover, significant
differences in the amounts of cytokines/chemokines and DAMPs were detected between exudates
collected 1 h and 24 h after envenomation, thus highlighting a complex temporal dynamic in the
composition of exudate. Pretreatment of mice with Eritoran, an antagonist of Toll-like receptor 4
(TLR4), significantly reduced the exudate-induced increase in vascular permeability, thus suggesting
that DAMPs might be acting through this receptor. It is hypothesized that an “Envenomation-induced
DAMPs cycle of tissue damage” may be operating in viperid snakebite envenomation through
which venom-induced tissue damage generates a variety of DAMPs which may further expand
tissue alterations.

Keywords: snake venom metalloproteinases (SVMPs); TLR4; damage associated molecular pattern
molecules (DAMPs); exudate; increased vascular permeability

1. Introduction

Envenomation by viperid snakes causes local and systemic pathological and pathophysiological
manifestations [1,2]. Many of these pathologies, such as hemorrhage and necrosis, have been associated
with the action of the snake venom metalloproteinases (SVMPs) [3-7] which elicit these effects by both
direct and indirect mechanisms [5,8]. One of the best described outcomes of the direct action of the
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SVMPs is hemorrhage, which is the result of proteolytic degradation of key extracellular matrix proteins
in the host stroma and capillaries, allowing extravasation of capillary contents into the stroma [9-12].
In addition, viperid envenomation triggers an inflammatory response which likely contributes to these
pathological features, as well as being involved in tissue repair and regeneration [13,14].

Several years ago we described in animal models of envenomation that there is a copious volume
of wound exudate at the site of tissue damage [5,8]. Markers for disease and various pathological
conditions are often best observed in proximity to the site of tissue damage. As such we utilized
venom-induced wound exudate for proteomic exploration of the effects of whole venom and isolated
toxins, as well as neutralization by antivenoms and toxin inhibitors, to gain insight into the biological
mechanisms by which these agents in vivo give rise to the symptoms and pathologies observed during
snakebite envenomation [15-17]. These studies, in addition to illuminating many aspects of toxin
action, also demonstrated that venom-induced wound exudate is a very rich reservoir of various
inflammatory mediators and of damage-associated (or danger-associated) molecular pattern molecules
(DAMPs). Some of the DAMPs are derived from the proteolysis of host proteins by the SVMPs and
activated endogenous host proteinases and some the result of cell lysis and the escape of cellular
proteins into the exudate due to cytotoxic phopholipases A, present in the venom [15].

DAMPs, like the pathogen-associated molecular pattern molecules (PAMPs), generate most
of their biological activities via engagement of toll-like receptors (TLR) [18,19]. As their name
implies DAMPs are the result of cellular and extracellular damage and serve to provide a host
response to cellular injury by launching innate immunity inflammatory responses [20]. Prolonged or
excessive DAMP response rather than being only beneficial to the host can in some situations also be
deleterious. The microvascular endothelium is intimately related to microbial sepsis-induced organ
failure by impacting the vascular barrier following engagement of endothelial TLRs by PAMPs [21,22].
Furthermore DAMP engagement with TLRs on endothelial surfaces has been shown to exacerbate
the action of PAMPs-associated microbial sepsis [23]. In addition, DAMPs themselves have been
implicated in ischemic disease, pulmonary disease, cancer and metastasis, ocular disease [24],
and kidney injury [25]. Noteworthy many of these diseases share a fascinating level of overlapping
pathophysiology with viperid envenomation, including increased vascular permeability. Thus, the
possible role of DAMPs in the inflammatory scenario in snakebite envenomation requires exploration.

Previous works with snake venoms have shown a role for TLR2 as well as MYD88-dependent
TLR signaling in venom-induced inflammation [26-28]. Those studies suggest a potential for increases
in vascular permeability being mediated through these and other pathways. Given the critical role of
increase in vascular permeability in envenomation pathophysiology we hypothesized that DAMPs
and other envenomation-derived and inflammatory products found in wound exudate may play
a functional role in envenomation. Here we report that wound exudate generated in a mouse
model of viperid envenomation contain multiple cytokines and chemokines, as well as DAMPs,
and induces increase in vascular permeability. Moreover, we show that this effect is likely to be
mediated at least in part by TLR4, as demonstrated by its reduction by pretreatment with Eritoran,
a specific TRL4 antagonist. These findings shed new light in the complex mechanisms involved in
the inflammatory responses of tissue in snakebite envenomation and novel routes for therapeutic
intervention to attenuate envenomation mortality and morbidity.

2. Results

2.1. Exudates Collected from Mice Injected with B. asper Venom Increase Vascular Permeability

When exudates collected from animals treated with B. asper venom were injected intradermally in
the skin of mice, they induced an increase in vascular permeability, as reflected by the extravasation of
Evans Blue (Figure 1). In order to assess whether this effect was due to the action of venom components
present in the exudate, samples of exudate were incubated with polyvalent antivenom before testing in
the mouse skin. As depicted in Figure 1, a large reduction in the effect was observed after incubation
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with antivenom in exudate of 1 h, but not in the neutralized exudate of 24 h, indicating that venom
components play a role in the effect only in 1 h exudate samples. However, even in the 1 h exudate,
there was a residual effect after neutralization by antivenom, indicating a venom-independent effect
of exudate on permeability (Figure 1). As controls, normal mouse plasma and polyvalent antivenom
did not induce an increase in vascular permeability (Figure 1). In order to attenuate concern that the
observed effect was due to the presence of bacterial lipopolysaccharides, exudate collected at 24 h
was incubated with polymyxin B before injection in mice. No reduction in the effect was observed,
indicating that it is not due to the action of bacterial endotoxins. On the basis of these findings, the
composition of the exudates in terms of inflammatory mediators was investigated.
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Figure 1. Wound exudate induces an increase in vascular permeability. Upper figures show samples of
skin of mice injected intradermally with (A) wound exudate collected from mice 1 h after intramuscular
injection of B. asper venom; or (B) blood plasma from untreated mice. Both groups of mice received an
intravenous injection of Evans Blue solution before the injection of exudate or plasma (see Materials
and Methods for details). Note the absence of Evans Blue extravasation in the control (B), whereas
a clear extravasation was observed after injection of exudate (A); (C) Quantitative analysis of the
increase in vascular permeability in mouse skin after injection of exudates collected 1 h and 24 h after
injection of B. asper venom. In both types of exudates experiments were also performed with samples
previously incubated with antivenom to neutralize the venom toxins present. One hour exudate
induced a higher increase in vascular permeability than 24 h exudate. * A significant reduction in the
activity by antivenom (p < 0.05) was observed only with 1 h exudate. Controls injected with mouse
plasma alone or with antivenom alone did not show increase in vascular permeability.

2.2. Exudates Contain High Concentrations of Inflammatory Mediators

Given the clear capability of exudate to induce an increase in vascular permeability, it was
necessary to investigate its molecular composition. When the cytokine and chemokine subproteome in
exudates was analyzed by the Luminex technology, abundant inflammatory mediators were detected
(Table 1). A dynamic development of the composition of the exudate was observed when comparing
these subproteomes in exudates collected at 1h and 24 h, since a higher concentration of cytokines and
chemokines was observed in the 24 h exudate as compared to the 1 h exudate. Among 32 mediators
quantified, 14 of them presented more than 10-fold increase in concentration in the 24 h samples
(Table 1). The highest increases were observed in IL-13, CCL3, and CCL4. Thus, exudates, particularly
the one collected at 24 h, contain abundant cytokines and chemokines.

2.3. Abundant DAMPs Are Identified in the Proteomes of Exudates

In order to ascertain whether exudates contained proteins that have been categorized as DAMPs,
and which could play a role in the inflammatory event described, the full proteomes of exudates were
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analyzed (Table S1) vis-a-vis the information collected concerning the identity of DAMPs in exudates.
As shown in Table 2, many proteins identified as DAMPs in the literature are observed present in
both 1 h and 24 h exudates. When comparing the quantitative values of DAMPs in the exudates at
the two time intervals, there is a clear trend towards higher abundance of many of these in the 24 h
samples. Interesting exceptions are basement membrane-specific heparan sulfate proteoglycan core
protein, 60 kDa heat shock protein (mitochondrial), and heat shock protein beta 2, whose quantitative
values were higher in the 1 h exudate (Table 2). Thus, exudates contain a wide range of DAMPS, some
of which are notably abundant at 24 h.

Table 1. Cytokine profile (subproteome) of wound exudates collected at 1 h and 24 h.

Analytes (pg/mL) Exudate 1h Exudate 24 h Fold change *
CCL11 (EOTAXIN) 220.0 982.4 4.5
CSF-3 (G-CSF) 1670.0 >11,610.0 >6.9
CSF-2 (GM-CSF) 21.2 219.0 10.3
IFNy 3.2 378 11.8
IL-10 436.3 3419.0 7.8
1L-12p40 10.3 375 3.6
1L-12p70 52 238 4.6
IL-13 268.4 1217.0 45
IL-15 25.0 117.3 4.7
1L-17 <29 12.0 >4.1
IL-1a 228.3 5952.0 26.1
IL-1b 8.0 843.1 105.4
1L-2 4.8 9.2 19
1L-3 <24 10.2 >4.2
1L-4 <14 4.7 >1.9
1L-5 15.9 68.1 4.3
1L-6 7901.0 >17,536.0 >2.2
1L-7 3.8 10.5 2.8
1.9 324.0 509.9 1.6
CXCL10 (IP-10) 52,6 2424.0 46.1
CXCL1/GRO alpha (KC) 4514.0 15,957.0 3.5
LIF 24.6 2252.0 91.5
CXCL5 (LIX) 1494.0 3817.0 2.5
CCL2 (MCP-1) 938.8 >18,874.0 >20.1
CSF-1 (M-CSF) 26.1 529.8 20.3
CXCL9 (MIG) 228.6 3034.0 13.3
CCL3 (MIP-1a) 279 >14,741.0 >528.3
CCL4 (MIP-1b) 80.7 >14,663.0 >181.7
CXCL2 (MIP-2) 4623.0 12,954.0 2.8
CCL5 (RANTES) 5.0 307.3 614
TNF-a 9.0 799.2 88.8
VEGF <13 89.3 >68.7

Analyses were performed by using the Luminex quantitative analysis (see Materials and Methods for details).
* Proteins showing a difference higher than 10-fold between exudates collected at the two times are highlighted.

Table 2. DAMPs identified in wound exudates collected 1 and 24 h after injection of B. asper venom.

Accession Molecular Quantitative Value

Identified Proteins Number Weight 1h 24h Fold Change *

Hemoglobin subunit beta-2 P02089 16 kDa 745 1329 18
Fibronectin P11276 273 kDa 274 290 1.0

Fibrinogen gamma chain Q8VCM7 49 kDa 49 145 29

Heat shock cognate 71 kDa protein P63017 71 kDa 50 17 2.9
Fibrinogen beta chain Q8KOE8 55 kDa 12 107 8.9

Heat shock protein HSP 90-beta P11499 83 kDa 41 26 1.6
Basement membrane-specific heparan sulfate proteoglycan core protein ~ B1BOC7 469 kDa 83 0 >83
Serum amyloid P-component P12246 26 kDa 27 65 2.4

Histone H4 P62806 11 kDa 55 46 12

Histone H2B type 1-M P10854 14 kDa 46 29 1.6
Proteoglycan 4 E9QQ17 111 kDa 18 12 15

Protein 5100-A9 P31725 13 kDa 1 21 21

Myosin light chain 1/3, skeletal muscle isoform P05977 21 kDa 10 59 59
Myosin-9 Q8VDD5 226 kDa 64 30 21

Serum amyloid A-4 protein P31532 15 kDa 13 1 11
Myosin-10 Q3UH59 233 kDa 1 23 23
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Table 2. Cont.

Accession Molecular Quantitative Value

Identified Proteins Number Weight 1h 24h Fold Change *

60 kDa heat shock protein P63038 61 kDa 18 0 >18

40S ribosomal protein 519 QICZX8 16 kDa 0 34 >34
Decorin P28654 40 kDa 1 22 22

Chondroitin sulfate proteoglycan 4 Q8VHY0 252 kDa 0 11 >11
Isoform 2 of Myosin-11 008638-2 223 kDa 1 34 34
Myosin regulatory light chain 12B Q3THE2 20 kDa 18 57 3.1
Endoplasmin P08113 92 kDa 1 45 45

Heat shock protein beta-1 P14602 23 kDa 37 45 12
Calreticulin P14211 48 kDa 0 22 >22

Protein 5100-A8 P27005 10 kDa 0 80 >80

Isoform Smooth muscle of Myosin Q60605-2 17 kDa 1 12 12
Myosin light chain 3 P09542 22 kDa 0 14 >14

Heat shock protein beta-2 Q99PR8 20 kDa 27 0 >27
Biglycan P28653 42 kDa 0 22 >22

Serum amyloid A-1 protein P05366 14 kDa 0 16 >16

* Proteins showing a difference higher than 10-fold between exudates collected at the two times are highlighted.

2.4. Eritoran, an Inhibitor of TLR4, Inhibits the Vascular Permeability Effect Induced by Exudate

The presence of abundant DAMPs in exudates prompted us to assess whether the effect of exudate
in vascular permeability could be due to the action of DAMPs. Since many DAMPs act in the cells
of the innate immune system through TLR4, the effect on vascular permeability after blocking this
receptor with Eritoran was assessed. To this end, Eritoran was administered to mice before the injection
of exudates collected from mice injected with venom. As shown in Figure 2, treatment with Eritoran
significantly reduced the effect of exudates on vascular permeability, but only in the case of 24 h
exudates. Thus, the increase in vascular permeability induced by 24 h exudate, but not by 1 h exudate,
is mediated by TLR-4. We suggest this may be due to the presence of venom components in the
1 h exudate directly giving rise to permeability swamping out the TLR4 permeability axis and thus
inhibition by Eritoran. Control mice receiving Eritoran and then injected intradermally with either
normal mouse plasma or antivenom alone did not develop any extravasation of Evans blue in the skin.
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Figure 2. Effect of Eritoran in the increase of vascular permeability induced by exudates (Ex). Exudates
were collected at 1 h and 24 h from mice injected with venom. Then, a separate group of mice were
pretreated with either Eritoran or saline solution. Afterwards, these mice were injected intradermally
in the skin with either 1 h exudate or 24 h exudate previously incubated with antivenom to neutralize
venom toxins, as described in the legend of Figure 1. The increase in vascular permeability was assessed
by extravasation of Evans blue, as described in Materials and Methods. The following experimental
groups were used: Ex 1h: Mice injected with 1 h exudate; Eritoran Ex 1Th: Mice pretreated with Eritoran
and then injected with 1 h exudate; Ex 24h: Mice injected with 24 h exudate; Eritoran Ex 24h: Mice
pretreated with Eritoran and then injected with 24 h exudate. Control mice pretreated with Eritoran and
then injected intradermally with either mouse plasma or antivenom did not develop any extravasation
of Evans blue. * Eritoran significantly reduced the effect induced by 24 h exudate (p < 0.05) but not
by 1 h exudate.
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3. Discussion

Snakebite envenomation involves highly complex and interrelated pathological and
pathophysiological alterations which result from both the direct action of venom components on
the host as well as a variety of tissue responses, in a dynamic interplay [7,29]. Many studies have
assessed the direct action of venom toxins in the tissues, particularly of myotoxic PLAjs, serine
proteinases, and hemorrhagic SVMPs [11,12,30]. Inflammation in venom-affected tissues is associated
with edema, hyperalgesia, and recruitment of inflammatory cells. These effects are induced by a
variety of mediators released in the tissues, including histamine, eicosanoids, nitric oxide, complement
anaphylatoxins, bradykinin, and cytokines, among others [14,31]. The present investigation explores
an aspect of this pathophysiology that to date has received little attention, i.e., the possible role of
the exudate, generated in the tissue, as a reservoir of potent mediators in the inflammatory events
characteristic of these envenomations.

The ability of exudates collected from venom-damaged tissue to induce increases in vascular
permeability was used in our studies as an index of pro-inflammatory action of exudates. We deemed
the increase in vascular permeability is one of the landmarks of envenomation-induced inflammation.
Significantly, our results indicated that exudates collected at early and late time intervals after
envenomation, i.e., 1 h and 24 h, induced an increase in vascular permeability when injected in
the skin of mice. However, the effect induced by the 1 h exudate was significantly reduced when
exudate was incubated with antivenom, whereas such inhibition did not occur in the case of the
24 h exudate. This indicates that the effect of 1 h exudate was predominantly due to residual venom
components present in the tissues and in the exudate. In contrast, the effect of 24 h exudate does not
seem to be caused by the direct action of venom toxins, but very likely due to tissue-derived and/or
endogenously released inflammatory components. In agreement with our observations, it has been
shown that B. asper venom concentration in the tissue, after an intramuscular injection in mice, is high
at 1 h, being largely reduced by 24 h probably as a consequence of venom diffusion and systemic
distribution [32].

In order to identify possible components in the exudate responsible for this inflammatory action,
a subproteome analysis of cytokines and chemokines in exudates was performed. Our results revealed
the presence of abundant inflammatory mediators. Interestingly, much higher abundance of these
components was observed in the 24 h exudate, as compared to the 1 h exudate, indicating that the
composition of the exudate varies in concordance with the extent of tissue damage and subsequent
repair processes. This agrees with the variations observed in the overall proteomes of exudates at
different time intervals in the same experimental model of envenomation by B. asper venom [33].
Hence, although an abundant volume of exudate is present in venom-affected tissue even at the early
stages of envenomation, its composition varies significantly as a result of the complex dynamics of
tissue damage and response to venom deleterious effects.

Exploring the composition of this complex inflammatory milieu in the form of the exudate
proteome and function may provide clues for a deeper understanding of the tissue dynamics in
snakebite envenomation. The observation that 24 h exudate has a higher concentration of cytokines
and chemokines predicts that this exudate would be more active at stimulating inflammatory cells
and processes. The high concentration of many of these mediators in the 24 h exudate is likely to
depend, at least partially, on the abundant population of inflammatory cells in the damaged tissue at
that time interval, as previously described [34]. These cells, in particular monocytes/macrophages,
are known to synthesize many of these mediators [35,36]. These findings suggest that the recruitment
of inflammatory cells to the site of tissue damage is associated with the synthesis of mediators which,
in turn, recruit additional cells and, at the same time, stimulate these cells to produce more mediators
and set up a cycle of expansion of the inflammatory response. This may explain the reparative and
regenerative processes that follow the acute tissue damage, but also may exacerbate tissue damage, a
delicate balance that needs to be further investigated.
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In addition to cytokines and chemokines, the exudate generated in venom-damaged tissue is
known to contain many proteins of various types derived from the affected cells and extracellular
matrix [35]. We were particularly interested in the identification of DAMPs, which are endogenous
molecules, or fragments of molecules, released in the tissues as a consequence of damage of cells
and extracellular matrix [19,37,38]. After binding to pattern-recognition receptors in cells of the
innate immune system, DAMPs stimulate the synthesis of inflammatory mediators and, therefore,
participate in the overall response of tissues to cellular and extracellular damage [39,40]. DAMPs act in
concert with chemokines to regulate the recruitment and trafficking of leukocytes in inflammation [35].
Since snake venoms induce drastic pathological events in tissues, it is likely that abundant DAMPs
are generated upon venom injection. It has been shown that mitochondrial DNA, cytochrome C, and
ATP are released in tissue affected by venoms of Bothrops asper and Crotalus durissus [41,42]. To further
explore this phenomenon, we performed a complete proteomic analysis of exudates collected after
injection of B. asper venom, and identified DAMPs in these exudates, on the basis of information
available in the literature. As expected, many DAMPs were identified in exudates, strongly supporting
the concept that venom-induced tissue damage results in the release of DAMPs, which add to the
complexity of the local milieu that develops in snakebite envenomation.

The inflammatory effects exerted by many DAMPs are mediated through their recognition
by TLR4, a pattern-recognition receptor present in the membrane a various types of inflammatory
cells [43]. To assess whether exudate-induced vascular permeability might be mediated by DAMPs,
we used Eritoran, a specific blocker of TLR4. Pretreatment of mice with Eritoran significantly
reduced the increase in vascular permeability, thus supporting the view that signals mediated
through TLR4, probably generated by DAMPs, contribute to the pro-inflammatory activity of 24 h
exudate. TLR4 mediates the action of a number of DAMPs, such as hyaluronan fragments [44,45],
S100A9 [46], heat shock protein 60 [47], soluble heparan sulfate [48], and fibronectin fragments [49].
Fibrinogen stimulates secretion of chemokines by macrophages through TLR4 [50]. Interestingly,
TLR4 has been shown to exert a protective role in muscular tissue damage induced by the venom of
Bothrops jararacussu [51]. Thus, TLR4 is likely to be a centerpiece in the detection of venom-induced
tissue damage and in the stimulus to inflammation in this pathology. Previous studies have
demonstrated the involvement of TLR2 in the modulation of the inflammatory response after
injection of Bothrops atrox venom [28], and the participation of MyD88 adaptor protein in this
inflammatory scenario. MyD88 is involved in cellular activation after binding of DAMPs to
TLRs [26,52]. Thus, various pattern recognition receptors are likely to participate in the tissue responses
in snakebite envenomation.

Among the DAMPs identified in the exudates collected from the tissue of mice injected with B.
asper venom, several are known to play roles in inflammation. Examples are fibrinogen [15,17,33],
which is known to stimulate chemokine secretion by macrophages through TLR4 [50]. In addition,
fibrinogen products transmit activating signals to leukocytes through interactions with integrins,
inducing cytokine secretion by these cells [53]. Fibronectin fragments, also identified in the exudates,
are known to induce expression of matrix metalloproteinases (MMPs) [54], and fragments of
extracellular matrix proteins, and of the glycosaminoglycan hyaluronic acid, as a consequence of
hydrolysis by venom or tissue proteinases and hyaluronidases, exert a variety of pro-inflammatory
roles [55,56]. Decorin, found in our proteomic analysis, stimulates the expression of TNF-« and
IL-1p3, and reduces the expression of the anti-inflammatory IL-10 [56]. Therefore, many of the DAMPs
detected in exudates from venom-affected tissue are known to play a variety of pro-inflammatory roles
and are probably involved in the tissue responses to venom toxins.
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The relationship of various DAMPs with the observed increase in vascular permeability
deserves consideration. Some DAMPs might increase vascular permeability indirectly, by stimulating
inflammatory cells to synthesize cytokines or chemokines which in turn act on the microvasculature.
However, some DAMPs may also directly interact with the endothelial cells in venules. This is the
case of S100 proteins, which have been repeatedly detected in exudates collected from tissues affected
by venom and toxins of B. asper [15,17,33]. 5100 A8 and S100 A9 increase monolayer permeability
in a human endothelial cell line [57]. Direct stimulation of endothelial cells by DAMPs is therefore
likely to also contribute to an increase in vascular permeability, trafficking of inflammatory cells and
additionally generate a procoagulant phenotype which might contribute to hemostatic alterations in
envenomations [23]. Moreover, TLR4 is known to mediate the disruption of the vascular endothelial
barrier in the lungs [58].

In conclusion, our results show that exudates collected from tissue damaged by B. asper snake
venom toxins contain abundant cytokines and chemokines, as well as DAMPs, and is able to increase
vascular permeability. In this context, early and late events take place in the tissue after venom
injection, associated with the direct and indirect effects of venom components on muscle fibers and the
microvasculature. This complex interplay of direct and indirect effects and early and late phenomena
are hypothetically summarized in Figure 3. The key role of TLR4 in this phenomenon is centrally
illustrated, suggesting that DAMP-mediated signals to inflammatory cells in the damaged tissue
environment may be a significant and cyclic component in the overall inflammatory scenario giving
rise to a “DAMPs derived tissue damage cycle” (DDTD cycle). As such we are further examining the
role of DAMPs in snake venom-induced tissue damage in order to gain a more complete understanding
of this complex pathological phenomenon, and to identify novel therapeutic avenues to attenuate
envenomation mortality and morbidity.
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Figure 3. Hypothetical summary of the proposed events occurring in tissue injected with B. asper venom.
(A) Venom toxins, particularly snake venom metalloproteinases (SVMPs), PLA;s and hyaluronidases,
induce direct damage to the tissue, especially acute muscle fiber necrosis and degradation of
extracellular matrix components, such as those of the basement membrane of capillary vessels, and
other matrix molecules, including hyaluronic acid. Acute inflammation ensues, with the release of many
types of mediators that promote an increase in vascular permeability, recruitment of inflammatory cells,
and pain. Such acute tissue damage is also associated with the release of multiple damage associated
molecular pattern molecules (DAMPs), both intracellular and extracellular; (B) DAMPs act on a variety
of cells, including endothelial cells, other resident cells, and incoming inflammatory leucocytes, to
generate diverse tissue responses, such as increase in vascular permeability, and the synthesis of
a variety of cytokines and chemokines, which further contribute to the inflammatory scenario in a
highly complex interplay. ROS: Reactive oxygen species; LCs: leukotrienes; PGs: prostaglandins;
NO: Nitric oxide.

4. Materials and Methods

4.1. Venom

B. asper venom was obtained from more than 40 adult specimens collected in the Pacific region of
Costa Rica and kept at the serpentarium of the Instituto Clodomiro Picado. After collection, venoms
were pooled, lyophilized, and stored at —20 °C until used.

4.2. Exudate Collection

Groups of five CD-1 mice were injected intramuscularly (i.m.) with 50 pg B. asper venom, dissolved
in 50 uL of apyrogenic 0.15 M NaCl (saline solution, SS). One and 24 h after venom injection, animals
were sacrificed by CO; inhalation, and an incision was made in the skin overlying the injected muscle,
with care taken to avoid contamination. Wound exudate was collected from each animal individually
into heparinized capillary tubes, pooled, and centrifuged to eliminate erythrocytes and other cells [15].
For some experiments, exudates were lyophilized and stored at —70° C until use. Exudates were
reconstituted in the original volume with apyrogenic saline solution or water for further analyses.
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All experiments involving the use of mice were approved by the Institutional Committee for the Care
and Use of Laboratory Animals (CICUA) of the University of Costa Rica (CICUA-025-15).

4.3. Increase in Vascular Permeability

Groups of 5 of CD-1 mice (18-20 g) received an intravenous (i.v.) injection of 200 pL of an Evans
blue (EB; Sigma-Aldrich, St. Louis, MO, USA) solution (6 mg/mL; 60 mg/kg). Twenty min after EB
injection, mice were injected intradermally (i.d.) with 50 uL of exudate samples collected 1 h and 24 h
after venom injection in mice. In some groups, 40 uL of polyvalent antivenom (anti-Bothrops, Crotalus
and Lachesis antivenom, Instituto Clodomiro Picado, Vdzquez de Coronado, Costa Rica) was added to
250 pL of exudate and incubated for 20 min before injection, in order to neutralize the venom toxins
that might be present in the exudates. Control groups of mice received either normal mouse plasma or
antivenom. One hour after exudate injection or, in the case of controls, plasma or antivenom injection,
animals were sacrificed, their skin was removed, and the areas of EB extravasation in the inner side of
the skin were measured. To rule out the possibility that an increase in vascular permeability was due
to the presence of bacterial lipopolysaccharide, exudate samples were incubated with polymyxin B
(15 ng/mL) before testing in the mouse model as previously described [50].

4.4. Effect of Eritoran in Exudate-Induced Vascular Permeability

CD-1 mice (18-20 g) were injected i.m. with 50 pg B. asper venom, and exudate was collected
1 h and 24 h after envenomation, as described above. After that, two groups of 5 mice each were
pretreated with either Eritoran (E5564; Eisai Co, Ltd., Woodcliff Lake, NJ, USA; 200 pg/100 pL i.v.)
or SS (100 uL i.v.). After 1 h, mice received an intradermal injection of 50 pL of exudates collected
at either 1 h or 24 h, previously incubated with antivenom to neutralize venom toxins, as described
in Section 4.3. Control groups of mice were injected with Eritoran, as described, and then received
an intradermal injection of 50 uL of either normal mouse plasma or antivenom. Increase in vascular
permeability was assessed, as described above.

4.5. Quantification of Inflammatory Mediators in Exudates by Luminex Assays

For the analysis of the exudate subproteome associated with inflammatory mediators
(i-e., cytokines and chemokines), 20 uL of each exudate (1 h or 24 h) were used for Luminex quantitative
analysis of 32 analytes (Mouse Premixed Multi-Analyte Kit, R & D systems, Minneapolis, MN, USA)
following the methodology recommended by the manufacturer.

4.6. Complete Proteomic Analysis of Wound Exudates and Identification of DAMPs

Lyophilized wound exudate samples were dissolved in water and protein quantification
was performed using micro BCA protein assay kit (Thermo Scientific, Waltham, WA, USA).
Twenty micrograms of protein from each sample was precipitated with acetone, resuspended in
Laemmli buffer under reducing conditions and electrophoresed in a 5%-20% precast acrylamide gel
(Bio-Rad, Hercules, CA, USA). The gel was stained with Coomassie Brilliant Blue and lanes were cut
into 8 equal sized slices. Gel slices were destained for 3 h and the proteins in the gels were reduced
(10 mM dithiothreitol, DTT) and alkylated (50 mM iodoacetamide) at room temperature. Gel slices
were then washed with 100 mM ammonium bicarbonate, dehydrated with acetonitrile and dried in
a speed vac, followed by in-gel digestion with a solution of Promega modified trypsin (20 ng/uL)
in 50 mM ammonium bicarbonate for 30 min on ice. Excess trypsin solution was removed and the
digestion continued for 18 h at 37 °C. The resulting tryptic peptides were extracted from gel slices with
two 30 uL aliquots of a 50% acetonitrile /5% formic acid solution. These extracts were combined and
evaporated to 15 uL for mass spectrometric (MS) analysis.

LC/MS/MS was performed using a Thermo Electron Orbitrap Velos ETD mass spectrometer
system. Analytical columns were fabricated in-house by packing 0.5 cm of irregular C18 Beads
(YMC Gel ODS-A, 12 nm, 1-10-25 um) followed by 7.5 cm Jupiter 10 um C18 packing material
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(Phenomenex, Torrance, CA, USA) into 360 x 75 pum fused silica (Polymicro Technologies, Phoenix,
AZ, USA) behind a bottleneck. Samples were loaded directly onto these columns for the C18 analytical
runs. 7 uL of the extract was injected, and the peptides were eluted from the column at 0.5 pL/min
using an acetonitrile/0.1 M acetic acid gradient (2%-90% acetonitrile over 1 h). The instrument was
set to Full MS (m/z 300-1600) resolution of 60,000 and programmed to acquire a cycle of one mass
spectrum followed by collision-induced dissociation (CID) MS/MS performed in the ion trap on the
twenty most abundant ions in a data-dependent mode. Dynamic exclusion was enabled with an
exclusion list of 400 masses, duration of 60 s, and repeat count of 1. The electrospray voltage was set to
2.4 kV, and the capillary temperature was 265 °C.

The data were analyzed by database searching using the Sequest search algorithm in Proteome
Discoverer 1.4.1 against the Uniprot Mouse database from July 2014. Spectra generated were searched
using carbamidomethylation on cysteine as a fixed modification, oxidation of methionine as a variable
modification, 10 ppm parent tolerance and 1 Da fragment tolerance. All hits were required to be fully
tryptic. The results were exported to Scaffold (version 4.3.2, Proteome Software Inc., Portland, OR,
USA) to validate MS/MS based peptide and protein identifications, and to visualize multiple datasets
in a comprehensive manner. Proteins shown were identified in Scaffold with a confidence of 95%.
The relative abundance of proteins was determined in Scaffold. This is a normalization algorithm
that gives a unit less output of Quantitative Value as defined by the software provider, Proteome
Software [59] based on averaging the unweighted spectral counts for all of the samples and then
multiplying the spectrum counts in each sample by the average divided by the individual sample’s
sum. The Quantitative Value allows a relative abundance comparison between a specific protein from
different samples and relative abundance between proteins for a particular exudate sample.

DAMP proteins were identified in the exudate proteomic analysis, on the basis of the
characterization of DAMPs in the literature. A list of DAMPs present in the proteomics analysis
of exudate was prepared and the quantitative values of these proteins in 1 h and 24 h exudates
were compared.

4.7. Statistical Analyses

The significance of the differences of mean values between experimental groups was assessed
by analysis of variance (ANOVA), followed by Tukey-Kramer test to compare pairs of means.
A p value < 0.05 was considered significant.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/12/349/s1,
Table S1: List of all proteins identified by proteomics analysis in exudates collected at 1 h and 24 h after injection
of B. asper venom. Quantitative values for all proteins are included.
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Abstract: Russell’s viper bites are potentially fatal from severe bleeding, renal failure and capillary
leakage. Snake venom metalloproteinases (SVMPs) are attributed to these effects. In addition
to specific antivenom therapy, endogenous inhibitors from snakes are of interest in studies of
new treatment modalities for neutralization of the effect of toxins. Two major snake venom
metalloproteinases (SVMPs): RVV-X and Daborhagin were purified from Myanmar Russell’s
viper venom using a new purification strategy. Using the Next Generation Sequencing (NGS)
approach to explore the Myanmar RV venom gland transcriptome, mRNAs of novel tripeptide
SVMP inhibitors (SVMPIs) were discovered. Two novel endogenous tripeptides, pERW and
pPEKW were identified and isolated from the crude venom. Both purified SVMPs showed
caseinolytic activity. Additionally, RVV-X displayed specific proteolytic activity towards gelatin and
Daborhagin showed potent fibrinogenolytic activity. These activities were inhibited by metal chelators.
Notably, the synthetic peptide inhibitors, pERW and pEKW, completely inhibit the gelatinolytic and
fibrinogenolytic activities of respective SVMPs at 5 mM concentration. These complete inhibitory
effects suggest that these tripeptides deserve further study for development of a therapeutic candidate
for Russell’s viper envenomation.

Keywords: snake venom metalloproteinases; snake venom metalloproteinase inhibitors; Russell’s
viper; viper venom

1. Introduction

Russell’s viper (Daboia russelii) is a medically important snake, variants of which are distributed
throughout East and Southeast Asia. A Russell’s viper bite has a 60% morbidity rate and the fatality
rate is 8.2% in Myanmar [1]. The cause of death includes shock, massive bleeding and renal
failure. Snake venom metalloproteinases (SVMPs) play a major role in the local and systemic
clinical manifestations: blistering, necrosis and bleeding from the fang marks and incoagulable blood,
thrombocytopenia, spontaneous systemic bleeding, hypotension, increased permeability and reduced
urine output [2]. Although Russell’s viper antivenoms are available, their efficacy in reversal tissue
damage, such as acute renal failure, is limited [3]. Novel treatment modalities are required.

Snake venom metalloproteinases (SVMPs) play major roles in pathogenesis of Russell’s viper
bites [4,5]. SVMPs are categorised into P-I to P-III classes according to their domain organization with
different molecular weights [6]: Class I (P-I) contains only a prodomain and a metalloproteinase domain
(20-30 kDa); Class II (P-II) contains a prodomain, metalloproteinase domain followed by disintegrin
domain (30-60 kDa); Class III (P-III) contains a pro, metalloproteinase, disintegrin-like and cysteine-rich
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domain (60-100 kDa). There are subclasses in P-II and P-III depending on post-translational
modifications. The variation in domain composition between SVMP classes contributes to a wide
spectrum of substrate specific proteolytic activity. The active site of the metalloproteinase domain
has a consensus H*2EXXHXXGXXH!®? sequence. The catalytic zinc-ion is located at the bottom of
the active-site cleft, and tetrahedrally coordinated by His!¥2, His'#, His!®2, and a water molecule
anchored to Glu'*? [7]. The degradation of endothelial cell membrane proteins (integrin and cadherin),
basement membrane components (fibronectin, laminin and collagen) and blood coagulation proteins
(fibrinogen, factor X and prothrombin) leads to haemorrhage. Generally, P-IIl SVMPs have more potent
haemorrhagic activity than P-I and P-II SVMPs [8].

In order to protect against auto-digestion by SVMPs, snake venom of several species are found
to contain natural protease inhibitors: citrate and small peptides. The latter bind selectively to
SVMPs in the venom glands to protect glandular tissues and venom factors from self-digestion
by SVMPs [9]. Three endogenous peptides: pyroGlu-Lys-Trp (pEKW), pyroGlu-Asn-Trp (pENW) and
pyroGlu-GIn-Trp (pEQW) isolated from venom of Taiwan habu (Trimeresurus mucrosquamatus) showed
an inhibitory action on proteolytic activity of metalloproteinases present in the crude venom [10].
It is reported that these peptide inhibitors regulate the proteolytic activities of their SVMPs in
a reversible manner under physiological conditions [11]. Other pit vipers, such as Bothrops asper [12]
and some rattlesnakes [13], also have venoms containing endogenous tripeptides: pEQW and pENW.
African vipers, Echis ocellatus and Cerastes cerastes cerastes, have pEKW tripeptides. These tripeptides
are encoded by tandemly repeating elements from the transcripts which also contain a CNP (C-type
natriuretic peptide) homologous sequence at the C-terminus [14]. Two peptides: PtA (pENW) and
PtB (pEQW) isolated from venom liquor of Deinagkistrodon acutus (Hundred-pacer viper) showed
anti-human platelet aggregation activity in vitro and protection effects on ADP-induced paralysis and
formation of pulmonary thrombosis in mice [15].

We hypothesized that Myanmar Russell’s viper venom might contain endogenous peptides
to neutralise its own potent SVMPs. The goal of this research was to purify and identify specific
SVMP inhibitors (SVMPIs) from the venom as well as from venom glands and to determine their
inhibitory action on purified SVMPs from same source of venom. From the transcriptome of the snake,
novel SVMPI transcripts containing tripeptide motifs and ANP (atrial natriuretic peptide) sequences
were found. Two tripeptides were purified from the venom and identified as pERW and pEKW.
Their effect on biological activities of two SVMPs: RVV-X and Daborhagin from the same venom,
purified through newly developed strategy, were examined. Both synthetic peptides showed complete
inhibitory action on the gelatinolytic activity of RVV-X and fibrinogenolytic activity of Daborhagin
at 5 mM concentration (approximate protease to inhibitor molar ratio of 1:500). The results might
contribute to the development of complementary candidates for current antivenom therapy of Russell’s
viper bites, as well as for novel therapeutic agents for cardiovascular diseases.

2. Results
2.1. Purification and Identification of SVMPs from Myanmar Russell’s Viper Venom

2.1.1. Purification of SVMPs

The crude venom of Myanmar Russell’s viper (MRV) was initially separated on a Superdex
200 column. Of the three major protein-containing peaks, only the first possessed caseinolytic activity
(Figure 1). These fractions were pooled and further purified on a Resource Q anion-exchange
column. The proteins resolved into two peaks and the first peak (Q1) exhibited caseinolytic activity
(Figure 2a). The purity of proteins in Q1 was determined on both reducing and non-reducing
SDS-PAGE. Non-reducing SDS-PAGE of this fraction showed it to contain two bands at 85 kDa
and 67 kDa. Under reducing conditions, the main protein bands ran at approximately 67 kDa band
and low molecular weight (15-20 kDa) bands were evident.
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Figure 1. Fractionation of Myanmar Russell’s viper crude venom through Superdex 200 gel filtration
column (5 x 160 cm). Crude venom was separated in 0.01 M phosphate buffered saline (pH 7.4) at
2 mL/min. Each fraction was 6 mL in volume. The blue continuous line shows the protein concentration
(mg/mL) and the orange dashed line shows protease activity (EU/mL) in collection fractions.
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Figure 2. Separation of fractions 15-18 from GFC on a Resource Q anion-exchange column
(a) Chromatography trace showing protein concentration and caseinolytic activity. Peak one (Q1)
contained fractions with protease activity; SDS-PAGE of the purified proteins under (b) non-reducing;
and (c) reducing conditions.
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This material (Q1) was then subjected to further separation on either HIC for activity studies,
or RP-HPLC when proteins were prepared for mass spectrometry. A Phenyl Superose column was
used for HIC during which the protein fraction resolved into 2 peaks: H1 (eluted at 13 min), and H2
(eluted at 29 min), respectively (Figure 3a—c). For RP-HPLC, a Phenomenex Luna C4 column was used
and again the proteins were separated into 2 peaks (R1 and R2) (Figure 3d-f). SDS-PAGE analysis
and activity studies showed H1 to be the same protein as R1 running at 85 kDa under non-reducing
conditions, but at 67 kDa with several subunits at 15-20 kDa when reduced. H2 is the same as R2,
with a single band at 68 kDa under both reducing and non-reducing conditions.
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Figure 3. (a) Chromatography of fraction Q1 from the Resource Q column on Phenyl Superose column
(HIC) showing protein-containing peaks (H1 and H2); (b) non-reducing; and (c) reducing SDS-PAGE
of purified proteins (silver-stained); (d) Chromatography of fraction Q1 from Resource Q column on
a C4 RP-HPLC column; Two protein peaks were observed: R1 and R2; SDS-PAGE of purified proteins
R1 and R2 (e) under non-reducing conditions; and (f) reducing conditions.
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2.1.2. Identification of SVMPs

Both proteins with protease activity were purified by C4 RP-HPLC in preparation for mass
spectrometric analysis (see R1 and R2 in Figure 3d). For R1, the protein was reduced and treated with
iodoacetamide and digested with trypsin in the presence of 2 M urea and the digest was analysed
using LC-ESI-MS/MS (Figure 4). LC-ESI-MS/MS analysis of the tryptic peptides provided sufficient
sequence coverage to match to the mature sequence (residues 189-615) of the Eastern Russell’s viper
(Daboia russelii siamensis) RVV-X H chain VM3CX_DABSI (Q7LZ61) (Figure 4). In the same digest
mixture we also found matches to RVV-X light chain proteins LC1 SLLC1_DABSI (Q4PRD1) and LC2
SLLC2_DABSI (Q4PRD2) from the same species (data not shown).

1 MMQVLLVTISLAVEPYQGSSIILESGNVNDYEVVYPQKVTALPKGAVQQPEQKYEDTMQY 60

61 EFEVNGEPVVLHLEKNKILFSEDYSETHYYPDGREITTNPPVEDHCYYHGRIQNDAHSSA 120
121 STISACNGLKGHFKLRGEMYFIEPLKLSNSEAHAVYKYENTEKEDETPKMCGVTQTNWESD 180
181 KPIKKASQLVSTSAQFNKIFIELVITVDHSMAKKCNSTATNTKIYEIVNSANEIENPLNI 240

241 HVTLIGVEFWCDRDLINVTSSADETLNSFGEWRASDLMTRESHDNALLFTDMRFDLNTLG 300

301 ITFLAGMCQAYRSVEIVQEQGNRNFKTAVIMAHELSHNLGMYHDGENCICNDSSCVMSPV360

361 LSDQPSKLFSNCSIHDYQRYLTRYKPKCIFNPPLRKDIVSPPVCGNEIWEEGEECDCGSP 420
421 ANCQNPCCDAATCKLKPGAECGNGLCCYQCKIKTAGTVCRRARDECDVPEHCTGQSAECP 480

481 RDQLOONGKPCONNRGYCYNGDCPIMRNQCISLEGSRANVAKDSCFQENLKGSYYGYCRK 540

541 ENGRKIPCAPQDVKCGRLFCLNNSPRNKNPCNMHYSCMDQHKGMVDPGTKCEDGKVCNNE 600

601 RQCVDVNTAYQSTTGFSQT 619

Figure 4. Data from LC-ESI-MS/MS analysis of the tryptic peptides from purified RVV-X. The data was
obtained by digesting the R1 fraction from RP-HPLC with trypsin. The prepro-sequence of RVV-X H
chain (VM3CX_DABSI; Q7LZ61) annotated to show the peptides (underlined) identified in this analysis.
All matched peptides were found within the sequence of the processed protein (residues 189-615).

The protein R2 from RP-HPLC was digested in the same way as R1. In this case MALDI-MS
analysis was used to identify tryptic peptides that matched the mass [M + H*] of those predicted
from the sequence of Daborhagin-K (Indian Russell’s viper) (VM3DK_DABRR) (B8K1WO0) (Figure 5).
The majority of the most abundant peptides matched the mass of expected tryptic peptides and notably
we found many of the same tryptic peptides as did Chen et al. (Table 2 in ref. [16]) for Daborhagin-M.

As a result of this work we can identify R1, H1 as the Myanmar Russell’s viper RVV-X and R2,
H2 as Myanmar Russell’s viper Daborhagin and will to refer them as such from hereon.

217



Toxins 2017, 9, 15

2]

MP fi7 RPC ISD T 050516 A
KY 060516 25 (0.200) Ca (Cen, 1. 80.00, H): Sm (5G. 2x3.00): Sb (0.30.00 ) Cm (3:52) ’
1854

TOF LD+

ey 3.38e
11793 192
2 o 193
; o 25088
2 5 194
= 18512
i, 195
= 196
4 @
R . 197
o} 1aa45 P § )
] [=2] [ 198
=1 1 & g
17T T
‘7::!' 21340 199
2464 13319 14585
I. | ‘luL | TN " i " L i
[ y A R LA Ly LA AL LA y TRETRITTTTTee LRl AR A THPTTTITIIRIEPRA miz
1 1100 1200 1300 1400 1500 1800 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 280D

Figure 5. MALDI-MS spectrum of tryptic peptides from purified Daborhagin. The data was obtained by
digesting the R2 fraction from RP-HPLC with trypsin. The numbers above the peptides masses indicates
the residue numbers for the peptides matched to the sequence of Daborhagin K (VM3DK_DABRR)
(BSK1WO). All m/z values are for the M + H* ions. The ions at 1854 and greater have been labeled with
the m/z value for the ion containing one carbon as the cB isotope.

2.2. Analysis of SVMPI Transcripts from Myanmar Russell’s Viper Transcriptome

From the transcriptome of Myanmar Russell’s viper venom glands, a total of 4 contigs were
annotated as the Snake Venom Metalloproteinase Inhibitors (SVMPI). The conceptually translated
proteins were aligned with those transcripts of African vipers, Echis ocellatus (A8YPR6) and
Cerastes cerastes cerastes (A8YPR). The signal peptides are highly similar and a new tripeptide QRW
motif in addition to a QKW motif was found in the MRV transcripts. The tripeptides were flanked by
the conserved PXXQ(K/R)WXXP motifs. The SVMPI transcripts of MRV also contained a conserved
poly-Gly (pG) motif instead of the poly-His poly-Gly (pHpG) seen in E. ocellatus SVMPI transcripts.
Moreover, the C-terminal portion of the SVMPI transcripts of MRV have an atrial natriuretic peptide
(ANP) domain in place of the C-type natriuretic peptide (CNP) domain in the two African viper SVMPI

transcripts (Figure 6).
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Figure 6. Multiple sequence alignment of the polypeptide encoded by Myanmar Russell’s viper
SVMPI transcripts (MRV1-4) with those of two African vipers [C. c. cerastes (A8YPR9) and E. ocellatus
(A8YPR®)]. The signal peptides are denoted by a solid line. The active tripeptides are underlined and
identified with three asterisks. The varied residue is identified by a single asterisk. The CNP domains
are indicated with a solid arrowed line and ANP domains with a dashed arrowed line.

2.3. Purification and Identification of Tripeptides

The low molecular fractions from Superdex 200 chromatography were analysed using
C18 RP-HPLC. Fraction 48 was found to contain the highest concentration of the tripeptides.
Upon RP-HPLC analysis of this fraction, two peaks (A, and Bp) eluted close together at 31-33 min
(Figure 7). These peaks possessed the same elution time as that of two synthetic peptides pEKW
(peak Ag) and pERW (peak Bs), respectively. RP-HPLC analysis of mixtures of natural and synthetic
tripeptides showed perfect co-chromatography. The purified endogenous tripeptides were then
analysed using ESI-MS. The resultant spectra of peak Ap, showed a strong M + H* ion at m/z 444.2,
(the predicted monoisotopic mass of pPEKW is 443.2). Analysis of peak By, also showed a strong M + H*
ion at m/z 472.2(the predicted monoisotopic mass of pEKW is 471.2) (Figure 8). MS/MS analysis of
these tripeptides produced a set of fragment ions consistent with their expected amino acid sequence
(data not shown).
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Figure 8. ESI-MS and ESI-MS/MS spectra of (a,b) peak Ap,; and (c,d) peak By, isolated via RP-HPLC of
low molecular material obtained from GFC of crude MRV venom; (a,c) ESI-MS spectra. The values
indicated are for the M + H* ions. These are within 0.05 Da of the predicted values for pPEKW and
PERW (monoisotopic masses are 443.2 and 471.2 respectively); (b,d) ESI-MS/MS spectra. The predicted
a, b, ¢, y and z ions are indicated above the mass values.

2.4. Characterization of RVV-X and Daborhagin

The purified proteins RVV-X and Daborhagin from HIC were used for characterization of their
gelatinolytic and fibrinogenolytic activities. Using a caseinolytic assay, both proteins were shown to be
completely inhibited with metal chelators such as EDTA, 1,10-phenanthroline and citrate.

The gelatinolytic activity was analysed by zymography. On the gelatin zymogram (0.25% gelatin),
RVV-X showed a clear band but Daborhagin did not show any gelatin degradation (Figure 9).

The fibrinogenolytic activity of the two proteins was determined using 12% SDS-PAGE after
incubation with fibrinogen solution for different times at 37 °C. Daborhagin digested the «-chain
of human fibrinogen within 1 h of incubation. RVV-X only revealed fibrinogenolytic activity after
an overnight incubation (Figure 10).
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STD RVV-X  Dab Cul

Figure 9. Gelatinolytic activity of RVV-X and Daborhagin on 0.25% gelatin zymogram after
48 h-incubation at 37 °C. Dab: Daborhagin; Ctrl: combined sample of two purified proteins.
RVV-X, but not Daborhagin, showed gelatinolytic activity.

STD Ctl 0 15 60 120 20 hr STD Cul 0 15 60 120 20 hr
a kDa
a-chain

B-chain
Y-chain

@ (b)

Figure 10. Fibrinogenolytic activity of RVV-X and Daborhagin. 10 pg/mL purified enzyme
was incubated with 1 mg/mL fibrinogen solution at 0, 15, 60, 120 min and 20 h-incubation.
Sample: (a) RVV-X; (b) Daborhagin. Ctrl: fibrinogen control; STD: molecular weight markers.

2.5. Inhibitory Assay with Synthetic Tripeptides

2.5.1. Effect of Synthetic Tripeptides on the Gelatinolytic Activity of RVV-X

The gelatinolytic activity of RVV-X was completely inhibited by both synthetic tripeptides pEKW
and pERW at 5 mM concentration when incubated with 1 mg/mL gelatin solution at 37 °C (Figure 11).
The a-chains (100 kDa & 130 kDa), 3-chain (200 kDa) and y-chain (300 kDa) of gelatin were totally
degraded by RVV-X in a 20 h-incubation, whereas these gelatin subunits were still intact in samples
containing tripeptides or EDTA after 20 h of incubation. The tripeptide pEEW was included in the assay
to test the specificity of amino acid residue in the second position of the tripeptides.
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Figure 11. Gelatinolytic activity of RVV-X. Gelatin (1 mg/mL) was incubated with 10 pg/mL RVV-X
for 1 h and 20 h at 37 °C, either with or without EDTA or synthetic tripeptides: pERW, pEKW, pEEW.
Control = reduced gelatin, STD = molecular weight markers.

2.5.2. Effect of Synthetic Tripeptides on the Fibrinogenolytic Activity of Daborhagin

The fibrinogenolytic activity of Daborhagin was completely inhibited by both synthetic tripeptides
PEKW and pERW at 5 mM concentration when incubated with 1 mg/mL fibrinogen at 37 °C (Figure 12).

STD  Control Daborhagin ~ +pERW STD +pEKW +pEEW +EDTA
kDa lhr 20hr 1hr 20hr lhr 20hr kDa Ihr 20k 1hr 20hr 1hr 20he
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Figure 12. Fibrinogenolytic activity of Daborhagin. Fibrinogen (1 mg/mL) was incubated with
10 pug/mL Daborhagin for 1 h and 20 h at 37 °C with or without EDTA or synthetic tripeptides: pERW,
PEKW, pEEW. Control = reduced fibrinogen, STD = molecular weight markers.

3. Discussion

In the current study, we have developed a new method which can be used to simultaneously
isolate the two SVMPs, RVV-X and Daborhagin, from Myanmar Russell’s viper venom. The relative
amounts of these enzymes in the venom were determined. In addition, four novel RNA sequences
of SVMP inhibitor (MRV1-4) were derived from the venom gland transcriptome. These sequences
are different from those of previously reports in other snakes. For the first time in studies of Russell’s
viper venom, two tripeptide SVMP inhibitors, pERW and pEKW have been isolated. Evidence for
the complete inhibition of RVV-X and Daborhagin activities by these tripeptides is presented to support
our hypothesis.

Russell’s viper is a venomous species of the South-East Asian region. The clinical manifestations
of its bites reflect the high content of proteases such as snake venom serine proteases and snake venom
metalloproteinases (SVMPs). It has been shown that the SVMPs comprise approximately 11% to 65% of
the total protein in the Viperidae venoms [17]. In Myanmar Russell’s viper, SVMPs contribute to
20% of the crude venom (data not shown) and Class III SVMPs are found to be the major component.
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In comparison with other species, the Myanmar species have 6-7 times more Daborhagin than Indian
species [16] and SVMPs, mainly RVV-X, in Sri Lankan species comprise just 6.9% of the crude
venom [18]. Thus, it can be noted that the Myanmar venom contains greater amounts of SVMPs
than that of the Indian and Sri Lankan species. The variations in types and amounts of SVMPs in
venom among different subspecies of Russell’s viper might be due to diversity in their prey at different
locations and this could lead to the dissimilar severity or clinical presentations of snakebite patients.

Russell’s viper venom factor X activator (RVV-X) is a well-characterised Class IIl metalloproteinase
(formally known as Class IV) which specifically activates coagulation factor X by hydrolysis of
an Arg-Ile bond in factor X. It is a glycoprotein consisting of a heavy chain (x-chain, 57.6 kDa) and
two light chains (- and y-chains, 19.4 kDa and 16.4 kDa) linked by disulfide bonds [19]. In addition
to proteolytic activity on factor X and IX, RVV-X also inhibits collagen- and ADP-stimulated platelet
aggregation [20] and has a strong affinity for protein S [21]. Factor X activators are also found in
Vipera lebetina (blunt-nosed viper) in which it exhibits specific proteolytic activity towards human
factor X and also factor IX, but it is not active against prothrombin nor fibrinogen [22].

In the present study, the purified RVV-X was shown to be composed of a heavy chain (67 kDa)
and two light chains (20 kDa and 15 kDa). The two thin bands on SDS-PAGE at around 15 kDa
level suggested that the y-light chain in Myanmar species might exist as 2 forms, likely due to either
amino acid variation or differences in N-glycosylation. Our experiments showed that MRV RVV-X
possesses hydrolytic activity to gelatin (Type I collagen, bovine), which had not been characterised
before for RVV-X.

Another potent Class III SVMP, Daborhagin, composed of metalloproteinase, disintegrin and
cysteine-rich domains, was also purified from MRV venom. The Daborhagin-M from Myanmar
Russell’s viper venom specifically digested the «-chain of fibrinogen, fibronectin and type IV collagen
in vitro and exhibited haemorrhagic [16], edema inducing and myonecrotic activity in mice [23].
In our studies, a 67 kDa metalloproteinase was isolated and matched to Daborhagin-K from Indian
species using mass spectrometric analysis of tryptic peptides. This MRV Daborhagin exhibited potent
a-fibrinogenolytic activity, but did not digest gelatin.

In the current purification strategy, the two SVMPs were co-purified initially, but then could
be separated from each other using either hydrophobic interaction chromatography or RP-HPLC.
Better resolution was evident on RP-HPLC, and the presence of multiple forms of RVV-X was indicated
by the irregularity of the RVV-X RP-HPLC peak, suggesting heterogeneity of the protein (R1, Figure 3d).
Two isoforms of the heavy chain and 6 isoforms of the light chain from RVV-X have been revealed on
2-D electrophoresis in the proteomic study of Risch, M et al. in the same species [24].

New SVMPI transcripts from Myanmar Russell’s viper were discovered containing novel
two inhibitory tripeptides, QKW and QRW. The tripeptide sequences are found in the same transcript
as natriuretic peptide sequences, as is the case in African vipers. This assortment of different peptide
sequences in the same transcript could be related to independent evolution of toxin genes in snakes.
The conserved proline residues in the consensus sequence PXXQ(K/R)WXXP might be a signal point
for cleavage of tripeptides from transcripts. The mechanism for release of tripeptides from their
transcripts is still unknown. These tripeptides and natriuretic peptides are observed separately in
venom, although they are encoded from the same transcript. Since ANP is homologous to hormone,
it might be processed near the effective cells. The release and modification of tripeptides [25] might
probably occur during the exocytosis process at an earlier stage than the natriuretic peptides [26].

The aforementioned inhibitory tripeptides were purified from the MRV venom as their
pyroglutamate forms, pEKW and pERW. These were identified using RP-HPLC (co-chromatography
with synthetic peptides), LC-ESI-MS analysis of intact mass and LC-ESI-MS/MS sequencing.
Although the tripeptide pEKW purified from MRV venom has been found in other snake species,
such as Trimeresurus mucrosquamatus [10], Echis ocellatus, and Cerastes cerastes cerastes [14], the tripeptide
PERW purified here has not been found in the venom of any other snake species.
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The synthetic tripeptides pPERW, pEKW and pEEW showed complete inhibition of the gelatinolytic
activity of RVV-X and of the fibrinogenolytic activity of Daborhagin at 5 mM concentration of each
inhibitor. Non-selective inhibition of all three synthetic peptides on biological activities of SVMPs
reflects the importance of the first pyroGlu and the final tryptophan residue in the blocking mechanism
at the active site of SVMP. The crystal structure of TM-3 (a SVMP from Trimeresurus mucrosquamatus)
bound to tripeptide inhibitors (a proteinase and inhibitors model from Taiwan habu) revealed that
the inhibitor Trp residue deeply inserts into the S-1 pocket of the protease and provides a greater
inhibition than other smaller amino acids. Similarly, the pyro-ring of the inhibitor is required for fitting
into the S-3 position of the protease and the activity of inhibitor becomes weaker in the absence of
pyro-ring. The native middle residue is also position-specific to the S-2 site [11]. Tripeptides from
different species share same first (pyroGlu-) and third (tryptophan) residues. The variability of
the middle residue may be dependent on species variation of the SVMPs.

4. Conclusions

In summary, we have isolated and identified two major SVMPs and two endogenous tripeptides
from Myanmar Russell’s viper venom. The two synthetic tripeptides showed specific inhibition
against the fibrinogenolytic and gelatinolytic activities of the SVMPs. These findings may provide
a means to explore potential drug design in using these tripeptide inhibitors, or analogues of theses as
alternative or additional tools in treating the toxic effects of envenomation, as well as in thrombosis
and related diseases.

5. Materials and Methods

5.1. Venoms and Venom Glands

Lyophilised crude venom was obtained from No. 1, Myanmar Pharmaceutical Factory, Yangon,
Myanmar. The salivary glands from Myanmar Russell’s viper (Daboia russelii siamensis) were dissected in
the Snake Farm, MPF, Yangon, Myanmar and used for RNA-Seq (RNA sequencing). The experimental
plan was approved by the Animal Care and Use Committee, Chulalongkorn University (CU-ACUC)
(No. 17/2558). Synthetic tripeptides (98% purity) were purchased from Severn Biotech Ltd.,
Worcestershire, UK and supplied with data from MS analysis to confirm their masses to be within 0.4%
of the predicted values.

5.2. Transcripts Analysis of SVMPIs

Next-generation sequencing of mRNA from Myanmar Russell’s viper (2 adult males and 2 adult
females) venom glands was performed on an Illumina HiSeq2000 platform. De novo assembly was
performed using Trinity (r20140717). Annotation of SVMPI transcripts were archived through Blastn
searches against the collected NCBI nucleotide database with search words “venom” and “serpents”.
The annotations with a high score at the top hit list were picked up.

The SVMPI transcripts were further analysed with Blastx and ORF finder for final best annotation
and identification of the full-length transcript. The alignment of translated SVMPI sequences with those
from other snakes were performed by using Clustal Omega followed by shading with BOXSHADE
3.21 (K. Hofmann, Koeln, Germany & M. Baron, Surrey, UK).

5.3. Protein Concentration

Protein concentration was determined by using Bradford reagent (BioRad, Hemel Hempstead,
UK). The absorbance was measured at 595 nm and the calibration curve was prepared with a bovine
gamma globulin standard (0-1.5 mg/mL).
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5.4. Purification of SVMPs

All chromatographic procedures were performed on either a Bio-Cad Vision Workstation (GFC)
or a GE Healthcare AKTA System (anion-exchange, HIC and RP-HPLC).

5.4.1. Gel Filtration Chromatography (GFC)

Crude venom (100 mg) dissolved in 5 mL of 0.01 M phosphate buffered saline (pH 7.4) was
applied to a Superdex 200 column (5 x 160 cm) pre-equilibrated with the same buffer. Elution was
carried out with the same buffer. The flow rate was 2 mL/min and 6 mL fractions were collected.
The fractions having metalloproteinase activity (fractions 15-18) were combined for further purification.
The fractions eluting near the total volume were analysed for tripeptides using RP-HPLC with
subsequent MS analysis.

5.4.2. Anion-Exchange Chromatography

The SVMP-containing sample obtained from GFC was applied to a Resource Q anion-exchange
column (6 mL) pre-equilibrated with 0.05 M Tris-Cl buffer (pH 8.0). Elution was achieved with a linear
NaCl gradient from 0 to 0.5 M in the same buffer at a flow rate of 0.6 mL/min and 1.8 mL fractions
were collected. Elution was monitored at 280 nm.

5.4.3. Hydrophobic Interaction Chromatography (HIC)

To further purify the SVMPs for activity measurements, fractions from Resource Q were loaded
onto a Phenyl Superose column (1 mL) equilibrated in 2.5 M NaCl, 50 mM Tris-Cl, pH 7.8. Samples in
Tris-Cl were adjusted to 2.5 M in NaCl and were centrifuged at 10,000 g for 5 min before loading
onto the column. Separation was achieved by a 30 min-gradient of 2.5-0 M NaCl in 50 mM Tris-Cl,
pH 7.0, using a flow rate of 0.25 mL/min. Elution was monitored at 280 nm and 0.25 mL fractions
were collected.

5.4.4. Reversed Phase High Performance Liquid Chromatography (RP-HPLC)

For MS analysis, SVMPs were purified using RP-HPLC rather than HIC. Fractions from Resource
Q chromatography were made up to 0.2% (v/v) in TFA, centrifuged at 10,000 x g for 5 min and then
applied to Phenomenex Aeris C4 column (150 x 2.1 mm, 5 micron). The proteins were separated in
a two-part acetonitrile gradient in 0.08% TFA: 0%—40% over 25 min then 40%-65% over 5 min and
elution was monitored at 280 nm. The flow rate was 0.15 mL/min and 0.25 mL fractions were collected.

5.5. Purification of Tripeptides

Fractions from GFC suspected to contain small molecular weight components were made up to
0.2% (v/v) in TFA, centrifuged at 10,000 g for 5 min and applied to Phenomenex Luna C18 RP-HPLC
column (100 x 2.1 mm) equilibrated in 0.08% TFA. The components were separated at 0.15 mL/min
with a three-part acetonitrile gradient in 0.08% TFA: 0%—-12% over 5 min, 12%—28% over 50 min and
then 28%—65% over 10 min. Elution was monitored at 280 nm.

5.6. Mass Spectrometric Analyses

Putative RVV-X (10 pg of R1 from RP-HPLC) was reduced, treated with iodoacetamide and
digested with 1.0 ug trypsin in the presence of 2 M urea. The resulting peptides were analysed by
LC-ESI-MS/MS using an Acquity UPLC CSH Peptide C18 RP column (Waters, Milford, MA, USA)
connected to a Q-Exactive (ThermoFisher, Northumberland, UK) MS instrument. Peaks Studio 8.0
(BSI, Waterloo, Canada) was used to analyse the resulting MS/MS data against the sequences for
Eastern Russell’s viper RVV-X H chain VM3CX_DABSI (Q7LZ61) and light chains LC1 SLLC1_DABSI
(Q4PRD1) and LC2 SLLC2_DABSI (Q4PRD?2).
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Putative Daborhagin (5 ug of R2 from RP-HPLC) was reduced, treated with iodoacetamide and
digested with 0.5 g trypsin in the presence of 2 M urea. The resulting peptides were desalted and mass
spectrometric analysis was performed using a MALDI-TOF instrument (Waters-Micromass, Milford,
MA, USA). Samples were analysed by mixing a 1 pL solution of the tryptic peptides with an equal
volume of 5.7 mg/mL «-cyano-4-hydroxycinnamic acid in 60% acetonitrile/0.1% trifluoroacetic acid
and laying this onto a dried bed of 1 uL of 25 mg/mL «-cyano-4-hydroxycinnamic acid. Laser energy
was set at 25% and detector voltage 1800 V. Ion spectra were collected in the mass range of 1000-3000 Da.
Data analysis was performed using MassLynx (Waters, Milford, MA, USA). The tryptic peptide
masses obtained were matched manually with those predicted (using ExPASy Peptide Mass) of
a sequence for Daborhagin-K (VM3DK_DABRR; BSK1WO0) retrieved from UniprotKB [27] using search
word ‘Daborhagin’.

The purified tripeptides were analysed by ESI-MS and ESI-MS/MS using the same instrument
and conditions as used to analyse the tryptic peptides from RVV-X.

5.7. Analysis by SDS-PAGE

Protein purity was determined by SDS-PAGE [28] on a 12% or 15% resolving gel and 4% stacking
gel using a Mini-PROTEAN 3 electrophoresis system (BioRad, Hemel Hemstead, UK). Samples were
loaded in either reduced or non-reduced form. Gels were run at 200 V, 30 mA per gel, for 50 min.
Proteins were visualised with Coomassie Brilliant Blue R250 V followed by destaining with methanol:
water: acetic acid (30:60:10). Alternatively, proteins were visualised by silver staining as performed by
method of Heukeshoven & Dernick [29].

5.8. Caseinolytic Activity

The proteolytic activity was estimated by hydrolysis of heated casein using the Anson method [30].
The reaction mixture, consisting of 500 pL casein (20 mg/mL) in 0.1 M Tris-Cl (pH 8.0), 20 puL venom
was incubated for 30 min at 37 °C. The reaction was quenched by the addition of 500 uL of
5% trichloroacetic acid (TCA) at room temperature. After centrifugation at 10,000x g for 5 min,
the hydrolysed substrate un-precipitated with TCA was determined by Folin Ciocalteau method [31].
Thus, 400 uL of the supernatant was mixed with 1 mL of 0.5M Na;CO3 and 200 uL of diluted (1:5)
Folin & Ciocalteau’s phenol reagent. The mixture was then incubated at 37 °C for 30 min and
the absorbance was measured at 660 nm. One enzyme unit is defined as the amount of enzyme which
hydrolyses casein to produce color equivalent to 1.0 umole of tyrosine per minute at pH 8.0 at 37 °C.

5.9. Gelatinolytic Activity

The gelatinolytic activity of the purified enzyme was analysed by zymography [32]. The purified
metalloproteinase was diluted in SDS sample buffer under non-reducing conditions and run on 10%
SDS-polyacrylamide gels (0.75 mm) co-polymerised with 0.5 mg/mL of gelatin. After electrophoresis,
the gels were washed in 2.5% Triton X-100 for 30 min and then washed three times in distilled
water to remove any Triton. Gels were then incubated in developing buffer (50 mM Tris-Cl, pH 7.8,
200 mM NaCl, 5 mM CaCly, 0.02% Brij 35) for 18 h at 37 °C. The gels were stained with 0.5% Coomassie
blue R-250 in methanol: acetic acid: water (5:10:85) solution and subsequently destained in methanol:
acetic acid: water (10:5:85). The presence of gelatinolytic activity was defined as clear bands on the dark
blue background.

5.10. Fibrinogenolytic Activity

The fibrinogenolytic activity was assayed by SDS-PAGE (4% stacking/12% resolving gel) as
described by Ouyang & Teng [33]. Equal volumes of fibrinogen (1 mg/mL in 0.05 M Tris-Cl, pH 8.5)
and 20 pg/mL of enzyme were incubated at 37 °C for various times intervals. At 0, 5, 15, 30, 60 and
120 min, 200 pL of the incubated solution was mixed with 400 pL of denaturing buffer containing
0.2 M Tris-Cl (pH6.8), 20% glycerol, 10% sodium dodecyl sulfate (SDS), 0.05% bromophenol blue and
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10 mM p-mercaptoethanol and heated at 100 °C for 10 min to stop the digestion. Proteolytic activity
was determined on the Coomassie blue-stained gel after electrophoresis by observing the cleavage
patterns of purified fibrinogen chains.

5.11. Inhibition of Gelatinolytic Activity

The effect of synthetic tripeptides and EDTA on purified protein was assayed using SDS-PAGE
(4% stacking /10% resolving gel) to determine gelatin degradation. The purified protein (10 ng/uL) was
incubated firstly with synthetic tripeptide (5 mM) or EDTA (100 uM) at 37 °C for 10 min. Then, 10 uL
of gelatin solution (2 mg/mL in distilled water) was added and 20 pL of this incubated solution
was taken out at 1 h and 20 h, mixed with 5 uL of 5x denaturing buffer and heated at 95 °C for
2 min. The cleavage patterns on gelatin by the enzyme was observed on Coomassie blue-stained gels
after electrophoresis.

5.12. Inhibition of Fibrinogenolytic Activity

The effect of synthetic tripeptides or EDTA on purified protein was assayed using SDS-PAGE
(4% stacking/12% resolving gel) to determine fibrinogen degradation. The purified protein (32 ng/uL)
was incubated firstly with synthetic tripeptide (5 mM) or EDTA (100 uM) at 37 °C for 10 min.
Then, 10 uL of fibrinogen solution (2 mg/mL in distilled water) was added and 20 uL of this incubated
solution was taken out at 1 h and 20 h, mixed with 5 uL of 5x denaturing buffer and heated at
95 °C for 2 min. The cleavage effect on fibrinogen chains by the SVMPs were observed on Coomassie
blue-stained gel following electrophoresis.
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Abbreviations

The following abbreviations are used in this manuscript:

SVMPs Snake Venom Metalloproteinases
RVV-X Russell’s Viper Venom factor X activator
NGS Next Generation Sequencing

SVMPI Snake Venom Metalloproteinase Inhibitor
pPERW pyroglutamate-arginine-tryptophan
pEKW pyroglutamate-lysine-tryptophan
pPENW pyroglutamate-asparagine-tryptophan
PEQW pyroglutamate-glutamine-tryptophan
ANP Atrial Natriuretic Peptide

CNP C-type Natriuretic Peptide

MRV Myanmar Russell’s Viper

Ccvo Crotalus viridis oreganus
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Abstract: The molecular events underlying the evolution of the Snake Venom Metalloproteinase
(SVMP) family from an A Disintegrin And Metalloproteinase (ADAM) ancestor remain poorly
understood. Comparative genomics may provide decisive information to reconstruct the evolutionary
history of this multi-locus toxin family. Here, we report the genomic organization of Echis ocellatus
genes encoding SVMPs from the PII and PI classes. Comparisons between them and between these
genes and the genomic structures of Anolis carolinensis ADAM28 and E. ocellatus PIII-SVMP EOC00089
suggest that insertions and deletions of intronic regions played key roles along the evolutionary
pathway that shaped the current diversity within the multi-locus SVMP gene family. In particular,
our data suggest that emergence of EOC00028-like PI-SVMP from an ancestral PII(e/d)-type SVMP
involved splicing site mutations that abolished both the 3’ splice AG acceptor site of intron 12* and the
5 splice GT donor site of intron 13%, and resulted in the intronization of exon 13* and the consequent
destruction of the structural integrity of the PII-SVMP characteristic disintegrin domain.

Keywords: Snake venom toxin multi-gene family; snake venom metalloproteinase; genomic
organization of SVMP genes; PII-SVMP; PI-SVMP; gene duplication; intronic retroelements; intronization

1. Introduction

The ADAM (A Disintegrin-like And Metalloproteinase) family of transmembrane type 1 proteins
belongs to the MEROP database M12 family of Zn**-dependent metalloendopeptidases [1] and PFAM
family PF01421 [2]. Members of the ADAM family play important roles in cell signaling and in
regulating cell-cell and cell-matrix interactions [3,4]. The ADAM family comprises ancient proteins
whose origin extends back >750 My [5,6]. To date, close to 40 ADAM genes have been identified
in vertebrate and invertebrate bilaterian animals, both in deuterostomes, from the basal chordate,
Ciona intestinalis, to higher vertebrates, and in protostome, such as arthropods, nematodes,
platyhelminths, rotifers, molluscs, and annelids. The evolutionary history of vertebrate ADAM
genes is punctuated by gene duplication and retroposition events [7,8], followed by neo- or
subfunctionalization [7]. Gene duplications are an essential source of genetic novelty that can lead to
evolutionary innovation if the new function has no deleterious effects to its host organism or provides
selective advantages. For example, in mammalian species, including marsupials and monotremes,
except the platypus, ADAM28, ADAMDECI (decysin, a soluble ADAM-like protein), and ADAM7
form a cluster, likely as a result of tandem duplication of ADAM?28 [9]. Instead, in most non-mammalian
vertebrate genomes investigated, including those of aves, reptiles, and fishes, a single ADAM28 locus
is present in this region [7,10]. The data suggest that ADAM?7 and ADAMDEC1 were duplicated from
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ADAM28, probably only in mammals [7]. On the other hand, as described below in more detail, it
is thought that ADAM?28 played a starring role in the emergence of toxic metalloproteinases in the
superfamily Colubroidea of Caenophidian snakes (viperids, elapids, and colubrids).

The concept that gene duplication plays a major role in evolution has been around for over a
century [11]. In his classic and influential book “Evolution by Gene Duplication” [12] Susumo Ohno
argued that gene duplication is the most important evolutionary force since the emergence of the
universal common ancestor. Common sources of gene duplications include ectopic homologous
recombination, retrotransposition event, aneuploidy, polyploidy, and replication slippage [13].
Duplication creates genetic redundancy, where the second copy of the gene is often free from selective
pressure. Thus, over generations of the organism, duplicate genes accumulate mutations faster than
a functional single-copy gene, making it possible for one of the two copies to develop a new and
different function. Duplicated genes may switch their transcription to other tissues by localizing
closely to, and utilizing the regulatory elements of, a neighboring gene [14-16]. Examples of this are
(i) the formation of toxin gene families during the evolution of the venom system of advanced snakes
by co-option, multiplication, and weaponization in the venom gland of paralogs of genes encoding
for normal body proteins [17-20], and (ii) the finding of 309 distinct widow spider genes exhibiting
venom gland biased expression [21], suggesting that the switching of genes to venom gland expression
in numerous unrelated gene families has been a dominant mode of evolution [21-23].

Because of its functional importance for prey capture, predator defense, and competitor
deterrence, venom represented a key innovation that has underpinned the explosive radiation of
toxicoferan reptiles in the Late Jurassic period of the Mesozoic era, ~150 million years before present
(MYBP) [24-28]. Toxicofera [18] (Greek for “those who bear toxins”) is the term coined for the
clade of squamate reptiles that includes the Serpentes (snakes), Anguimorpha (monitor lizards, gila
monster, and alligator lizards) ,and Iguania (iguanas, agamas, and chameleons) lizards. One of the
founding families of advanced snake venom comprises the Zn?>*-dependent metalloendopeptidases
(SVMPs) [17-19,29-32]. SVMPs are key enzymes contributing to toxicity of vipers and pitvipers
venoms. Hemorrhage is one of the most significant effects in envenomings induced by viperid
and crotalid snakebites. Damage to the microvasculature, induced by SVMPs, is the main event
responsible for this effect. In addition to hemorrhagic activity, members of the SVMP family also
have fibrin(ogen)olytic activity, act as prothrombin activators, activate blood coagulation factor X,
possess apoptotic activity, inhibit platelet aggregation, are proinflammatory, and inactivate blood
serine proteinase inhibitors [33-36].

The closest non-venom ancestors of SVMPs was likely an ADAM?28 precursor gene [37]. The origin
of SVMPs has been inferred to have occurred following the split of the Pareatidae from the remaining
Caenophidians, approximately 60 MYBP around the Cretaceous—-Paleocene boundary of the Cenozoic
Era [18,19,29,31,38]. SVMPs are found in the venoms of all advanced snakes and are classified into
different classes depending upon their domain structure [39-41]. The ancestral multidomain PIII form,
which is found in all snake venoms, derives from the extracellular region (metalloproteinase domain
with disintegrin-like and cysteine-rich domains at the C-terminus) of a duplicated ADAM?28 precursor
gene that lost the C-terminal epidermal-growth-factor (EGF-)-like, transmembrane, and cytoplasmic
domains [31,32,41-43]. On the other hand, the derived PII-SVMPs, comprising the metalloproteinase
and C-terminal disintegrin domain, have been only found in venoms of vipers and rattlesnakes
(Viperidae). This strongly suggests that they emerged, subsequently to the separation of Viperidae and
Elapidae, ~37 million years ago, in the Eocene epoch of the Cenozoic era, but before the separation of
the Viperidae subfamilies Viperinae and Crotalinae 12-20 MYBP, from a duplicated PIII-SVMP gene
that lost its cysteine-rich domain (see Figures 1 and 8 in [43] and Figure 18.1 in [44]). The disintegrin
domain has been lost from the PII-SVMP structure on multiple occasions, resulting in the formation of
the PI class of SVMPs [45] made only by the catalytic Zn?*-metalloproteinase domain [39-41].

Details on the mechanisms of co-option and the molecular events underlying the transformation
of an ADAM28 precursor gene copy into the SVMP multi-gene family of extant snake venoms
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remain elusive. In previous works, we described a family of RPTLN genes that exhibit a broad and
reptile-specific distribution, for which we hypothesize may have played a key role in the recruitment
and restricted expression of SVMP genes in the venom gland of Caenophidian snakes [46]. We have
also reported the genomic organization of Echis ocellatus PIII-SVMP gene EOC00089, and compared
it to those of its closest orthologs from Hormo sapiens and the lizard, Anolis carolinensis [47]. Now, we
fit two new pieces in the puzzle: the genomic structures of E. ocellatus PII—(EOC00006-like) and
PI—(EOC00028-like) SVMP genes. Insights into post-duplication events gained from the structural
comparison of the three classes of SVMP genes are discussed.

2. Results and Discussion

2.1. The Genomic Structure of Pre-Pro EOC00006-Like PII-SVMP and Pre-Pro EOC00028-Like Genes

Genomic sequences encoding full-length pre-pro EOC00006-like PII-SVMP (17828 nt) [KX219964]
(Figure Al) and EOC00028-like PI-SVMP (21605 nt) [KX219965] (Figure A2) genes were assembled
from overlapping PCR-amplified fragments (Appendix A, Figures Al and A2). The pre-pro PII-SVMP
gene consists of 15 exons interrupted by 14 introns (Figure 1A), whereas the pre-pro PI-SVMP gene
contains 13 exons and 12 introns (Figure 1B).

A
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Figure 1. Scheme of the genomic organization of pre-pro EOC00006-like PII-SVMP (A) and pre-pro
EOC00028-like PI-SVMP (B) genes. The distribution, phase, and size of the 14 (PII) and 12 (PI) introns
and the boundaries of the protein-coding regions are highlighted. SP, signal peptide. Homologous
exons and introns have identical numbering. Intron 12 of the PI-SVMP gene corresponds to the fusion
of the genomic segment spanning intron12*-exon13*-intron13*. Mature PII- and PI-SVMP amino acid
sequences span 299 and 263 amino acid residues, respectively. Zn?*, relative location of the catalytic
Zn?* binding environment; RGD, integrin-binding arginine-glycine-aspartic acid tripeptide motif.

The translated 494 (PII) and 457 (PI) pre-pro-SVMP amino acid sequences exhibit identical
distribution and features (in terms of codon location and phase) for their first 11 introns and 12 exons,
which code for the signal peptide (SP), prodomain (PD), metalloproteinase (MP) domain, and the
short tetrapeptide (ELLQ) “spacer” sequence (Appendix A, Figures Al and A2). These 413 (PII)/414
(PI) amino acid sequences show 85% identity, strongly suggesting that both SVMPs have a shared
ancestry. It is also worth noting that the protein-coding positions interrupted by each of the introns
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of the PII- and PI-SVMP genes are entirely conserved in Anolis carolinensis [XP_008118058] (and also
in human [NG_029394]) ADAM28 gene. Introns are inserted after or between secondary structure
elements, supporting the “introns-added-late” model, which proposes that during the evolution of
the eukaryotic branch, introns were added at the boundaries of structural modules coded for by
ancestral continuous genes [48]. In addition, as will be analyzed in detail below, pairwise alignment
of topologically equivalent PII- and PI-SVMP introns show that homologous intronic nucleic acid
sequences share 88%—99% identity (Figure 2). This clearly indicates that EOC00006-like PII-SVMP and
EOC00028-like PI-SVMP represent paralog genes.

8 e a7
83 i EE]
51 E1 100
EL 1L B2 12 B3 B EA W ES IS €6 16 E7 7 E8 18 E9 19 E10 110 E11 111 F12 112 E13 113 e

ol 1o s

Figure 2. Pairwise comparisons of the sequence identities between the exonic and intronic nucleic
acid sequences of pre-pro EOC00089-like PIII-SVMP, EOC00006-like PII-SVMP, and EOC00028-like
PI-SVMP genes.

New genes can arise through four mechanisms: gene duplication, retroposition, horizontal gene
transfer, and de novo origination from non-coding sequences [49]. Available evidence strongly suggests
that gene duplication has played a pivotal role in the origin of venom multi-gene families [20-23,50,51].
Although the fate of many new genes may be to lose their function and become pseudogenes, some can
be fixed through evolution of redundancy, subfunctionalization, or neofunctionlization. Several models
have been proposed to explain functional divergence following venom toxin gene duplications [52-55].
However, this issue remains controversial and is the subject of vivid debates. The family portrait of
SVMPs shows a complicated picture. SVMPs belong to different “generations”, that in the canonical
model for the evolutionary expansion of this multi-gene family are hierarchically related, being
PIII-SVMPs the most ancient and the PII- and PI- SVMPs the succesively most recently derived family
members [31,32,42]. However, due to the limited genomic information available, this model can
be confounded by high rates of protein amino acid sequence divergence [56], and the occurrence
of alternative routes (e.g., PIIl > PI) can not be presently ruled out. The only other full-length
viperid SVMP gene sequenced to date is E. ocellatus EOC00089-like PIII-SVMP [47] [KX219963].
The ORF encoding the pre-pro-metalloproteinase domains of this gene exhibits 63% amino acid
sequence identity with the homologous coding regions of the PII- and PI-SVMPs here reported, and
72%-83% nucleotide sequence identity between topologically equivalent PIII-, PII-, and PI-SVMP
introns (Figure 2). Although these figures clearly point to a common origin, it is not possible to infer
whether they belong to the same or to a different PIII > PII > PI hierarchical lineage. Nonetheless, the
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fact that the PIII-SVMP gene has lost introns 5 and 6 (ADAM28 numbering), with the consequence that
exons 4, 5, and 6 have merged into a single exon, suggests that either these events occurred after the
duplication that gave rise to the PII-SVMP ancestor, or that the PIII-SVMP EOC00089-like gene does
not lay in the direct line of descent of the EOC00006-like PII-SVMP and EOC00028-like PI-SVMP genes.
Refinement of the family tree of the multi-gene family of E. ocellatus SVMPs will surely emerge from
future comparative genomic analysis of the carpet viper and other viperid species.

2.2. Role of Introns in the Evolution of the SVMP Multi-Gene Family

Since their discovery in 1977 [57,58], introns have been the subject of considerable debate. It is
now generally accepted that introns represent more than merely junk DNA that must be pruned
from pre-mRNAs to yield mature, functional mRNAs prior to their translation. Mounting evidence
indicates that while introns do not encode protein products, they play essential roles in a wide range of
gene expression regulatory functions such as non-sense mediated decay [59], mRNA export [60], and
regulation of the amount of recombination between the flanking exons [61], or they serve as locations
for nonhomologous recombination that would allow for exon shuffling [62,63]. As discussed below,
most of the structural divergence between the EOC00006-like PII-SVMP and EOC00028-like PI-SVMP
genes is due to the different size of their topologically equivalent eleven (1-11) introns (Supplementary
Figure S1). The role of introns in the evolution of snake venom gene families remains elusive. However,
in other biological systems, i.e., Arabidopsis and Drosophila, intron features, such as sequence and
length, have been shown to function in maintaining pre-mRNA secondary structure, thus influencing
temporal and spatial patterns of gene expression by modulating transcription efficiency and splicing
accuracy [64-67].

Most PII- and PI-SVMP introns belong to phase 0, followed by phase 2; and, in both genes, only
intron 1, separating the monoexonic signal peptide from the start of the prodomain, is a phase 1 intron
(Figure 1). Analysis of the exon—intron structures of a large number of human genes has revealed a
statistically highly significant enrichment of phase 1 introns flanking signal peptide cleavage sites [68].
Phase 1 introns most frequently split the four GGN codons encoding glycine. A plausible explanation
for the correlation between signal peptide domains and the intron phase is that the base preferences of
proto-splice sites [69,70] mirrors the amino acid preference for glycine in the signal peptidase consensus
cleavage site [71].

The signal peptide is the most conserved structural element between pre-pro EOC00006-like
PII-SVMP and EOC00028-like PI-SVMP is (Figure 2). In both genes, it is encoded by identical exon 1
amino acid sequences (Figures Al and A2), which is also highly conserved in present-day SVMPs [46].
These findings support the view that co-option of this signal peptide may have played a role in the
restricted expression of SVMP genes in the venom gland of Caenophidian snakes, some 60-50 Mya [46].

Nucleotide sequence comparison of the topologically equivalent introns of the E. ocellatus PII- and
PI-SVMPs (Supplementary Figure S1) provide insights into the events underlying the conversion of
a PII-SVMP into a PI-SVMP gene. In this regard, some introns differ in the number and location of
intronic retroelements (Table 1). Thus, insertions in introns PI-SVMP 1 and 9 introduced complete and
truncated SINE/Sauria elements in positions 1764-2101 (Figure S1, panel A) and 321-502 (Figure S1,
panel I), respectively. The inserted nucleic acid sequence in intron 9 retains the GT-AG splicing
sites, indicating that this insertion event created a twintron, an intron within an intron. PII-SVMP
intron 6 (Figure S1, panel F) and PI-SVMP introns 11 (Figure S1, panel K) and 12 (Figure S1, panel L)
are also twintrons. Compared to its topologically equivalent PII-SVMP intron, a large insertion in
intron 11 of the EOC00028-like PI-SVMP gene replaced the first 66 nucleotides for a longer stretch
of 3281 nucleotides; region 2461-2561 of the inserted nucleic acid sequence is 97% identical to
Hyla tsinlingensis Hts-35 [KP204922], a microsatellite sequence that is also partly present in intron 61
of Podarcis reelin (RELN) genes [GU181006-13] (positions 554-623) [72]. Microsatellites are simple
nucleotide sequence repeats (SSR) ranging in length from two to five base pairs that are tandemly
repeated, typically 5-50 times (reviewed in [73]). These non-coding elements are abundant in major
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lineages of vertebrates. Mammalian, fish, and squamate reptile genomes appear to be relatively
microsatellite rich [74]. However, besides Hts35, RepeatMasker only identified few SSR tracks in
introns 1 (5x GTTT; 28 x TC) and 2 (13x ATTT; 4x TAA) of the PII-SVMP gene (Figure Al), and introns
1 (11x GTTT; 21x AG) and 2 (9x GTTT; 4x TAA) of the PI-SVMP gene (Figure A2).

Table 1. Comparison of type and location of retroelements identified in introns of E. ocellatus PII-SVMP
EOC00006-like and PI-SVMP EOC00028-like genes.

PII-SVMP PI-SVMP
Intron

Inserted Retroelement

. 2 SINE/Sauria, LTR/ERV1,
1 SINE /Sauria DNA/hAT-Ac
3 LINE/L2/CR1 LINE/L2/CR1
5 LINE/L2/CR1 LINE/L2/CR1
6 SINE/Sauria -
8 LINE/L2/CR1 -
9 - SINE /Sauria
10 DNA transposon DNA transposon

Growing evidence supports that repetitive intronic elements, such as the long interspersed
elements (LINEs) and the short interspersed elements (SINEs) contained in several introns of both
PII- and PI-SVMP genes (Table 1) can influence genome stability and gene expression (reviewed
in [75]). Thus, these interspersed repeats may alter genome recombination structure and rates, through
a number of mechanisms, including replication slippage and unequal crossover [76,77], potentially
impacting regulation of gene expression [78], recombination events leading to tandem duplication of
segments of the genome [79,80], gene conversion [81], and chromosomal organization [79]. Moreover,
the insertion of interspersed repeats into a new genomic position may introduce promoter or
enhancer sequence motifs for transcription of nearby genes [82,83], and alternative splicing sites or
polyadenylation sites [84], thereby resulting in a change of overall level of gene expression. Interspersed
repetitive elements have also played an important role in expanding the repertoire of transcription
factor binding sites in eukaryotic genomes [85]. However, whether these elements have contributed to
the genomic context that facilitated the evolution and radiation of venom loci in snakes deserves future
detailed comparative genomic studies.

2.3. A Fusion Event Led to the Conversion of a Pll(e/d)-Type SVMP into EOC00028-like PI-SVMP

PI-SVMP intron 12 is a twintron resulting from the fusion of the genomic region spanning ancestral
introns 12* and 13* and exon 13* (homologous to identical numbered elements in the genomic structure
PII) (Figures 1 and 3A). Splicing site mutations affecting both the 3’ splice AG acceptor site of intron
12* and the 5’ splice GT donor site of intron 13* led to the retention, and subsequent intronization, of
exon 13* within a fused (12* + 13*) twintron (Figure 3A). Intronization of exon-coding nucleic acid
sequences has been proposed as a major contributor to intron creation [86]. Intron 13* encoded part of
the N-terminal region of a disintegrin domain, most likely, as discussed below, an eventual subunit of
dimeric disintegrin. In addition to the disruption of the structural integrity of the disintegrin domain, a
stop codon after exon 14 removed intron 14 and exon 15 from the PIl(e/d)-type SVMP (Fox & Serrano’s
nomenclature [40]) precursor gene structure, thereby completing the conversion of the PII-SVMP into
present EOC00028-like PI-SVMP gene (Figure 3A).
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Figure 3. Panel A, cartoon comparing the 3’ regions of the PII-SVMP and PI-SVMP genes and
highlighting the processes (intronization of ancestral exon 13* inside twintron 12 resulting from
the fusion of introns 12* and 13*, and creation of a stop codon after exon 14) that destroyed the integrity
of the disintegrin domain, converting an ancestral PIl(e/d)-type SVMP into extant EOC00028-like
PI-SVMP. Panel B, alignment of the amino acid sequences encoded by exon 14 of EOC00028-like
PI-SVMP and exon 2 of the dimeric disintegrin subunit ML-G1 [AM261811] [87]. Degeneration
of PI-SVMP’s conserved functional and structural amino acid residues in dimeric disintegrins are
highlighted in boldface and grey background.

Region 1013-2134 of PI-SVMP intron 12 exhibits 91% nucleotide sequence identity with range 14 to
1135 of Macrovipera lebetina gene encoding part of exon 1 and full-length intron 1 of the VGD-containing
dimeric disintegrin subunit precursor, ML-G1 [AM261811] [87]. PI-SVMP exon 14 (mature protein
amino acid residues 221-263, Figure A2) exhibits strong homology (79% identity) to exon 2 of the same
VGD-bearing dimeric disintegrin subunit. The PI-SVMP exon 14 shows the consequences of genetic
drift (Figure 3B): the conseved «5f3; integrin-inhibitory VGD tripeptide motif [44] of the PII-SVMP
precursor gene has been replaced by a VSD motif (generated by a G > A mutation: GTG AGT GAT >
GTG GGT GAT), and the absolutely conserved tenth cysteine residue of dimeric disintegrin subunits
has degenerated (TGC) to a serine residue (AGC) (Figure 3B).

3. Concluding Remarks and Perspectives

The event that gave birth to the family of SVMPs was the generation of a STOP codon at the 3’
end of exon 16 of a duplicated ADAM28 gene (Figure 4). This mutation produced an ORF truncated at
the N-terminal part of the EGF-like domain, which encoded a precursor of an ancestral PIII-SVMP
lacking this domain and the C-terminal membrane anchoring and cytoplasmic polypeptides (Figure 4).
On the other hand, our results comparing the available genomic structures of SVMP genes, e.g.,
EOC00089-like PIII-SVMP [47] [KX219963], EOC00006-like PII-SVMP [KX219964], and EOC00028-like
PI-SVMP [KX219965] (this work), suggest that the evolutionary history of SVMPs is marked with
events of insertions and deletions of intronic regions. This scenario points to introns as key players in
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the formation of the multi-locus SVMP gene multifamily. Thus, comparison of the genomic structures
of EOC00089-like PIII-SVMP and EOC00006-like PII-SVMP (Figure 5) indicates that replacement of the
PlII-specific cysteine-rich domain by a non-homologous region encoding intron 14-exon 15 followed
by a STOP codon may represent a step in the conversion of a PIII-SVMP into a PII-SVMP.
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tta gat cga act tgg taa tga aag aaa ggg gaa aga aaa gga aag aaa gac aat
gtt tct cat gca cat gcc ttt ata ctg tca tag GTA TGC GAC CAT GAA ATG AAA
v (4 D H E M K

| e Exon 18 ADAM28 -
TGC CAA TGT GAA GAA GGA TGG GCA CCA CCA AAT TGT GAG GAT gtg agt tac aac
c g ¢ E E G W A P P N € E D |-—Intronl8—

Figure 4. Comparison of the genomic region encompassing exons 17 through 18 of Anolis carolinensis
ADAM28 [XP_003226913] and the homologous amino acid sequence of E. ocellatus SVMP EOC00089
[ADW54351], highlighting the STOP codon after exon 12 of the latter generating a C-terminally
truncated molecule, which eventually gave rise to the ancestor of the PIII-SVMPs.

PII-SVMP
~ Exon 12
[A...FRPAGTECRRIRSECDLPEYCTGQSAECPKDVFHRDGKPCLNNYGYICYNGKCPIMQYQCYVHFG..A ]
C-terminal region Disintegrin-like domain  Cysteine-rich domain
PII-SVMP
r— Exon 14 — Exon 15

[....FLKEGHCKMARGDNMHDVCNGKTCDCPRNPVKGEHDPMEWIIntron 14 PAPAKGSVLM@

C-terminal region of the gene encoding the short disintegrin ocellatusin [KX219964]

Figure 5. Comparison of the genomic region encoding the C-terminal domains of E. ocellatus
EOC00089-like PIII-SVMP and EOC00006-like PII-SVMP, suggesting that 3’ genomic remodeling
represents a seminal step in the generation of PII-SVMPs.

This view is consistent with structural evidence suggesting that the loss of the cysteine-rich
domain represents an early seminal event that facilitated the formation of PII class SVMPs [43].
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The PII subfamily of SVMPs is characterized by the diversity of disintegrin domains exhibited
by different family members [39,40], ranging from the more ancestral long disintegrin domains
(~84 amino-acid-residue polypeptide cross-linked by 7 disulfide linkages) to the more recently evolved
short disintegrin (41-51 amino-acid-residues crosslinked by 4 disulfide bonds) [42]; for a scheme of
the evolutionary path of the disintegrin domains, see Figure 1 in [43]. EOC00006-like is an example
of a PII-SVMP with short disintegrin domain. Given the structural diversity of PII-SVMPs, genomic
sequences from the different members of the subfamily are required for a more accurate glimpse of the
genomic mechanisms operating in the generation and subsequent diversification of PII-SVMPs.

Comparison of the EOC00006-like PII-SVMP and EOC00028-like PI-SVMP gene structures also
points to genomic remodeling of the 3’ region of a PIl(e/d)-type SVMP precursor gene [39,40] as the
EOC00028-like PI-SVMP gene generator mechanism. The PII > PI conversion involved the generation
of twintron 12 (by fusion of introns 12* and 13*) and the loss, by intronization, of exon 13*, thereby
destroying the consistency of the region coding for the disintegrin domain. This elaborated mechanism
indicates that the structural diversification of SVMPs is not due to a random mutation generating
a STOP codon before the disintegrin domain, but follows a well orchestrated sequence of events
imprinted in the genome of snake species sometime after the split of Viperidae and Elapidae, 37 million
years ago, but before the separation of the Viperidae subfamilies Viperinae and Crotalinae 12-20
MYBP. The mechanisms underlying loss or gain of spliceosomal introns are still poorly understood.
The most widely accepted hypothesis is that intron insertion may occur via a process similar to
group II intron retrotransposition [88,89]. According to this view, the spliceosomal components
remain transiently associated with a recently excised intron and then attach at a potential splice site
of a non-homologous pre-mRNA, where they catalyze the reverse reaction [90,91]. The modified
pre-mRNA is reverse-transcribed and the resulting cDNA participates in a recombination with its
parent gene, thereby inserting a novel intron into the target gene [90-93]. An attractive feature of this
mechanism is that it ensures that the inserted nucleic acid sequence has the full complement of intron
signature sequences required for efficient splicing [94].

Studies of multi-gene protein families are crucial for understanding the role of gene duplication
and genomic exon-intron organization in generating protein diversity. For example, full-length
genomic sequences of Crotalinae group II PLA; isogenes from P. flavoviridis (Tokunoshima and
Amami-Oshima islands, Japan) [95], and T. gramineus (Taiwan) [96] have been reported. All these genes
exhibit four coding regions and conserved exon-intron structures spanning about 1.9 kb. A cluster of
five tandemly arranged PLA; genes have been located in a 25 kb 3’ segment of a 31 kb fragment of
the Amami-Oshima P. flavoviridis genome [97], which in addition harbors a PLA; pseudogene in its
6 kb 5’ region [98]. Genomic sequence comparisons between the pancreatic PLA; gene of P. elegans,
group IB pancreatic PLA; gene of L. semifasciata, and the L. semifasciata group IA venom PLA; gene,
suggest that Crotalinae group II venom PLA, genes emerged before the divergence of Elapinae and
Crotalinae, whereas groups of IB and IA PLA, genes appeared after Elapinae was established as a
taxonomic lineage [99].

Duplicated structures found in eukaryotic genomes may result from complex interplays between
different mechanisms [100]. Mitotic and meiotic non-allelic homologous recombination (NAHR)
events, resolved as unequal crossing-over, have been traditionally invoked to account for segmental
duplications within genomes [101,102]. Duplicated regions can be organized as direct tandems (e.g., the
cluster of tandem snake venom PLA; genes), but also be separated by hundreds of kb [100]. Our
present and previous work [47] inaugurate a line of research that will allow the depiction of a more
precise characterization of the genomic context in which the SVMP multi-gene family has emerged.
This goal demands populating the current databases with genomic sequences of genes representing the
different members of the SVMPs. Although the variety of structural forms comprising the PII family
may be considered a challenge for this purpose, this circumstance can be also regarded as a valuable
opportunity for the step-by-step description of the molecular pathways that led to the formation of this
multi-gene family. Without a doubt, ongoing Viperidae snake genome sequencing projects will mark
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the beginning of comparative snake genomics, and will be key to revealing not only the topology and
copy number of the genes encoding SVMPs, but also to provide decisive information to reconstruct
the evolutionary history of this multilocus gene family.

4. Materials and Methods

4.1. Genomic DNA

Genomic DNA was extracted from the fresh liver of E. ocellatus (Kaltungo, Nigeria) maintained
at the herpetarium of the Liverpool School of Tropical Medicine. Echis ocellatus liver was ground to
a fine powder under liquid nitrogen and the genomic DNA extracted using a Roche DNA isolation
kit for cells and tissue containing SDS (2% final concentration) and proteinase K (400 pg/mL final
concentration). The homogenates were incubated at 55 °C overnight. Thereafter, 300 puL of 6 M NaCl
(NaCl-saturated H,O) was added to each sample, and the mixture was vortexed for 30 s at maximum
speed and centrifuged for 30 min at 10,000 g. An equal volume of isopropanol was added to each
supernatant, and the sample mixed, incubated at —20 °C for 1 h, and centrifuged for 20 min at 4 °C
and 10,000 g. The resulting pellets were washed with 70% ethanol, dried, and, finally, resuspended in
300-500 uL sterile distilled H,O.

4.2. Strategy for PCR Amplification of Overlapping Genomic DNA Fragments

For sequencing E. ocellatus genes encoding PII-SVMP EOC00006 [Q14FJ4] and PI-SVMP
EOC00028 [Q2UXQ3] we employed a similar iterative process as described in [47]. Full-length
c¢DNA-deduced amino acid sequences of disintegrin domains [103] and of the genomic organization of
dimeric disintegrin domains [AM286800] [87] and PIII-SVMP EOC00089 [47] from the same species
were used as templates to design primers for the PCR-amplification of protein-specific genomic
sequences (Table 2).

PI-SVMP stretch 72AREILNS....QRWNDLQ?* was amplified on an Eppendorf Mastercycle®
epgradient S instrument in a 50 pL reaction mixture containing 17.5 uL of H,O, 25 uL. Master-Mix
(Thermo Scientific, Waltham, MA USA) including buffer, dNTPs, and Phusion High-Fidelity DNA
polymerase, 2.5 uL of each primer (10 pM) Met1PIRv and Met5PIFw, 1.5 uL of DMSO (100%), and
1 uL of genomic DNA (50 ng/uL). PCR conditions included an initial denaturation step at 98 °C for
30 s followed by 35 cycles of denaturation (20 s at 98 °C), annealing (15 s at 63 °C), extension (300 s at
72 °C), and a final extension for 5 min at 72 °C. All other PCR amplifications were carried out in the
same thermocycler using iProof High Fidelity polymerase (BioRad, Hercules, CA, USA). The 50 uL
reaction mixture contained 10 uL of 5xbuffer, 1 L of 10 mM (each) dNTPs, 2 uL of MgCl, 50 mM,
1.5 uL of DMSO (100%), 1 uL of each Fw and Rv primer (10 uM), 1 uL of genomic DNA (50 ng/uL),
and 32.5 uL of water. PCR conditions included an initial denaturation step at 98 °C for 120 s followed
by 35 cycles of denaturation (10 s at 98 °C), annealing (15 s at the lower melting temperature of the
primers), extension (60 s per Kb at 72 °C), and a final extension for 5 min at 72 °C.

4.3. Purification and Cloning of PCR Products

PCR-amplified DNA fragments were purified from agarose electrophoretic bands using the
GENECLEAN Turbo kit (MP Biomedicals). The purified fragments were inserted into pJET_1.2
(Thermo Scientific, Waltham, MA USA) using phage T4 ligase and cloned into E. coli DH5x by
electroporation at 1700 V. Transformed cells, resuspended in 200 pL. LB medium, were incubated
at 37 °C for 1 h, and were subsequently plated on LB agar/ampicilline to select positive clones.
The presence of the inserted DNA fragments was verified by PCR amplification or digestion of the
expression vector with the restriction enzyme Bgl II. The inserted DNA fragments were sequenced
in-house on an Applied Biosystems model 377 DNA sequencing system (Foster City, CA, USA) using
pJETFw and pJETRv primers.
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Table 2. Forward (Fw) and reverse (Rv) primers used to PCR-amplify genomic DNA stretches from
E. ocellatus PII-SVMP EOC00006-like (right) and PI-SVMP EOC00028-like (left) genes.

Primer DNA sequence Primer DNA sequence
Sp35_Eo Fw ATGATCCAAGTTCTCTTGGTAACTATATGCTTAGC 5’ PS-Disi Fw ATGATCCAAGTTCTCTTGG
Met14P1 Fw CTATATGCTTAGCAGTTTTTCCATATC Intrd Fw ATGACACTGACCTCTAGAGTTGG
Intr1F1PI Fw CTAGTCATTCCGGCCATATGAC IntrB9_4-2 Fw AAGCTTGCTTGCTAGTAGGTGG
Intr2F1PI Fw ATCAGTCTGAGAGGATGCATTTCC Intr4 Rv TGGACATTGTATGGTCACCTG
Intr3F1PI Fw GTGACCATGCAATGTCCATATG Prodom 3 Fw GGAGCTTTTAAGCAGCCAGAG
Met15PT Fw GTTGCCTGTAGGAGCTGTTAAG Prodom 3 Rv CTCTGGCTGCTTAAAAGCTCC
Prodom 2 Fw GACGCTGTGCAATATGAATTTG Prodom 2 Fw GACGCTGTGCAATATGAATTTG
Prodom 2 Rv CAAATTCATATTGCACAGCGTC Prodom 2 Rv CAAATTCATATTGCACAGCGTC
Intr3 Rv GCACCAACTCTGTATCTCAGTC Intr3 Fw CACAGGTAAATAAGCCACAAACACC
Pro2 Fw CAGTGAGACTCATTATTCCCCTGATGGCAG Intr3 Rv GCACCAACTCTGTATCTCAGTC
CAGAAGATTACAGTGAGACTCATTA
Pro3 Rv CTGCCATCAGGGGAATAATGAGTCTCACTG Pro2-SVMP_Fw TTCCCWGATGG
IntrB13-1 Fw CTTGCCTCCCTATAGGATCACTGC Pro3-SVMP_Rv CTGCCATCAGGGGAATAATGAGTCTCACT
Met16PI Rv GATGCGTCCATAATAATAGCAGTG IntrB13-1 Fw CTTGCCTCCCTATAGGATCACTGC
Prodom 1 Fw GATGCCAAAAAAAAGGATGAGG Prodom 1 Fw GATGCCAAAAAAAAGGATGAGG
Prodom 1 Rv CCTCATCCTTTTTTTTGGCATC Prodom 1 Rv CCTCATCCTTTTTTTTGGCATC
IntronB7PI Fw TGGAACAACAGCTGTTGTTATGACG Intr2 Fw ACAATGGGAAACTGAGGAACAG
IntronB7PI Rv TGAGAGACATGCTGATGTGGTC Intr2 Rv GGGAACTCTGACTTAGAGAAAGTC
Met4 PI Fw GACCCAAGATACATTCAGCTTGTC Met1PII Fw CAACAGCATTTTCACCCAAGATAC
Met4 PI Rv GACAAGCTGAATGTATCTTGGGTC Met1PII Rv GTATCTTGGGTGAAAATGCTGTTG
Met8PI Rv TATCCATGTTGTTATAGCAGTTAAATC Met 1-2 Fw CATGGATACATCAAATTGTCAACG
Intron B16 Fw TGTGCTTACCCAACACTGAGCC Met 1-3 Rv TGTACATCTGTCAGGTGGACATG
Met5 PI Fw GCACGTGAAATTTTGAACTCA Met2PII Fw GCCGTTCACCTTGATAACCTTATAGG
Met5PI Ry GAGTTCAAAATTTCACGTGCTG Met2PII Rv CCTATAAGGTTATcAAGGTGAACGGC
Met9PI Rv AGCATTATCATGCGTTATGCG Met 6 PII Fw CCACAATCGTCTGTAGCAATTACTGA
Met3 PI Fw GGAAGAGCTTACATGGAGAG Met 6 PII Rv TCAGTAATTGCTACAGACGATTGTGG
Met3PI Rv CTCTCCATGTAAGCTCTTCC Met3 PII Fw GATCATAGCACAGATCATCTTTGG
Met2PI Rv GCTCCCCAGACATAACGCATC Met3PII Rv CCAAAGATGATCTGTGCTATGATCc
IntrB23PI Fw CTGACTATGACTCACTTAACAACTGG Met 4 Fw ATGATCCAGGTTCTCTTGGTAACTATATG
IntrF2PI Fw GGCCGCGTGAATGCATCTGCTTC Met 4 Rv TGAACTGATAGGAACGGTATTGTG
Intr2F2PT Fw GCATCAGTTTGTTCGCACTCAATAAAG Fw_Ocella Ncol ATCCATGGTAGACTGTGAATCTGGACC
Intr3F2PI Fw GAGCATAATCTGGAACTAAGATCAAG IntrDis1 Rv ATACGGCTAGTATGGAGCAGG
Met7PI Fw GCACAAGATTCCTATCACTTCAG Dis PIT Rv TCACATCAACACACTGCCTTTTGC
Met13PI Rv TCCTACCTGCAAAAGTTCATTTTC - -
Intron B10PI Rv CTGACTCAGGGCACCAATCTC - -
Met1PI Rv CTACTGCAGATCGTTCCATCTCTG - -

4.4. Sequence Analysis

Exon-intron boundaries were localized by visual inspection and corroborated using Wise2 [104].
Amino acid and nucleotide sequence similarity searches were done using BLAST [105]. Multiple
sequence alignments were performed using ClustalW2 [106]. The occurrence of retrotransposable
elements and simple nucleotide sequence repeats (SSRs) were assessed using RepeatMasker (version
rm-20110920) [107], a program that screens DNA sequences for interspersed repeats and low complexity
DNA sequences included in the Repbase database [108].

4.5. Sequence Availability

Pre-pro EOC00006-like PII-SVMP and EOCO00028-like PI-SVMP gene sequences have been
deposited with the NCBI GeneBank [109] and are accessible under accession codes KX219964 and
KX219965, respectively.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/7/216/s1,
Figure S1: Pairwise nucleotide sequence alignments of topologically equivalent paralog introns 1-12 from
Pre-pro EOC00006-like PII-SVMP and 1-13 from Pre-pro EOC00028-like PI-SVMP gene sequences.
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Appendix A

Genomic sequence of E. ocellatus EOC00006-like PII-SVMP gene. The locations and identities of the
primers used to PCR-amplify genomic sequences (listed in Table 2) are indicated. Protein-coding DNA
regions are in upper letters and boldface, and the encoded amino acid sequence is displayed below the
DNA sequence. Start of introns are labelled EoPII-X, where “X” corresponds to intron number. The
beginning and the signal peptide, propeptide, metalloproteinase and the short-disintegrin domains
are specified. Numbers at the right correspond to amino acid numbering of the DNA-deduced
pre-pro-PII-SVMP relative to the mature SVMP. The N-terminal glutamine of the metalloproteinase
domain has been assigned residue 1. The extended Zn?*-binding environment (HEXXHXXGXXH)
and the RGD integrin inhibitory motif stand on yellow background. The only two amino acids
(—=701/V, and —111H/R) that distinguish this sequence from that of PII-SVMP EOC00006 (Q14FJ4) are
shown in bold and red. The remains of a disintegrin-like domain transformed into intron EoPII-12 are
underscored in italics and on cyan background. SINE/Sauria, LINE/L2/CR1 and DNA transposon
retroelements are highlighted on a gray background. Simple sequence repeats (SSR, microsatellites)
are shown in light green background.

ATG ATC CAA GTT CTC TTG GTA ACT ATA TGC TTA GCA GTT TTT CCA TTT CAA Ggt aag atg
5'PS-Disi Fw | —-EoPIl-1 —
M I [o] v L L v T I [o; L A v F P F Q =T
| Signal peptide |
ttc tct tta gtt ccc thtg ttc aga ate tta ctg cta aga <¢ta ttg cac cca aca gat tgc
tat gtt gtt ggc ttt ggt ttt att ttt gac aat taa cta aag ttt gct tca ctt cag ttt
cca ctg att aag caa aag aag gtt ctc aag gat cgc att tgt tct aaa gtt aaa taa atg
gtt tat tgg aat ttg ctt aaa ttt tgt aaa gcc agg aga aaa tac taa gga aga aaa tcc
taa gat ttt cag aaa aaa aaa aaa acc ctc att cat ttt aga ggg aac gtt ttc caa tga
tgt gag tta aaa aaa aag aat taa aac act gaa gag gac aga gad aaa gtg ttt gtt gca
aga aaa ttt cag aaa gca aaa gaa aaa aat gct att gtt ttt aat ttt ctt tca ata ggt
cag tta gac atc ctg aaa tta aac atg cat aat att tag ccc ggg aca cga tgg ctc agt
aga tta gga tgg tga gct tat tga cca gca att tgg cgg tca aat acc tag tgc ctg tta
gct att tgt tag gta taa caa agt gag tgc ctg tta ctc atec cca got tet goe aac caa

| SINE/Sauria —
gca gtt caa aag cat gta aaa atc caa gta gaa aaa tat ggg cca cta cag tgg gaa ggt
cac age att cta tgt get ttt ggt gte tag tea tge tag cca ttt gac cat aga gat gte
ctt gga caa aca ctg got ctt tga ctt tga aat aga aAT GAC ACT GAC CTC TAG AGT TGG
Intrd Fw
gaa atg agt agt atg cat atg tgg ggg act tta ctt tta cct aat att tag cca aat aaa
agc tag tgc ttt tga tgt tac aga gac tct tca gac tgt act taa tat aat atg aca cta
gct ttt ctc aat gca aga ttc cgt att atc tta aag tat ttc ttt cet cct tce ctt tta
ctc ttc aaa aaa tag agc agt ccc ttc tga aat tct tcc caa gtt ctc ctt ctg tga gct
aag ata cat ttt aca tgc cag tta gcc aat cta tgg cta ttc ttc ctg tat ccc aag tca
ttc cca cat atc att aca aac aag aat act caa tag att cag aag ttg cca aac aaa ttt
aag ggt gag agg ctc act gca gta gcc ct A aat agc
aaa gaa aga tga gaa tgc cct tat cag gag taa ttt atg ggg aac aat gta gga aag aag
aaa ggg aga tgg aag aga aat tgc tgc tta atc tgt gct cta agc aag aga gga ata gtA
AGC TTG CTT GCT AGT AGG TGG aag tga acc cct ccc atg ttt ctg gga gat cag gta caa
IntrB9_4-2 Fw

ata ggt agg tac atc aat agg tat gag gaa gat gca ttc ttc tgt ctg gga ctg ccc atc
aat ctg aaa gga tgc att tcc agg gta aaa tgc tgg tat ctc tgt ttc tcec ctg

a cac aca cac
aca gag act ata cat tta cag tat aag tta aaa aac aaa tat CAG GTG ACC ATA CAA TGT

Intr4 Rv
CCA tat ggg gaa caa ctc taa ttt ttt cca cta ttt ttc taa ttc tga aat cat tga att
atg aaa atg tta tta ggt gct tca gtg ata act atg ata cta tgg act ctc aat agc ttc
ttt tga aag tga aag aaa aga aag tca gca aaa gta tca gga tac cag tga agt agc att
tca gct gac agg cat tcc aga taa gat gca ttt gca tag aaa tct aag ttt gcc tag att
tta gac taa tgg tta tgc taa acc ata acg cag tat ggt tta ctg aat tgt ctg aat cag
att att gtg att c¢tc atc tta tca ctec agt gca caa act tgc aca ttg gtt gaa atc tat
tta ttt tte taa ttt ttc aac cte tga aat gtt tec ttt gca cct gea caa aga aat gtc
tce tgt tag act tce atc ttt cag aca tea ttc age aaa tta cat tec cag aga aaa tct
gga ttt ctg tgc tgt gtc cca ctg gga aaa gat tcc att gtt cac tga taa ctg aat aac
aaa ttg tgt tgc aga tgt gaa att gat aga ata aca tcc c¢aa aga aaa cca aat ctc ctt
ttc ttt ttc ctt aca aag GG AGC TCT AAA ACC CTG AAA TCT GGG AAT GTT AAT GAT TAT

G E s K T L K s G N v N D Y -31
| Propeptide —
GAA GTA GTG AAT CCA CAA AAA ATC ACT GGG TTG CCT GTA GGA GCT TTT AAG CAG CCA GAG
Prodom 3 Fw/Prodom 3 Rv

Figure Al. Cont.
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act
taa
gag
cat
cag
gta
tag
gag
atc
tac
aat
gta

AAT

Lre
aat
tgt
tgc
ctt
gt
atg
gcc
cct
att
ata

gcc tcc cag ttt aca caa aat tga gga
tat taa tag gtt aat ata act aat caa
gaa tca agc agt gaa ata acc att agt
cct c¢tc cct cct cca gga aat ccc att
tct agg gag agt cct gta tta cag gca
tat cta cat gcg tca cat aga aat ata
tta cag ctc aag gtt agt tct ata tac
tca atc tgt ctg ‘tce €ag -atc aac ete
ttg aac cta tgc agg aaa aat aaa taa
tc_t cta ata aat aat
taa tac aga tgt aga gta tta aga aat
aaa cat aaa ctc ttt gtt ttt cag TAT

Y
GGA GAG CCA GTG ATC CTT CAT CTG GAAR
G B P v 1} L H L E
tta act tta cta aac aat gtg gaa aat
dat tge: atlh et Lty Lth gok ctt gaa
taa tta tgt ctt acc ttg gaa ctg aaa
tga act ata aca att tta gac tca gtt
gaa tta act agg tta gtt atg aaa tat
tca tag aca ctc cat caa tct gaa taa
cac atc aaa att tat atg tta aat cat
cga aag ggg aca gga cat aaa taa gcc
tgt gag tct tet cag aat tgt tec att
ata caa ata tga acc aca aaa atg gaa
gtt gga agg gac ctt gga ggc ctt cta

LINE/L2/CR1 —»

ata
[ofictict
ttc

att
cta
ACA

teca
ctg
tag

tte
aac
GAG

ttc cat ggg tgt cca att gtt cct tga
aaa got age cat tce acc gat taa ttg
gtt gaa ttt ttC ACA GGT AAA TAA GCC

taa
gtg
cat
aaa
aaa
aaa
cag
att
aga
atg
gac

AXD

gta
tta
o e
gaa
tgc
cat
gaa
cag
tga
tga
gte

aaa
tte
ACA

ad

tcc tgg caa ttt ata aac
ttg gga gaa agc cag cca
ttc ata ctg caa cag atc
gtt tat ctg ate tgc aga
aat aat aaa ctg ctt aat
gat ata ttt cta gat atg
att cat gta tag cgt ggg
cag caa tat gtt cag tta
tct tat cat tca aag cac
act atc aca aat tat tca
aca ttt tat ttg cct aaa
GAC GCT GTG CAA TAT GAA

Prodom 2 Fw/Prodom 2 Rv

D A Vv ¢ Y E
AAT AA g tat gtt aac
N K |— - EoPIl-3 —
ttt tce tgg aca caa tcet
aat gtt act ata tag gaa
ttt tac tge tgt tet cct
cca ttc aag gct cat aaa
aga gat ttc aaa atg ttt
ttt ctg tga gac ctg tag
agg cag taa atg tca tct
att tca caa gcc ttt £ttt
act gta aat caa gat att
aat tat ttt tca gca caa
cac cce ctg ctg aag cag

cct cca gtg atg gga tac
tca tte tca gga aat tte
AAC ACC att aaa aga aag

Intr3 Fw
att acc cta aaa act gta aat gtc ata
tgc aaa cac gta cct cag cct ggt tca
TTG GTG Cat tgg gaa aga ctyg <<t gcc

ggt
tac
tat
taa
gaa
aga
taa
i =
cat
ttt
tct
tty
tta
GGA

ACA

tga
caa
tgt
atg
tgc
atc
taa
EEE
[otete:
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aaa
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ttc
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gtc
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tat
aaa

GGA

Intr3
gat
aaa
atg
tga
aag
tga
ey mo
o
att
cat
atg
cca
ctyg
TTT

CCT

aaa
gta
acc
aca
gtc
cat
gct
gtt
cag
att
ey =il
caa

CAC

cat
ttg
cta
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Short Disi
GAT AAC TGC ARA gta aga ctt att tat ttt taa cac caa gag aaa ttt tac cct get cca
- EoP||-13 —+

grin Ocellatusin—

tac tag ccg tat aga aat ata ata ttt ctt ggc tgt tta cta tga taa aaa cat ttc agc

tat ccc ttc ttc cag ttt att tga ccc tta tga aca taa gca aag gga aga
aaa att tct ccc tta ttt caa ttt caa atg cac tct tte age atg cta aat

Figure Al. Cont.
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cat atc tgt gaa aat aat aca ttt gta gtt tga ctg aaa tta cat gga aac taa gtt taa
aca agg gtg agc agt gta tga gat tgg tgc cct tac tca got tec tga gtt tct gga agg
ttc taa gag ttt cct ggt aat gct gty aca ttt ttt tcot ctg agce ctt tta aga agg aaa
tca atg cac aga ctt ctg gaa gta aaa teg cct ttt ttc ccc att aag tte tct tee tac
tct cta aag cac taa att cag gta ttt tgg tgg tac att ctg gaa gtg ctg cag cac cat
gaa aag aga ggt gca cgt tgc cca ttc ctt ctt tct atc tgg cat cac att tga ctc ttt
tga gca gaa tgg ccc aaa aca ttt tgt tat tac cat att tcc atc aca agc cta gct tcc
gag caa gag aad Jggg gcc atg tgt ttt cag caa gtg ata gaa aat tct aca aat gct tcc
tcc aat gta aag aaa taa aaa tag atc aga ata agt tca gca ttt aaa ttt ttg ctg ctt
ttt caa ggc age tca act gat ttt cac ttt atg gtc agc caa cat gta gaa gtt ctg ttt
cag gaa ttg agc ctt tca ttg caa cca ttt ccc caa agc aaa caa gtt gga ctg gga ctt
cta ggc aac aca cac agt tgt agc agg gca ggg atg cct ttc ttg gtg atc ctc aag aca
gat gaa gag gag gtt ttg aaa tgt gtc cct ctt tga tct ctg cta ctg aag aat gat agc

tgg agt att ttt tat tct cac cca cag TTT CTG AAG GAA GGA ACA ATA TGC AAG ATG GCA

F L K E G T I c K M 2 260
AGG GGT GAT AARC ATG CAT GAT TAC TGC AAT GGC AAA ACT TGT GAC TGT CCC AGA AAT CCT
R 6 D N M H D Y ¢ N G K T C€C D € P R N P 280

TAC AAA GGC GAA CAT GAT CCG ATG GAA TG (gtg agt aaa aga tta cct cta acc tgt gty

¥ K ¢ E H D P M E W |- —— EoPIl-14 — 290
ttc taa agt ctg att cca agg Jggt aat acc taa aaa aaa gaa gta atc ttt caa tac taa

aag ctg tga atc tac ttg aaa gaa aaa gta tcc atc tac cct tct ttt ggt tgt tgt tat

ttt gat ttt tct tca gac aac aac cac aac aaa tgc ggt caa tgt cca gga ctg ttc ctt

tct tgc aag aac aaa atg ctt ggc ctt ctc agg gcc ttg tgc tta ggt gga aga gag aaa

tga gaa aaa tgd ggc aga tct agt tgt gac cta aca atg aag caa acc caa atc tta cct

taa aga atc agg aat tgc tga atc cec ttg att ttt ata caa tag aac ctg aaa gaa gtt

tgg gtt agt ttg gaa agt gct gtc tta cac cat tga aaa tct ctt tcot ttg act ttc ag

G CCT GCA CCA GCA AAA GGC AGT GTG TTG ATG TGA

Dis Pl Rv
P A P A K G s v L M STOP 300

Figure Al. Genomic organization of E. ocellatus EOC00006-like PII-SVMP gene.

Genomic sequence of E. ocellatus EOC00028-like PI-SVMP gene. The locations and identities of
the primers used to PCR-amplify genomic sequences (listed in Table 2) are indicated. Protein-coding
DNA regions are in upper letters and boldface, and the encoded amino acid sequence is displayed
below the DNA sequence. Start of introns are labelled EoPI-X, where “X” corresponds to intron
number. The beginning and the signal peptide, propeptide, metalloproteinase domains and the
C-terminal extension are specified. Numbers at the right correspond to amino acid numbering
of the DNA-deduced pre-pro-PII-SVMP relative to the mature SVMP. The extended Zn?*-binding
environment (HEXXHXXGXXH) stands on yellow background. The only two amino acids (-124T/A
and 15T/ A) that distinguish this sequence from that of PI-SVMP EOC00028 (Q2UXQ3) are shown
in bold and red. The remains of a disintegrin-like domain and a dimeric disintegrin domain
transformed into intron EoPI-12 are underscored in italics and on cyan background. The N-terminal
glutamine of the metalloproteinase domain has been assigned residue 1. SINE/Sauria, LINE/L2/CR1,
LTR/ERV1, DNA/hAT-Ac and DNA transposon retroelements are highlighted on a gray background.
Inserted nucleotide sequences in introns 1 (582 nucleotides between positions 1534-1582, including a
SINE/Sauria element); 9 (between nucleotides 194-195 of the topologically equivalent intron of PII);
11 (replacing nucleotides 1-66 of PII intron 11 for a stretch of 3281 nucleotides); and 12 (after nucleotide
999 of the homologous PII intron) are underlined. Simple sequence repeats (SSR, microsatellites) are
shown in light green background.
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ATG ATC CAAGTTCTC TTG GTA ACT ATATGC TTA GCA GTT TTT CCA TAT CAAG gta aga tgt tct gtt tag ttc cct tgt
Sp35_Fo Fw | 111 i S e
M I Q vV L L V T I ¢ L A Vv F P Y Q
| Signal peptide |
tca gaa tct tac tgc taa aag act att gca ccc aaa aga ctg cta tgt tgg tag ttt tgg
ttt tat ttt tga caa tta acc aaa gtt tac ttc act tca gtt tct aaa gat taa gca aaa
gaa tgt tct caa gga tca cat ttg ttc taa agt tac ata aat ggt tta ttg gta ttt gtt
taa att ttc tca agt aag gag caa atc cta agy aaa aaa gtc cta aga ttt tca tta aaa
aag cac att cat gtt gga ggt aat ttt ttc caa tga taa gat taa cac att gaa gag gac
aga gag aaa Jgtg Tttt gtt gca aaa aaa att cag aaa gca aaa gaa aaa aat gtt £ttt att
ttt aat ttt ctt tca ata ggt caa tta gac atc ctg aaa tta agc atg cat aat att tag
cca ggg aca caa tgg cte agt agg tte gga taa tga att tgt taa cca gat ggt gag cag

| SINE/Sauria —>
act ggc ggg tca aat ccc aag tge cac gta aca gag tga gtg cct gtt act tgt ccc agt
tte tge caa cct agt aat tca aaa gea tgt aaa aat cca agt aga aaa ata agg acc act
aca gtg gga atg taa cag cat tct atg tgc ttt tgg cat CTA GTC ATT CCG GCC ATA TGA
IntrlF1PI Fw
cca ctg aga tgt cct tgg aca aac act gge tet ttg act ttg aat gga gat gag cac caa
cece cta gag ttg gaa atg agt agt atg cat gtg tgg ggyg aac ctt tac ttt tac cta ata
ttt agc caa ata aaa gct agt gct ttt gat gtt aca gag aat ctt cag act gta ctc aat
ata atg tga cag tag ctt ttc tca atg caa gat tcc gta tta tct taa agt att tct ttec
ctc ctt ccc ttt tac tect gca aaa aat aga gca gtc cct tct gaa att ctt ccc aag ttc
tcc ttc tgt gag cta aga tac att tta cat gcc agt tag cca atc tat ggc tat tct tcc
tgt atc cca agt cat tcc cac ata tca tta caa aca aga ata ctc aat aga ttc aga agt
tygc caa aca aat tfta agyg gty aga ggc tca cty cag tag ccc t
aaa tag caa aga aag atg aga atg ccc tta tca
gga gta att tat ggg gaa caa tgt agg aaa gaa gaa agg gag atg gaa gag aaa ttg ctg
ctt aat ctg tgc tct aag caa gag agg aat agt aag ctt gct agt agg tgg aag tga acc
cct ccc atg ttt ctg gga gaa tca ggt aca aat agg tag gta cat caa tag ata taa gga
aga tgt att ctt ctg tot ggg gct goco CAT CAG TCT GAG AGG ATG CAT TTC Cay JgJgt aaa
Intr2F1PI Fw
atg ctg gtt tct ctg ttt ctc cct ctc tcc cte tct ctg ttt ctec ttt cac tct ctc tct
| LTR/ERV1 and DNA/hAT-Ac —*
cte toct cac aca cac aca cac aca aac aca aac aca cac aga cac aga cac aca C
tc tgt ctc tct agc tcc ttc cct
ctao ttE ctc tcét St tet gt gt ctce kgt cfc dat tgt tta ggt gttt tgg §td gcéa gtt
tct fftc cta taa ggt aaa ggt aaa gtt tcc ccc ata cac acg tygc tag teca ttt cca act
| SINE/Sauria —>
cta gga gect gat goct cat cge cgt ttec aaa got gaa gag cca gtg ctt gtc cat gga cat
ctc cgg gat cat gtg acc agc atg act aaa tgc cag aga tac atg gaa aac tgt tat ctt

Figure A2. Cont.
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Figure A2. Cont.
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cat acg cat agg gaa gat agt tta gca ata ttt cag cct tgt ctc aac ccc aga ctc aca

Ctt tca gca tgt taa atc atg tct gtg aaa ata ata tat ttg ttc ttt tag ata gtt tgc

atg gaa acc cag ttt aaa taa ggg tga gta atg ttt GAG ATT GGT GCC CTG AGT CAG ctt
Intron B10OP| Rv

cct ggc ttt ctg gaa ggt tct aag agg tcc ctg gta atg ctg tga cat ttt tct ccc aga

gac ttt tag gat gga aat tgg tgc agg aga aaa aag £ttt ctt ttft cca ccc ctt aag tta

tct acc tgc tet gta aag ttc taa att cag gtg ttt tgg tgg cac att ctg gaa gty ttt
caa gac cat gaa aat gga gdt gca agt tce tca ttc £ttt ctt tct acg tag gaa cec agt

tga ctt tta atg aac ctt ttg agc aga atg gcc caa aac att ttg tta ttt tca tgt ttc
cct cac aag cct agt ttc aca gga aga gaa gag agc cat gag ttt ttc agc acg tga cag

aaa att cta tga atg ctt ctt ccc atg taa aga aat atc agg aga agt tca gca att cac
ttt ttg ttg ctt ttt cat ggc agc cca att gat ttt aac ttt acg gtc aac caa cat ata

gaa ctt ctg ttt cag gaa ctg agc ctt tca ttg cag tca ttt ccc tgt agc aaa taa gat

gyt ttyg gga ctt cta ggc acc aca cac agt tgt aac agy gca ggg atg cct tge ttyg gty
atc ctc aag aga gat gaa gag gag gtt ttg aaa tgt gta tea aat cat ggt ttg act ctt

tga tct ctg ctg ctg atg aat gat agc tga gaa tat ttt tga ttc tca ccc aca g TTT
F 221

TTG AGA GCA CGA ACA GTA AGC AAG AGA GCA GTG AGT GAT GAC ATG GAT GAT TAC TGC TCT

L R A R T v s K R A v S D D M D D Y c s 241
C-terminal extension-—— —

GGC ATA ACT TCT GAC TGT GCC AGA AAT CCT ACA AAG GCT AAG CAA CAG AGA TGG AAC GAT

Met1P| Rv
6 I T s D C A R N P T K A K @ 9 R W N D 261
CTG CAG TAG
L @ STOP 263

Figure A2. Genomic organization of E. ocellatus EOC00028-like PI-SVMP gene.
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