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ABSTRACT 
 
With an annual 5 million cases, 150,000 deaths, and about 400,000 amputati-
ons, snakebite envenoming is an ever-present threat in many parts of the ru-
ral tropical world. Parental administration of animal-derived, serum-based an-
tivenoms remains the mainstay of snakebite envenoming therapy. However, 
the high level of immunogenicity of such heterologous medicines leads to se-
vere side effects in human recipients. In order to bring antivenoms into the 
modern era of biopharmaceuticals, it is important to have a thorough under-
standing of snake venom toxins and to have an optimal antitoxin discovery 
strategy. In this thesis, a novel approach is presented on how to develop syn-
thetic and recombinant antivenoms based on a range of different molecules, 
including peptides, nanobodies, antibodies, and antibody fragments. This ap-
proach is based on toxicovenomics and phage display selection. 
 In the work behind this thesis, a systematic method for selecting key 
toxins for antitoxin discovery was developed (the Toxicity Score). The combi-
nation of this approach with the venomics strategy was a central element in 
the establishment of the new field of toxicovenomics – the study of snake 
venom proteomes in relation to the pathophysiological effects of their toxins. 
Four toxicovenomics studies were performed on the venoms of Dendroaspis 
polylepis (Black mamba), Dendroaspis angusticeps (Eastern green mamba), 
Naja kaouthia (Monocled cobra), and Aipysurus laevis (Olive sea snake). 
These studies not only estimated the quantitative venom proteomes of these 
snakes and identified the medically most relevant toxins responsible for the 
pathophysiological effects of the venoms, but also revealed mechanistic diffe-
rences between the venoms. As an example, the venoms from the black 
mamba, the green mamba, and the olive sea snake showed synergistic beha-
viors, while the venom from the monocled cobra displayed a dominance of 
non-synergistically-acting α-neurotoxins. α-neurotoxins played a major role in 
venom toxicity for all venoms, which cause flaccid paralysis in rodent models. 

Several drug discovery programs based on phage display selection 
were carried out, aiming at finding antitoxins against the medically relevant 
toxins identified in the toxicovenomic studies. A few hundreds of peptide-
displaying phages, dozens of nanobody-displaying phages, and over a thou-
sand human scFv-displaying phages were selected and screened. Among 
these, dozens of promising peptidic antitoxins with inhibitory effects against 
elapid neurotoxins were identified. In two-electrode voltage clamp assays 
using Xenopus laevis (African clawed frog) oocytes, Peptide 33535 was ca-
pable of abrogating α-cobratoxin induced inhibition (at a concentration of 40 
µM peptide and 100 µM α-cobratoxin) of the nicotinic acetylcholine receptor, 
responsible for neuromuscular transmission. This peptide was shown by iso-
thermal titration calorimetry to bind to α-cobratoxin with a Kd of 20 µM. Howe-
ver, despite these positive results, much more research is needed before re-
combinant or synthetic antivenoms may reach the clinic and benefit victims of 
snakebite envenoming. 

It is the hope that the work presented here will help enable that snake-
bite victims around the world will gain access to inexpensive and safe recom-
binant antivenom with high efficacy. 
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RESUME 
 
Giftige slangebid er en konstant tilstedeværende fare i store dele af den tropi-
ske verden. Hvert år bliver 5 millioner mennesker bidt, 150.000 mennesker 
dør, og omkring 400.000 tusinde mennesker får foretaget amputationer. Intra-
venøs administration af serumbaserede modgifte fra produktionsdyr er fortsat 
den primære behandlingsform mod slangebid. Desværre er den høje im-
munogenicitet af sådanne heterologe modgifte forbundet med alvorlige bivirk-
ninger i mennesker. For at kunne bringe modgifte ind i den moderne biophar-
maceutiske era er det vigtigt at have en dybdegående forståelse for toksiner-
ne i slangegifte samt at have en optimal lægemiddeludviklingsstrategi inden 
for antitoksiner. I denne afhandling præsenteres en ny tilgang til udvikling af 
både syntetiske og rekombinante modgifte baseret på en række forskellige 
molekyler, såsom peptider, nanobodies, antistoffer og antistoffragmenter. 
Denne tilgang er baseret på toxicovenomics og phage display selektion. 
 En systematisk metode (the Toxicity Score) til at udvælge nøgletoksi-
ner til udvikling af antitoksiner blev udviklet i forskningsarbejdet bag denne 
afhandling. Kombinationen af denne metode med venomics-strategien var 
med til at etablere det nye felt, toxicovenomics – studiet af slangegiftsprote-
omer i relation til de patofysiologiske effekter af deres toksiner. Fire toxico-
venomics-studier blev udført for giftene fra Dendroaspis polylepis (den sorte 
mamba), Dendroaspis angusticeps (den grønne mamba), Naja kaouthia (Mo-
nokelkobraen) og Aipysurus laevis (den olivengrønne havslange). I disse stu-
dier blev både de kvantitative giftproteomer estimerede, og de medicinsk mest 
relevante toksiner, der er ansvarlige for de patofysiologiske effekter af slan-
gegiftene, identificeret. Derudover afslørede studierne, at der var mekanisti-
ske forskelle på de fire gifte. Som eksempel udviste giftene fra den sorte 
mamba, den grønne mamba og den olivengrønne havslange synergistiske 
effekter, mens effekterne fra monokelkobraens gift skyldtes ikke-synergistiske 
α-neurotoksiner. α-neurotoksiner, som forårsager lammelse i gnavere, udgør 
en stor rolle for toksiciteten af alle giftene. 
 Flere lægemiddeludviklingsprogrammer baseret på phage display se-
lektion blev udført med henblik på at finde antitoksiner mod de toksiner, som 
blev identificeret som de medicinsk mest relevante i toxicovenomics-
studierne. Nogle hundrede peptidpræsenterende-, dusinvis af nanobodypræ-
senterende- og over tusind human scFv-præsenterende fager blev selekteret 
og screenet. Blandt disse blev et par dusin lovende peptidbaserede antitoksi-
ner, der var i stand til at hæmme neurotoksiner fra elapider, identificeret. I 
two-electrode voltage clamp assays med Xenopus laevis (den afrikanske spo-
refrø) oocytter blev det vist, at Peptide 33535 var i stand til (ved koncentratio-
ner på 40 µM for peptidet of 100 µM for α-cobratoxin) at forhindre α-
cobratoxin induceret inhibering af den nikotinære acetylkolinreceptor, som er 
ansvarlig for neuromuskulær transmission. Det blev vist vha. isotermisk titre-
ringskalorimetri, at dette peptid bandt til α-cobratoxin med en Kd på 20 µM. På 
trods af disse positive resultater er der dog behov for betydeligt mere forsk-
ning, før rekombinante eller syntetiske modgifte vil blive udviklet og vil kunne 
hjælpe slangebidsofre. 

Det er forhåbning, at det arbejde, som er præsenteret i denne afhand-
ling, vil være med til at bane vej for, at slangebidsofre verden over vil få ad-
gang til rekombinante modgifte, som er billige, potente og sikre. 
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1. INTRODUCTION 
 
1.1 Snakebite 
In Europe, few people consider snakebite to be a serious risk. However, for 
people living in rural areas in tropical regions of the world, snakebite is an ev-
er-present threat. Each year, about 5 million bites occur, which leads to 2.5 
million envenomings, more than 100,000 deaths, and about three times as 
many amputations (WHO, 2015). Snakebite is considered one of the most 
neglected tropical diseases (Williams et al., 2011), and only few researchers 
worldwide are engaged in helping the world’s many snakebite victims. 
 In terms of the number of cases, the primary regions affected by 
snakebite are sub-Saharan Africa, South Asia, and Southeast Asia (Kasturi-
ratne et al., 2008), although snakebite, when it occurs, is also a considerable 
health issue in Latin America and Oceania (see Figure 1.1.A). The country 
with the highest incidence of snakebite is India due to its large population and 
the presence of many venomous snakes, particularly “the big four”: Daboia 
russelii (Russell’s viper), Naja naja (Indian cobra), Echis carinatus (Saw-
scaled viper), and Bungarus caeruleus (Common krait) (Simpson and Norris, 
2007). In comparison, the country with the highest number of snakebites per 
capita is Nigeria. As an extreme example of regional incidence, the Benue 
valley of Nigeria is notoriously known for snakebite counting about 500 cases 
per 100,000 inhabitants per year (Pugh and Theakston, 1980), with Echis oc-
ellatus (West African carpet viper) being the main villain (Habib et al., 2015). 
However, the epidemiological data for snakebite is poor or non-existent for 
many countries and regions, where snakebite is believed to be a serious med-
ical issue (WHO, 2015). As an example, no published data exists for all of 
South Sudan, where at least at the Yirol County Hospital in the Lakes State, 
snakebite is responsible for 13% of all hospital admissions at (personal com-
munication, Dr. Joseph Okello Damoi). 
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Figure 1.1.A: An overview of the epidemiology of snakebite worldwide. 
Adapted from Gutiérrez et al., 2010 
 
Four families of venomous snakes exist: Viperidae, Elapidae, Atractaspididae, 
and some of the Colubridae. Of these four families, the viperids and elapids 
are those that cause most serious envenomings (Gutiérrez et al., 2006). Alt-
hough many more subtle differences exist, viperid venoms are typically cyto-
toxic, hemotoxic, and sometimes myotoxic, whereas elapid venoms are pri-
marily neurotoxic (Gutiérrez et al., 2006) (see Figure 1.1.B). The clinical mani-
festations of snakebites are therefore numerous and may include paralysis, 
incoagulable blood, local tissue damage, hemorrhage, necrosis, blistering, re-
nal failure, spasms, nausea, pain, imbalances in hematological factors, and 
many other severe symptoms (Gutiérrez et al., 2006). Also, an understudied 
field is the socioeconomic impact that snakebites have on people and local 
communities (Gutiérrez et al., 2015), as well as the psychological trauma, 
such as recurrent nightmares and anxiety when walking in vegetated areas, 
reported by many snakebite victims (personal communication, Prof. José Ma-
ría Gutiérrez and Martin C. Jespersen). 
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Figure 1.1.B: Examples of species from the two most important venomous 
snake families (Elapidae and Viperidae) and the main effects of their venom. 
Photo of Dendroaspis angusticeps, which was labeled for non-commercial use, was obtained 
from: 
https://en.wikipedia.org/wiki/Eastern_green_mamba 
Photo of Bothrechis lateralis was captured by Mads Laustsen. 
 
Venoms differ from poisons because of the (typical) requirement that venoms 
need to be injected to exert their effect, whereas poisons can be ingested 
(see Figure 1.1.C). The underlying reason for this is that snake venoms are 
complex protein mixtures that are unable to cross the intestinal barrier if in-
gested. Venoms contain a myriad of different proteins with bioactive effects, 
called toxins. A snake may have genes encoding more than 50 different toxins 
(Vonk et al., 2013), and it is estimated that viperids may typically express 35-
50 different toxins, whereas elapids may express between 15-35 (Laustsen et 
al., 2016). Snake venoms may therefore very well constitute the most com-
plex drug target known to man. This positions snakebite as a therapeutically 
very complicated challenge, and developing specific toxin-targeting antiven-
oms represents a tour de force in modern drug development. 
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Figure 1.1.C: The fundamental difference between venoms and poisons is 
that venoms are protein-based, why they are not toxic when ingested, where-
as poisons are small organic molecules, which are both toxic when ingested 
or injected. 
Figure created by Andreas H. Laustsen with the use of selected images labeled for non-
commercial use on google.com. 
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1.2 Traditional production of antivenoms 
Since their invention (Calmette, 1896), serum-based antivenoms have been 
the only current effective therapy against snakebite envenoming (Gutiérrez et 
al., 2011). Antivenoms are produced by repeated immunization of large 
mammals with selected snake venoms to build up an antibody response 
against the different components present in the venoms. Blood is then drawn 
from the immunized animal, blood cells are removed, and the antibodies are 
purified by various different techniques including precipitation and for some 
antivenoms chromatography (León et al., 2014) (see Figure 1.2.A). Antiven-
oms are thus complex mixtures of polyclonal antibodies of non-human (heter-
ologous) origin. 
 

 
 
Figure 1.2.A: Schematic representation of serum-based antivenom produc-
tion. Technical details and some steps have been omitted for simplicity. 
Figure created by Andreas H. Laustsen with the use of selected images labeled for non-
commercial use on google.com. 
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Typically, horses are used for antivenom manufacture, but some antivenoms 
are also produced in sheep (Gutiérrez et al., 2011, León et al., 2014). The 
choice of production animal depends on factors such as docility, blood vol-
ume, and cost. Given that the antibodies present in antivenoms are heterolo-
gous proteins, they may elicit immunological responses in human recipients 
due to incompatibility with the human immune system (Gutiérrez et al., 2007). 
These responses may be divided into early adverse reactions and late ad-
verse reactions. Early adverse reactions may include urticaria, nausea, colics, 
vomiting, generalized rash, chills and, less often, hypotension, bronchospasm, 
and angioneurotic edema (Warrell et al., 1995, Lalloo and Theakston, 2003, 
Gutiérrez et al., 2007). Late adverse reactions manifest themselves as true 
“serum sickness”, where the human immune system develops antibodies 
against the antibodies present in the antivenom (Gutiérrez et al., 2007), caus-
ing itches, fever, rashes, joint pain, proteinuria, and glomerulonephritis. In se-
vere cases, antivenoms may inflict anaphylactic shock, which may lead to 
death. 

With the intention of obtaining better safety profiles, some antivenoms 
are treated with either pepsin or papain during their manufacture in order to 
remove the Fc region of the antibodies to create F(ab)2 or Fab fragments (Le-
ón et al., 2014) (see Figure 1.2.B). Despite that this theoretically would make 
the antivenom less immunogenic by removing a large non-human part of the 
antibodies, immunological evidence does not point towards a decrease in ad-
verse reaction (Morais et al., 1994). In addition, this process step has the 
negative effects of shortening antibody half-life dramatically due to Fc removal 
(Laustsen et al., 2016) and reducing production yields due to the introduction 
of additional process steps. Furthermore, antivenoms may be monovalent or 
polyvalent. Monovalent antivenoms target the venom of one specific snake 
species, whereas polyvalent antivenoms target a broader range of several 
snake venoms. Monovalent antivenoms may be beneficial to use in snakebite 
cases where a positive identification of the snake is possible, whereas polyva-
lent antivenoms may be more beneficial in cases, where the identity of the 
snake is not known. By definition, antivenoms are not classified as pharma-
ceuticals, but instead as medicines. 
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Figure 1.2.B: Schematic representation of the different types of molecules 
that serum-based antivenoms derive their efficacy from. 
 
The main benefits of serum-based antivenoms are that they are in fact effec-
tive in neutralizing snake venoms and that they can be produced by well-
established production technologies (León et al., 2014). The drawbacks, how-
ever, include batch-to-batch variation, dependence on both snakes for venom 
procurement and mammals for immunization, immunogenicity of heterologous 
antibodies, high cost of production, and the fact that only a small subset of an-
tibodies present in antivenoms actually recognize snake venom components 
(Harrison et al., 2015). These drawbacks exist even for efficacious antiven-
oms, which has the implication that exorbitant amounts of antivenom are 
needed to treat a snakebite. For a typical polyvalent antivenom (10 mL/vial) 
containing 60-180 mg protein per mL, heterologous protein loads may even 
reach 20+ grams per treatment in severe envenoming cases (requiring 8-20 
vials). 

Another complication is that several antivenoms with low or non-
existent efficacy and poor safety profiles have entered the market (Warrell, 
2008), with some showing the same efficacy as no treatment for snakebites in 
Chad (Warrell, 2008, Brown, 2012), and others inflicting severe side effects in 
43% to 81% of cases in Sri Lanka (Ariaratnam et al., 2001, Gawarammana et 
al., 2004, Premawardhena et al., 1999). Particularly, sub-Saharan Africa suf-
fers due to snakebite envenomings. Together with a high incidence of snake-
bite, sub-Saharan Africa stands out as the region with least access to anti-
venom, with only 2% of the snakebite victims receiving this treatment (Warrell, 
2008, Brown, 2012). Solving this problem not only requires a multicomponent 
strategy involving efforts within public health policy, manufacturing, quality 
control, education, and distribution (Gutiérrez et al., 2014), but also technical 
innovation to reduce cost and improve efficacy and safety of antivenoms 
(Laustsen et al., 2016). 
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1.3 Future perspectives in antivenom development 
In contrast to all other protein-based therapies, antivenoms are the only medi-
cine, which are still being produced in animals (Laustsen et al., 2016). In the 
last 30 years, peptidic APIs such as insulin, blood factors, and non-antivenom 
antibodies have entered the modern era of biopharmaceuticals and are now 
produced in their human(ized) versions using recombinant DNA technology 
and different expression techniques. This has dramatically improved thera-
peutic treatment options for patients by providing more efficacious and safe 
biologics. Even though this transition is yet to occur within the field of antiven-
om, some biotechnological and medicinal chemistry developments within this 
field have taken place in recent years. The supporting publication by Laustsen 
et al. (2016), which can be found in Appendix 1, provides a comprehensive 
review of these developments. However, a summary of the main findings is 
presented in the next section 
 
1.3.1 Summary of Publication 1 
Laustsen AH, Engmark M, Milbo C, Johannesen J, Lomonte B, Gutiérrez JM, Lohse B. From 
Fangs to Pharmacology: The Future of Snakebite Envenoming Therapy. Current Pharma-
ceutical Design 2016. Accepted. 
 
An exhaustive literature search identifying all pure chemical or biological 
compounds with tested properties against snake toxins or venoms was per-
formed in combination with a review of all venom proteomes and available 
structural data on toxins. According to this search, we found that 31 organic 
molecules have been reported to have effects against snake venoms or tox-
ins, with anti-phospholipase A2 and anti-metalloproteinase activities being the 
most prevalent types of activities. 49 non-antibody-based proteins have to this 
date been reported for having neutralizing effects against snake toxins or 
whole venoms, and 48 murine antibodies and 21 non-murine antibodies or 
nanobodies with toxin neutralizing activities have been discovered. None of 
these antitoxins are currently in use in the clinic. 

Overall, we conclude that it seems unlikely that any non-human pro-
teins (including murine antibodies) will ever enter the clinic due to their heter-
ologous and immunogenic nature. On the other hand, the development of ei-
ther human antibodies or antibody fragments seems promising for developing 
snakebite envenoming therapies given their compatibility with the human im-
mune system and the decreasing cost of producing such molecules in larger 
scale. Also, small organic molecules may have an auxiliary role to play, par-
ticularly within targeting of enzymatic toxins, where a small molecule may bind 
strongly to the active site and abrogate toxicity. 
 One area that we found has not been in focus is the use of small pep-
tides for toxin targeting. Although peptides may suffer from some drawbacks, 
such as poor half-life, they are versatile molecules with generally good safety 
profiles due to them being composed of (natural) amino acids. Therefore, it is 
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not unlikely that peptidic antitoxins may also have a role to play in future anti-
venom developments. 
 Although there may be many years until the first fully synthetic or re-
combinant antivenom sees the light of day, many of the research and devel-
opment tools for initiating antivenom development based on medicinal chem-
istry approaches and biotechnological techniques (such as phage display) al-
ready exists. In addition to this, the integration of such tools with the growing 
body of data on snake venom proteomes, toxin structures, toxicities, and toxin 
sequences may pave the way for next generation snakebite envenoming 
therapies. 
 
Contributions 
Andreas Hougaard Laustsen performed the literature search and prepared the manuscript for 
sections 1, 3, 4, 5, and partially section 2. Mikael Engmark performed the literature search 
and prepared the manuscript for section 6. Christina Milbo performed the literature search 
and prepared the manuscript for section 2 with help from Andreas Hougaard Laustsen. José 
María Gutiérrez, Bruno Lomonte, Jónas Johannesen, and Brian Lohse supplemented the 
manuscript with feedback, corrections, and molecular structures. 
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2. OBJECTIVES AND FIELD OF RESEARCH 
 
The ultimate goal of the research behind this thesis will be to design the 
world’s first fully recombinant antivenom against snakebite (see Figure 2.A). 
However, in order to achieve this, several research questions presented 
themselves at the onset. These questions included: 
 

1. From which snake family/species should the venom be chosen? 
2. How should the venom be analyzed in order to determine what toxins 

should be neutralized by an efficacious recombinant antivenom? 
3. What discovery strategy should be employed to find antitoxins directed 

specifically against the medically relevant toxins? 
 
Analyzing and answering these questions before fully engaging in the re-
search led to a strategy based on antibody discovery guided by toxicoveno-
mics, which will be outlined in this chapter together with technical descriptions 
of the technologies and approaches that this strategy entails. The work behind 
this thesis only represents the first stepping-stone on the path towards brin-
ging recombinant antivenoms to snakebite victims. Therefore, selecting the 
right strategy and the right snakes was a crucial early decision to be taken in 
order for the research to be successful and to hopefully have future impact. 
 

 
Figure 2.A: Schematic representation of how a recombinant antivenom con-
sisting of oligoclonal human antibodies (Abs) can target all relevant toxins in a 
snake venom, thereby providing protection against a snakebite. In this illustra-
tion, the antibodies are targeting α-neurotoxins that would otherwise have in-
hibited the nicotinic acetylcholine receptor, responsible for neuromuscular 
transmission. 
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2.1 Selecting the snake species 
Selecting which snake species to focus research efforts on could be done ba-
sed on a range of different criteria, which include: 

• Medical need (number of envenomings/deaths from a particular speci-
es) 

• Geography and access to venom 
• Lack of antivenom against the given species 
• Perception of threat from a given species (popularly known as the “fear 

factor”) 
• Severity of envenoming 
• Complexity of venom 
• Clinical manifestations of envenomings by the species 
• Distribution of venom after envenoming 
• Site of action for toxins present in the venom 
• Likelihood of obtaining funding for antivenom research for the given 

species 
• Likelihood of attracting public interest 
• Prior art 
• Competition from other researchers 
• Diversification of risk (in terms of not obtaining useful results in the lab). 

 
Based on medical need, number of envenomings, severity of bite, and the 
lack of effective antivenom, one species of interest could have been Echis 
ocellatus (West African carpet viper). E. ocellatus is reported to be responsib-
le for 90% of the bites and 60% of the deaths in West Africa, which amount to 
the thousands (Chippaux, 2002, Stock et al., 2007). The species is small, 
averaging 30 to 50 cm, but has a potent venom (Laing et al., 1995), domina-
ted by Snake Venom MetalloProteinases (SVMPs), responsible for necrosis, 
oedema, haemorrhage, coagulopathy, and hypovolaemic shock (Wagstaff et 
al., 2009, Pugh and Theakston, 1987). However, the reasons for not focusing 
on this species in the research included the difficulty in targeting several diffe-
rent toxin types, of which many are locally acting, the fact that much ongoing 
research was taking place elsewhere, and simply the lack of knowledge in 
Denmark about the existence of this snake species (which would limit public 
interest and make it more difficult to obtain research funding). Several other 
vipers are of major public health concern, including examples such as Echis 
carinatus (saw-scaled viper) and Daboia russelii (Russell’s viper) (Warrell, 
2010), see Figure 2.1.A, but the general feature of viperid venoms is that they 
include many locally acting toxins, which are therapeutically difficult to target. 
In addition, many of the vipers causing major mortality and morbidity are 
simply not well known outside the world of herpetology in Western Europe, 
arguably making it difficult to attract attention and resources to the research. 
The best known viper in this region is probably Vipera berus (European ad-



RECOMBINANT ANTIVENOMS 
	  

	   29 

der), however, the number of bites from this species is dwarfed compared to 
species from particularly Asia and Africa (Gutiérrez et al., 2010). 

 

 
 

Figure 2.1.A: The two viperids, Daboia russelii (Russell’s viper) and Echis ca-
rinatus (Saw-scaled viper), are among the medically most important snakes in 
India. 
Photos, which were labeled for non-commercial use, were obtained from: 
https://en.wikipedia.org/wiki/Russell%27s_viper  
https://en.wikipedia.org/wiki/Echis_carinatus 

 
From a pharmacological viewpoint, systemically acting venoms may be less 
difficult to treat, since distribution of protective antitoxins to the circulatory sy-
stem should be sufficient to neutralize systemically acting toxins before they 
reach their target via the circulatory system. Compared to viperid venoms, 
which often induce cytotoxic, hemotoxic, and sometimes myotoxic effects, 
which are difficult to treat, the effects from elapid venoms are primarily neuro-
toxic (Gutiérrez et al., 2006). Despite being a potent, and often fast acting ef-
fect, the feasibility of targeting the most important subset of neurotoxins re-
sponsible for the clinical manifestations of an elapid bite seemed more feasib-
le than targeting a wider range of toxin families co-responsible for the local 
tissue effects of many viperid venoms. Taken together with fatality rates (se-
verity of bite), number of deaths, lack of antivenom, prior biochemical re-
search on relevant toxins, availability of venom/toxins, and the “fear factor”, 
the four elapid species shown in Figure 2.1.B were included as primary speci-
es of interest due to the assessed likelihood of achieving a strong preclinical 
proof of concept for the discovery approach employed in the research behind 
this thesis. 

Additionally, as a parallel project, selected myotoxins from the Costa Rican 
Bothrops asper (Fer-de-lance) (see Figure 2.1.B) were included in the anti-
toxin discovery efforts due to clinical interest in neutralizing the severe local 
tissue damage caused by these toxins, which were available through collabo-
rators at the Instituto Clodomiro Picado. 
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Figure 2.1.B: The five snake species in focus in the research behind this the-
sis (Elapids: Dendroaspis angusticeps, Dendroaspis polylepis, Aipysurus lae-
vis, and Naja kaouthia. Viper: Bothrops asper). 
Andreas H. Laustsen and Brian Lohse captured photos of Bothrops asper and Aipysurus lae-
vis, whereas the other photos, which were labeled for non-commercial use, were obtained 
from: 
https://en.wikipedia.org/wiki/Eastern_green_mamba 
https://c1.staticflickr.com/7/6177/6180343403_d691841a7a.jpg 
https://commons.wikimedia.org/wiki/File:N.kaouthia.jpg 
 
An introduction to each of the snake species mentioned above and their ven-
om compositions is provided in section 3.1, complemented by a more tho-
rough description in the supporting research papers included in Appendix 1. 
However, before engaging in the analyses of venoms, a method for identifying 
which of the toxins in the venoms are the medically most important ones is 
essential for toxin directed drug discovery. 
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2.2 Selecting key toxins for antivenom development 
When a given snake venom has been chosen as target for antitoxin discove-
ry, the next step is to identify which venom toxins are the medically most im-
portant to neutralize. In traditional antivenom production, this issue does not 
present itself, since whole venoms are used to immunize animals with (León 
et al., 2014), and antibodies can theoretically be raised against all venom 
components in a polyclonal manner. However, when following modern bio-
technological approaches, the task of identifying individual antitoxins against 
all toxins present in snake venoms becomes tremendously large and infeasib-
le. Therefore, a need for a simple system for evaluating the medical impor-
tance of toxins existed. The supporting publication by Laustsen et al. (2015A), 
which can be found in Appendix 1, describes such a method, namely the 
Toxicity Score, which is particularly useful for scoring neurotoxins in accor-
dance to their relative importance in complex venom mixtures. 
 
2.2.1 Summary of Publication 2 
Laustsen AH, Lohse B, Lomonte B, Engmark M, Gutiérrez JM. Selecting key toxins for focu-
sed development of elapid snake antivenoms and inhibitors guided by a Toxicity Score. Toxi-
con 2015; 104: 43-5. 
 
When developing an antivenom or individual antitoxins that are directed to-
wards a subset of the toxins present in a snake venom, it is critical to have a 
method for evaluating which toxins are medically relevant for human enveno-
mings, which toxins are of less importance, and which venom components are 
completely non-toxic. For venoms without the presence of strong synergism, 
two properties have influence on the medical importance of a toxin; abundan-
ce and potency. One measure for potency is the LD50, and a measure of 
abundance is percentage of protein content of the venom. By dividing abun-
dance (in percent) with toxicity (LD50), a Toxicity Score is obtained, which 
takes both measures into account: 
 

𝑇𝑜𝑥𝑖𝑐𝑖𝑡𝑦  𝑆𝑐𝑜𝑟𝑒 =
𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒  (%)

𝐿𝐷!"
 

 
Particularly for elapid venoms, lethality is the most important measure for 
venom toxicity. The benefit of using this score include the ease of ranking 
toxins within a venom acoording to their contribution to overall venom lethality. 
This ranking can be then used to identify, which toxins focus should be 
directed on for antivenom and antitoxin development. However, some 
drawbacks with the Toxicity Score present themselves: 1) If the venom 
components evaluated by the score are very unstable, their purification may 
have an influence of their toxicity/lethality, which may give rise to an 
underestimated Toxicity Score for the toxin, when this is isolated and assess 
for toxicity. 2) Some toxins may not themselves be toxic, but may provide an 



RECOMBINANT ANTIVENOMS 
	  

	   32 

auxiliary or synergistic effect on other components in the venom, which 
cannot be gauged with the Toxicity Score. 3) Due to the obvious ethical 
issues preventing LD50 to be determined for human beings, the Toxicity Score 
is limitated by the animal model employed for assessing LD50s. For many 
venom effects, such as neurotoxicity, rodent models translate well to the 
human case. However, unforeseen differences between humans and animals 
may give rise to a incorrect assessment of the relative importance of toxins in 
a venom for human envenomings. 4) Finally, the Toxicity Score does not take 
grave, but non-lethal venom effects into account. Particularly viperid venoms 
are known for causing necrosis and local tissue damage, which may be highly 
debilitating, but which may not be represented well be a Toxicity Score based 
on lethality. 
 
Contributions 
Andreas Hougaard Laustsen devised the Toxicity Score and prepared the manuscript. José 
María Gutiérrez, Bruno Lomonte, Mikael Engmark, and Brian Lohse supplemented the ma-
nuscript. 
 
To date, no other systematic tool for ranking toxins according to medical 
relevance has been reported, but in order to use this tool, thorough 
toxicovenomics studies must be performed. 
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2.3 Toxicovenomics 
The Toxicity Score describes a simple method for indexing toxins in venom 
mixtures in accordance with their relative medical importance, which is based 
on toxin toxicity, identity, and abundance (Laustsen et al., 2015A), and the 
marriage between the Toxicity Score and the field of venomics has been coi-
ned “toxicovenomics” (Calvete and Lomonte, 2015), which is schematically 
represented in Figure 2.3.A. Toxicovenomics is thus the study of toxins ac-
cording to their effects in prey or victims and is a highly useful methodology 
for better understanding venoms as pharmacological targets for antitoxin de-
velopment. 
 

 
 
Figure 2.3.A: Schematic representation of the workflow in toxicovenomics. 
After venom fractionation by HPLC, toxins are identified by tandem mass 
spectrometry and tested for toxicity. Together with a quantitative estimation of 
the venom proteome and the Toxicity Score, this enables the selection of 
toxin targets for antitoxin development. 
Figure created by Andreas H. Laustsen with the use of selected images labeled for non-
commercial use on google.com. 
 
The field of venomics involves the use of proteomics tools for the study of 
venoms (Calvete, 2014). Following the venomics approach, venoms are frac-
tionated, and the different fractions are analyzed by tandem mass spectro-
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metry, which involves the digestion of the toxins by digestive enzymes (often 
trypsin is used) and MALDI-TOF-TOF analysis of m/z ratio of the peptidic 
fragments obtained. Typically, the Mascot search engine is used to determine 
the identities of the proteins present in a given fraction based on a probabili-
stic scoring system adapted from the MOWSE (MOlecular Weight SEarch) 
algorithm (Cottrell and London, 1999, Koenig et al., 2008). Alone, this enables 
the identification of all abundant toxins present in a given venom, but together 
with chromatographic data (typically obtained during the fractionation) and 
SDS-PAGE densitometry, it is possible to estimate a quantitative proteome of 
venoms (“venomes”), where both identity and abundance is known for all ma-
jor toxins (Gibbs et al., 2009, Gutiérrez et al., 2009). For the purpose of anti-
venom development, having a quantitative estimation of the venom prote-
omes for the snake species of interest seems to be more than sufficient, since 
no exact venom composition exists for a given snake species due to individual 
venom variation (Durban et al., 2013, Alape-Girón et al., 2008). Furthermore, 
venom composition for some species has been observed to change over the 
lifetime of the snake (known as known as ontogenetic changes or variations) 
(Castro et al., 2013, Calvete, 2011), which may further complicate the picture 
and point towards the feasibility of using quantitative venom proteomes. 
 Venomics has been a field in great development, and there are now 
over 140 published venomics studies on various different venomous snakes 
(Laustsen et al., 2016). Integrative venomics combining several -omics tools 
is predicted to not only have a large positive impact on the understanding of 
venoms and their evolution, but also on how to develop more effective anti-
venoms (Calvete and Lomonte, 2015). 
 Before continuing with a more detailed presentation of how venomics 
guided antitoxin discovery is provided, a short introduction to some of the im-
portant toxin families that have been in focus in the research behind this the-
sis will be presented. 
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2.4 Medically relevant toxins of importance for this thesis 
In this sub chapter, some of the toxin families of importance for this thesis will 
shortly be presented to provide better understanding of their structure and 
pharmacological effects. 
 

 
Figure 2.4.A: A) Short neurotoxin 1 from D. polylepis showing the signatory 
three-finger feature of three-finger toxins. B) The long neurotoxin, α-
elapitoxin-Dpp2d, from D. polylepis, also displaying a three-finger motif. C) 
Dendrotoxin 1 from D. polylepis. D) Myotoxin II from B. asper. 
 
2.4.1 Type I α-neurotoxins 
Type I α-neurotoxins (see example in Figure 2.4.A.A) belong to the short 
chain three-finger toxin family and bind to the nicotinic cholinergic receptor at 
the motor end plate of muscle fibers (Wang et al., 2014). These are approxi-
mately 60 amino acids in length and belong to the overall family of three-
finger toxins (3FTx), which has a characteristic three-fingered structure. Type 
I α-neurotoxins are extremely potent inhibitors, and the clinical manifestations 
of the pharmacological effects exerted by type I α-neurotoxins include flaccid 
paralysis and respiratory failure (see Figure 2.4.1.A), possibly leading to death 
(Blanchet et al., 2014, Jolkkonen et al., 2001, Maeda and Tamiya, 1976). Ty-
pe I α-neurotoxins are found in the venoms of a range of different snakes, 
especially elapids, from many different regions of the world (Kini and Doley, 
2010, Sunagar et al., 2013). In the research articles supporting this thesis, two 
examples are provided of venoms containing Type I α-neurotoxins; the venom 
of the African terrestrial D. polylepis (Laustsen et al., 2015C) and the Australi-
an sea snake A. laevis (Laustsen et al., 2015D). 
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Figure 2.4.1.A: Schematic representation of how α-neurotoxins inhibit the ni-
cotinic acetylcholine receptor (nAChR) at the post-synaptic nerve terminal, 
responsible for neuromuscular transmission. Inhibition of this receptor leads to 
flaccid paralysis and respiratory failure in snakebite victims. 
 
2.4.2 Type II α-neurotoxins 
Type II α-neurotoxins (see example in Figure 2.4.A.B) belong to the long 
chain subfamily of three-finger toxins, and similarly to type I α-neurotoxins 
they bind to the nicotinic cholinergic receptor at the motor end-plate of muscle 
fibers, causing the same clinical manifestations (Alkondon et al., 1990), see 
Figure 2.4.1.A. Despite sharing the three-finger architecture and having the 
same target as type I α-neurotoxins, type II α-neurotoxins are not only longer 
(approximately 70 amino acids), but belong to a different subfamily and dis-
play a quite different amino acid composition. This may be part of the expla-
nation why cross-reactivity to type II α-neurotoxins is not observed for antibo-
dies or phages targeting type I α-neurotoxins (Laustsen, unpublished results). 
Type II α-neurotoxins are present in several elapid venoms (Kini and Doley, 
2010, Sunagar et al., 2013), including some of the venoms from mambas and 
cobras, analyzed in the research papers supporting this thesis (Laustsen et 
al., 2015C, Laustsen et al., 2015E). Among many others, the notorious cobra-
toxins are prominent type II α-neurotoxins (Kulkeaw et al., 2007). 
 
2.4.3 Dendrotoxins 
Dendrotoxins (see example in Figure 2.4.A.C) are a group of toxins that are 
homologous to Kunitz-type proteinase inhibitors, and dendrotoxins are only 
found in the genus Dendroaspis (mambas) (Dufton and Harvey, 1998). They 
potentiate the effect of acetylcholine through facilitation of its release at the 
presynaptic nerve terminal by inhibiting voltage-dependent potassium chan-
nels (Harvey, 2001). Therefore, dendrotoxins are excitatory in contrast to both 
type I and type II α-neurotoxins. Dendrotoxins are about 60 amino acids in 
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length, and are the most abundant group of toxins in the venoms of D. polyle-
pis (Laustsen et al., 2015C) and D. angusticeps (Lauridsen et al., 2016). 
 

 
 
Figure 2.4.3.A: Schematic representation of how dendrotoxins inhibit the vol-
tage-gated potassium channels at the presynaptic nerve terminal, leading to 
enhanced release of acetylcholine. Inhibition of this receptor leads to an exci-
ted state with involuntary muscle contractions. 
 
2.4.4 Neurotoxic and myotoxic PLA2s 
Phospholipases A2s (PLA2s) (see example in Figure 2.4.A.D) are a large 
group of toxins found in abundance in both viperids and elapids (Harris, 1991, 
Kini, 1997) that have evolved from PLA2 digestive enzymes (Davidson and 
Dennis, 1990). Typically, PLA2s are catalytic, having phospholipids as their 
substrate (Holzer and Mackessy, 1996), and both acidic and basic PLA2s are 
known to exist. PLA2s may exert a range of different effects, including myo-
toxicity, neurotoxicity, and cytotoxic effect. The myotoxic PLA2s (myotoxins) 
are generally basic in nature (Montecucco et al., 2008, Mora-Obando et al., 
2014), exemplified by the infamous Myotoxin II from B. asper (Gutiérrez and 
Lomonte, 1995). Neurotoxic PLA2s exert their effect similarly to myotoxic 
PLA2s, but instead of targeting muscle tissue, they have evolved a high speci-
ficity for presynaptic neurons, where they cause cellular lesion (Montecucco et 
al., 2008). Some PLA2s are even known to form higher order PLA2 hetero-
mers, which have hyper-potentiated effect, explaining the exceptionally high 
toxicity of the Oceanian taipans (Montecucco and Rossetto, 2008). Finally, 
PLA2s may induce local tissue damage (necrosis) and are the main toxins re-
sponsible for the debilitating effects that spitting cobra venoms may exert on 
ocular tissue (Petras et al., 2011). 
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Figure 2.4.4.A: Schematic representation of how myotoxins induce myo-
necrosis by destroying the integrity of muscle fibers. 
 
The different (sub) sub families of toxins presented in this section all include 
specific toxins of high medical importance. Isolation and identification of toxins 
of high medical importance is not only important for studying these toxins and 
understanding their pathophysiology, but it also enables focused efforts within 
antitoxin discovery against these specific toxins. One technique for accelera-
ted antitoxin discovery is phage display selection (Roncolato et al., 2015), 
which will be presented in the following subchapter. 
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2.5 Phage display selection 
Once a given toxin target has been selected due to its importance for a given 
snakebite, the next step is to discover an antitoxin, which can bind to and neu-
tralize the toxin. A robust technique for rapid discovery of peptide-based inhi-
bitors is phage display selection, which has recently been identified as a pro-
mising discovery tool for development of recombinant antivenoms is phage 
display selection (Roncolato et al., 2015, Laustsen et al., 2016). Phage dis-
play selection has previously been used in various different fields, such as 
epitope mapping (Birkenmeier et al., 1997, Dore et al., 1998, Spillner et al., 
2003), peptides with material binding properties (Whaley et al., 2000, Ahmad 
et al., 2008, Chen et al., 2006), antimicrobial peptides (Yang et al., 2003, Des-
jobert et al., 2004, Dharmasena et al., 2007, Lavi et al., 2008, Welch et al., 
2007), enzyme substrates (Sugimura et al., 2006), and small molecules (Rodi 
et al., 1999, Rozinov and Nolan, 1998, Qi et al., 2008). 
 

 
Figure 2.5.A: Schematic representation of the M13 bacteriophage. g3p: Ge-
ne 3 protein, also known as the pIII protein. 
 
Phage display selection involves the expression of a library of proteins (and/or 
peptides) engineered to take place on the coat proteins of a phage virion, whi-
le the DNA encoding each individual protein variant is located on the inside of 
the phage (Sidhu, 2000, Rodi and Markowski, 1999, Hoogenboom et al., 
1998), see Figure 2.5.A. Then, in vitro selection is performed by attaching the 
target of interest to a plate well or bead, and allowing the phages expressing 
proteins or peptides with high affinity towards the target to bind to the target 
molecule by panning these into the well or bead (Parmley and Smith, 1988). 
After sufficient incubation time, unbound (or loosely bound) phages are was-
hed away, leaving behind only the phages containing high affinity prote-
ins/peptides. The strongly bound phages can then be eluted (typically by shif-
ting pH or adding a digestive enzyme), amplified in E. coli, and subjected to 
additional rounds of panning, leading to an enriched pool of phages con-
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taining proteins/peptides with very high binding affinities towards the target of 
interest (see Figure 2.5.B). The phages are after a few cycles isolated as mo-
noclones and characterized by methods such as ELISA and DNA sequencing, 
where after the proteins/peptides are expressed or synthesized for further 
functional screening. To obtain more specific binders and remove unwanted 
high affinity binders or promiscuous non-specific binders, one or more de-
selection steps may be introduced prior to the panning rounds (McCafferty, 
1996), which can increase the chances of finding peptides or antibody frag-
ments with the desired binding properties. 
 
 

 
 
Figure 2.5.B: Schematic representation of phage display selection including 
panning of the phage display library. 
 
Phage display libraries have been designed and constructed for peptides, an-
tibodies, and nanobodies. The most typical phage employed for library con-
struction is the filamentous M13 bacteriophage (see Figure 2.5.A), which con-
tains single stranded DNA encapsulated in coat proteins, of which pVIII is the 
major component (Makowski, 1994). Typically, however, the pIII coat protein 
is used for fusion of the peptide sequences to be incorporated into the library 
(Smith, 1985), which can be performed using two different strategies. Either 
the peptide sequence is fused by cloning it into the phage genome (Parmley 
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and Smith, 1988, Cwirla et al., 1990, McCafferty et al., 1990), or it is cloned 
into a phagemid plasmid (Hoogenboom et al., 1991, Brietling et al., 1991, 
Bass et al., 1990, Marks et al., 1991, Barbas et al., 1991). When using the 
first approach, pIII fusion proteins are encoded in the phage genome, and the 
phages can be amplified independent of helper phages. However, when using 
the phagemid plasmid approach, helper phages are needed to generate func-
tional phage particles that are correctly assembled and display both the pha-
gemid pIII fusion protein and the wild type pIII protein of the helper phage 
(McCafferty, 1996), see Figure 2.5.C. Peptide libraries are often based on the 
phage genome approach, whereas antibody libraries are based on the pha-
gemid approach, which requires a few additional steps during the phage am-
plification procedure. 
 

 
Figure 2.5.C: Schematic representation of how helper phages aid antibody 
fragment displaying phages during infection and amplification in E. coli. 
 
Several different factors influence the efficiency of a phage display selection 
experiment, including the affinity of the displayed peptides or antibody frag-
ments, the level of display, clonal variation, and antigen presentation (McCaf-
ferty, 1996). Among these, clonal variation on the displayed peptide sequence 
can influence protein translation, transport, folding, and stability of the fusion 
(McCafferty, 1996), which may create an amplification bias towards phages, 
where these properties favor fast and stable assembly of phage particles. Du-
ring a phage display experiment, such a bias is unfavorable, since it may not 
be correlated with the affinity of the displayed peptide or antibody fragment to 
the target. Thus, phages displaying high affinity binders may be outcompeted 
during amplification (see Figure 2.5.D). 
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Figure 2.5.F: Schematic representation of how amplification bias may negati-
vely affect phage display selection experiment. A) The phage displaying the 
high affinity binder is outcompeted by a phage displaying a low affinity binder, 
but which has favorable amplification properties. B) The phage displaying the 
high affinity binder is outcompeted, since it is poorly assembled and amplified. 
C) The phage displaying the high affinity binder is unable to infect E. coli. 
 
Another factor influencing panning efficacy is the level of display. Since some 
phage particles may display several copies of the peptide or antibody frag-
ment, these may bind with better affinity to the antigen during panning due to 
avidity (McCafferty, 1996, Bass et al., 1990, Barbas et al., 1991, Garrard et 
al., 1991, Lowman et al., 1991). This can potentially lead to selection of lower 
affinity binders with higher levels of display, if the high affinity binders only 
display a single peptide or antibody fragment (see Figure 2.5.E). 
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Figure 2.5.E: Schematic representation of how peptide display level may af-
fect binding. Here, high affinity binders are outcompeted by lower affinity bin-
ders due to avidity.  
 
A final factor worth further mentioning is the antigen presentation, which may 
be compromised by how the antigen is immobilized. Immobilization may lead 
to conformational change, limitations on the presented surface area towards 
the solution, or over-modification (e.g. if a biotinylated antigen is used, the an-
tigen surface may be over-biotinylated), see Figure 2.5.F. These issues may 
alter the characteristics of the antigen and influence the interactions between 
the antigen and the peptides or antibody fragments displayed on the phage 
particles, leading to selection of suboptimal phage particles with high affinity 
to the compromised antigen, but low affinity towards the uncompromised anti-
gen.  
 

 
 
Figure 2.5.F: Schematic representation of how antigen presentation may be 
affected by different factors. A) Direct immobilization of antigen in the well 
may change the conformation of the antigen, creating a denatured version of 
it. B) A properly biotinylated antigen, which is displayed optimally towards the 
solution. C) An over-biotinylated antigen, which is no longer recognized by the 
phages. 
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Since the first antibody fragment phage display library was developed (McCaf-
ferty et al., 1990), antibody discovery has significantly taken up speed due to 
the speed of performing phage display selection and the associated high suc-
cess rate of discovery projects within this field (Schofield et al., 2007). Within 
next generation antivenom development, phage display selection has been 
employed a number of times to identify both murine and human scFvs (single 
chain variable fragments) and camelid heavy chain fragments (“nanobodies” 
or VHHs) that target snake toxins (Laustsen et al., 2016). The first reported 
murine scFv was discovered by Meng et al. (1995), and this fragment showed 
partial neutralization of a range of different Mojave rattlesnake toxins. Since 
then, a range of human scFv and llama derived nanobodies have been disco-
vered against venom toxins from other rattlesnakes (Crotalus genus) (Oliveira 
et al., 2008, Cardoso et al., 2000), cobras (Naja genus) (Richard et al., 2013, 
Chavanayarn et al., 2012, Kulkeaw et al., 2009, Stewart et al., 2007), and lan-
cehead vipers (Bothrops genus) (Roncolato et al., 2013, Tamarozzi et al., 
2006). Although some of these antibody fragments have shown promising ef-
fects in vivo (Richard et al., 2013), they are yet to be tested in a clinical set-
ting. One of the reasons for this may be the limitation that no full suite of an-
tibodies targeting all the medically relevant toxins in a snake venom has yet 
been developed. In order to introduce such an antivenom based on several 
recombinant antibodies, fragment, or even synthetic molecules, more re-
search efforts are needed, and novel production strategies are in need of de-
velopment for such antitoxin mixtures. 
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2.6 Other techniques 
In this subchapter, selected techniques and methods employed in the re-
search behind this thesis will be presented to provide a conceptual overview 
of how they work. 
 
2.6.1 Phage competition assays 
In the work behind this thesis, ELISA-based phage competition assays were 
employed as a simple way to assess the ability of different peptidic antitoxins 
to bind to their toxin target. By binding to the toxin target, the antitoxins inhibit 
phages from binding, since the binding space is blocked. Detection of binding 
is performed using a secondary horseradish peroxidase coupled antibody that 
recognizes the major coat protein p8 from the M13 phage. A strongly binding 
antitoxin will outcompete the phages, leading to lower ELISA signal and vice 
versa. 
 

 
 
Figure 2.6.1.A: Schematic representation of the ELISA-based phage compe-
tition assays.  
 
2.6.2 Next Generation Sequencing by Ion Semiconductor Sequencing  
Next Generation Sequencing describes the high-throughput sequencing me-
thods: Illumina (Solexa) sequencing, Roche 454 sequencing, Ion torrent: Pro-
ton / PGM sequencing, and SOLiD sequencing. In the research behind this 
thesis, the Ion torrent Proton / PGM sequencing method, which is also known 
as Ion Semiconductor Sequencing, was employed for sequencing the DNA of 
panning eluates from phage display selection experiments. Following this me-
thod, microwells containing DNA polymerase and template DNA strands are 
sequentially flooded with the four different deoxyribonucleotide triphosphates 



RECOMBINANT ANTIVENOMS 
	  

	   46 

(dNTP) (Pennisi, 2010, Rusk, 2011). If the next unpaired nucleotide on the 
template DNA strand is complementary to the dNTP being flooded, a reaction 
will occur, where the nucleotide is inserted into the complementary strand and 
a proton is released (see Figure 2.6.2.A) (Rusk, 2011). By detecting the pro-
ton with an ion detector (Pennisi, 2010, Rusk, 2011), the complementary 
strand (and therefore also the template strand) can be sequenced. The bene-
fits of using this sequence method include low cost and speed of sequencing, 
which allows for sequencing of large samples of DNA. 
  
 

 
Figure 2.6.2.A: Schematic representation of how the ion semiconductor 
sequencing technology works. In microwells containing template DNA, a DNA 
polymerase incorporates complementary deoxyribonucleotide triphosphates 
(dNTP) into the complementary strand in a stepwise manner. When this hap-
pens, a proton is released, which can be detected by an ion sensor. When the 
microwell is sequentially flooded with the different dNTPs, a signal will thus 
only be detected for wells, where the dNTP is complementary to the next un-
paired nucleotide on the template strand. By registering which dNTP is used, 
and in which wells signals are detected, template DNA can be sequenced in a 
fast and inexpensive manner. 
 
2.6.3 Isothermal titration calorimetry 
A potent antitoxin needs to bind to its toxin target with high affinity to inhibit 
the toxin from exerting its pathophysiological effects in envenomed victims. A 
method that can be used to determine the thermodynamic parameter of inter-
actions between an antitoxin and snake venom toxin in solutions is Isothermal 
titration calorimetry (ITC) (Pierce et al., 1999). By measuring the binding con-
stant (Kd), the binding enthalpy (ΔH), and the binding stoichiometry (n), the 
Gibbs free energy changes (ΔG) and entropy changes (ΔS) can be determi-
ned for the antitoxin-toxin interactions. 
 In an isothermal titration calorimeter, thermopile/thermocouple circuits 
are employed to detect temperature differences between two identical cells. 
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One cell is used as a reference cell, containing water or buffer, while the other 
cell (the sample cell) contains the toxin (see Figure 2.6.3.A). Constant power 
is applied to the reference cell, which activates a heater via a feedback circuit. 
When an experiment is running, the antitoxin is titrated into the sample cell 
containing the toxin, allowing the antitoxin to bind to toxin, which leads to re-
lease of heat. By measuring the power input needed to maintain equal tempe-
ratures for the reference and the sample cell, the binding heat can be deter-
mined. 
 

 
 

Figure 2.6.3.A: A) Experimental setup of an isothermal titration calorimetric 
experiment. B) Measurements of the power needed to maintain equal tempe-
rature for the reference and the sample cell. 
 
2.6.4 Circular Dichroism 
Biomolecules, such as proteins and DNA, have levorotatory and dextrorotato-
ry components due to their chirality. Circular dichroism (CD) is a technique 
used to measure the differential absorption of left- and right-handed light, 
when circularly polarized light is shined through a solution containing chiral 
molecules (Fasman, 2013). Proteins and peptides often have secondary 
structures, which have distinct CD spectral signatures. Therefore, CD analysis 
can be used to elucidate whether a peptide or protein has a structure compo-
sed of α-helices, β-sheets, or random coil (see Figure 2.6.4.A). Being able to 
elucidate the presence of these features may provide valuable insight into the 
secondary structure of peptidic antitoxins. 
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Figure 2.6.4.A: Schematic representation of circular polarized light.  
Image labeled for non-commercial use and obtained from: 
https://commons.wikimedia.org/wiki/File:Circular.Polarization.Circularly.Polarized.Light_Witho
ut.Components_Left.Handed.svg  
 
 

 
 
Figure 2.6.4.B: Circular dichroism spectrum with the signatory spectra of α-
helices, β-sheets, and random coil.  
 
2.6.5 Two-electrode voltage clamp assays 
The voltage clamp technique is an electrophysiological method, which can be 
used to measure ion currents across a cell membrane. When using two mi-
croelectrodes in “Two-electrode voltage clamp” (TEVC) assays, the properties 
of membrane proteins (such as ion channels) can be studied (Guan et al., 
2013), which typically involved the use of oocytes from Xenopus laevis (Afri-
can clawed frog), since these oocytes are large, easy to handle, and engineer 
(Polder and Swandulla, 2001). In an experiment, the oocyte is manipulated to 
express a membrane protein of interest. Then microelectrodes are carefully 
inserted through the membrane (Figure 2.6.5.A.A). When the oocyte is treated 
with different solutions, the electrodes can measure the ion current flow. This 
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may reveal interaction properties between the membrane protein and the mo-
lecules in the solution. 
 In the case of snake venom α-neurotoxins, the nicotinic acetylcholine 
(nACh) receptor is expressed on the surface of the oocyte. Addition of the α-
neurotoxin leads to inhibition of the nACh receptor, which is measured as a 
decrease in ion current (Figure 2.6.5.A.B). When adding both the antitoxin 
and the α-neurotoxins, the toxin neutralization ability of the antitoxin can be 
assessed. If the antitoxin is able to protect the ion current (Figure 2.6.5.A.C), 
the antitoxin is able to inhibit the α-neurotoxin, whereas is a decrease in cur-
rent is still seen, the antitoxin is ineffective (similar to Figure 2.6.5.A.B). 

 
 
Figure 2.6.A: Schematic representation of a TEVC experiment, where a Xe-
nopus laevis oocyte has been engineering to express the nicotinic acetylcho-
line receptor (nAChR). A) When no toxin is present, flux of Na+ and K+ 
through the ion channels is normal, which can be measured as an ion current. 
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B) When toxin is present, the nAChR is inhibited, causing the ion channels to 
block the ions from entering the oocyte. This is measured as a decrease in 
current. C) When a potent antitoxin is present, the normal function of the ion 
channels is protected, since the antitoxin binds and inhibits the toxins. 
 
2.6.6 Online software programs 
Three different software programs that were available online were employed 
during the work behind this thesis, and these will briefly be presented in the 
sub subchapter. 
 
2.6.6.1 PEP-FOLD 
PEP-FOLD (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/) is 
an online tool used for prediction of peptide structures containing 9 to 36 ami-
no acid residues. The tool employs a de novo approach to couple predicted 
series of structural alphabet (SA) letters to a greedy algorithm and a coarse-
grained force field to predict the structural conformations of four consecutive 
amino acid residues that provide the lowest energy (Thévenet et al., 2012, 
Maupetit et al., 2009). When a peptide sequence is submitted to the PEP-
FOLD server and the algorithm is run, predictions are combined to provide an 
overall prediction of the 3D structure of the entire peptide. In the research be-
hind this thesis, PEP-FOLD was used to create 3D structures of peptidic anti-
toxins. Although the software program did predict the presence of some se-
condary structures on several of the peptidic antitoxins, these secondary 
structures could not be detected with circular dichroism (see section 4.1). 
 
2.6.6.2 Peptide Property Calculator 
The Peptide Property Calculator from Innovagen (http://pepcalc.com) is an 
online tool that can be used for predicting physicochemical properties of pep-
tides. The algorithm behind the tool takes isoelectric point for each amino 
acid, number of charged residues, and the peptide length into account to pro-
vide an estimation of solubility (Minkiewicz et al., 2009). 
 
2.6.6.3 EMBOSS Needle 
EMBOSS Needle is an online bioinformatics tool provided by the European 
Bioinformatics Institute (http://www.ebi.ac.uk/Tools/psa/). Using the Needle-
man-Wunsch algorithm (Needleman and Wunsch, 1970), the tool can be used 
to create an optimal global alignment of two peptide or protein sequences. 
The tool can be used for both amino acid sequences and nucleotide 
sequences and is able to include gaps in the alignment. 
 
2.6.6.4. ExPASy ProtParam 
The ProtParam software program is an online tool from ExPASy Bioinforma-
tics Resource Portal (http://web.expasy.org/protparam/). It can be used for 
predicting physical and chemical parameters for a given peptide or protein 
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sequence. These parameters include the molecular weight, theoretical pI, 
amino acid composition, atomic composition, extinction coefficient, estimated 
half-life, instability index, aliphatic index, and grand average of hydropathicity 
(GRAVY)  (Gasteiger et al., 2005). Particularly, the extinction coefficient for 
proteins and peptides at a given wavelength is calculated based on the num-
ber of tyrosine, tryptophan, and cystine (not cysteine!) residues in the protein 
or peptide, and the molar extinction coefficients for these residues at the given 
wavelength (Gasteiger et al., 2005).  



RECOMBINANT ANTIVENOMS 
	  

	   52 

REFERENCES 
 
Ahmad G, Dickerson MB, Cai Y, Jones SE, Ernst EM, Vernon JP, Haluska MS, Fang Y, 

Wang J, Subramanyam G, Naik RR. Rapid bioenabled formation of ferroelectric BaTiO3 at 
room temperature from an aqueous salt solution at near neutral pH. Journal of the Ameri-
can Chemical Society 2008; 130(1): 4-5. 

Alape-Girón A, Sanz L, Escolano J, Flores-Díaz M, Madrigal M, Sasa M, Calvete JJ. Snake 
venomics of the lancehead pitviper Bothrops asper: geographic, individual, and ontogene-
tic variations. Journal of Proteome Research 2008; 7(8): 3556-71. 

Alkondon M, Albuquerque EX. α-Cobratoxin blocks the nicotinic acetylcholine receptor in rat 
hippocampal neurons. European journal of pharmacology 1990; 191(3): 505-6. 

Barbas CF, Kang AS, Lerner RA, Benkovic SJ. Assembly of combinatorial antibody libraries 
on phage surfaces: the gene III site. Proceedings of the National Academy of Sciences 
1991; 88(18): 7978-82. 

Bass S, Greene R, Wells JA. Hormone phage: an enrichment method for variant proteins with 
altered binding properties. Proteins: Structure, Function, and Bioinformatics 1990; 8(4): 
309-14. 

Birkenmeier G, Osman AA, Kopperschläger G, Mothes T. Epitope mapping by screening of 
phage display libraries of a monoclonal antibody directed against the receptor binding do-
main of human α2-macroglobulin. FEBS letters 1997; 416(2): 193-6. 

Blanchet G, Collet G, Mourier G, Gilles N, Fruchart-Gaillard C, Marcon E, Servent D. Po-
lypharmacology profiles and phylogenetic analysis of three-finger toxins from mamba ven-
om: Case of aminergic toxins. Biochimie 2014; 103: 109-17. 

Breitling F, Dübel S, Seehaus T, Klewinghaus I, Little M. A surface expression vector for an-
tibody screening. Gene 1991; 104(2): 147-53. 

Calvete JJ, Lomonte B. A bright future for integrative venomics. Toxicon 2015; 107: 159-62. 
Calvete JJ. Next-generation snake venomics: protein-locus resolution through venom prote-

ome decomplexation. Expert Review of Proteomics 2014; 11(3): 315-29. 
Calvete JJ. Proteomic tools against the neglected pathology of snake bite envenoming. Ex-

pert Review of Proteomics 2011; 8(6): 739-58. 
Cardoso DF, Nato F, England P, Ferreira ML, Vaughan TJ, Mota I, Mazie JC, Choumet V, 

Lafaye P. Neutralizing human anti crotoxin scFv isolated from a nonimmunized phage lib-
rary. Scandinavian Journal of Immunology 2000; 51(4): 337-44. 

Castro EN, Lomonte B, del Carmen Gutiérrez M, Alagón A, Gutiérrez JM. Intraspecies varia-
tion in the venom of the rattlesnake Crotalus simus from Mexico: Different expression of 
crotoxin results in highly variable toxicity in the venoms of three subspecies. Journal of 
Proteomics 2013; 87: 103-21. 

Chavanayarn C, Thanongsaksrikul J, Thueng-In K, Bangphoomi K, Sookrung N, Chaicumpa 
W. Humanized-single domain antibodies (VH/VHH) that bound specifically to Naja kaouthia 
phospholipase A2 and neutralized the enzymatic activity. Toxins 2012; 4(7): 554-67. 

Chen H, Su X, Neoh KG, Choe WS. QCM-D analysis of binding mechanism of phage par-
ticles displaying a constrained heptapeptide with specific affinity to SiO2 and TiO2. Analyti-
cal Chemistry 2006; 78(14): 4872-9. 

Chippaux JP. The treatment of snakes bites: analysis of requirements and assessment of 
therapeutic efficacity in Tropical Africa. In: Menez, A, editor. Perspectives in Molecular 
Toxinology. John Wiley & Sons 2002: 457-72. 

Cottrell JS, London U. Probability-based protein identification by searching sequence databa-
ses using mass spectrometry data. Electrophoresis 1999; 20(18): 3551-67. 

Cwirla SE, Peters EA, Barrett RW, Dower WJ. Peptides on phage: a vast library of peptides 
for identifying ligands. Proceedings of the National Academy of Sciences 1990; 87(16): 
6378-82. 



RECOMBINANT ANTIVENOMS 
	  

	   53 

Davidson FF, Dennis EA. Evolutionary relationships and implications for the regulation of 
phospholipase A2 from snake venom to human secreted forms. Journal of Molecular Evo-
lution 1990; 31(3): 228-38. 

Desjobert C, de Soultrait VR, Faure A, Parissi V, Litvak S, Tarrago-Litvak L, Fournier M. Iden-
tification by phage display selection of a short peptide able to inhibit only the strand trans-
fer reaction catalyzed by human immunodeficiency virus type 1 integrase. Biochemistry 
2004; 43(41): 13097-105. 

Dharmasena MN, Jewell DA, Taylor RK. Development of peptide mimics of a protective 
epitope of Vibrio cholerae Ogawa O-antigen and investigation of the structural basis of 
peptide mimicry. Journal of Biological Chemistry 2007; 282(46): 33805-16. 

Dore JM, Morard F, Vita N, Wijdenes J. Identification and location on syndecan-1 core protein 
of the epitopes of B-B2 and B-B4 monoclonal antibodies. FEBS letters 1998; 426(1): 67-
70. 

Dufton MJ, Harvey AL. Dendrotoxins: how does structure determine function? Toxin Reviews 
1998; 17(2): 161-82. 

Durban J, Pérez A, Sanz L, Gómez A, Bonilla F, Chacón D, Sasa M, Angulo Y, Gutiérrez JM, 
Calvete JJ. Integrated “omics” profiling indicates that miRNAs are modulators of the onto-
genetic venom composition shift in the Central American rattlesnake, Crotalus simus si-
mus. BMC Genomics 2013; 14(1): 234. 

Fasman GD, editor. Circular dichroism and the conformational analysis of biomolecules. 
Springer Science & Business Media; 2013 Nov 11. 

Garrard LJ, Yang M, O'Connell MP, Kelley RF, Henner DJ. Fab assembly and enrichment in 
a monovalent phage display system. Nature Biotechnology 1991; 9(12): 1373-7. 

Gasteiger E, Hoogland C, Gattiker A, Duvaud SE, Wilkins MR, Appel RD, Bairoch A. Protein 
identification and analysis tools on the ExPASy server. Humana Press; 2005. 

Gibbs HL, Sanz L, Calvete JJ. Snake population venomics: proteomics-based analyses of 
individual variation reveals significant gene regulation effects on venom protein expression 
in Sistrurus rattlesnakes. Journal of Molecular Evolution 2009; 68(2): 113-25. 

Guan B, Chen X, Zhang H. Two-Electrode Voltage Clamp. Ion Channels: Methods and Proto-
cols 2013: 79-89. 

Gutiérrez JM, Bruno Lomonte B. Phospholipase A2 myotoxins from Bothrops snake venoms. 
Toxicon 1995; 33(11): 1405-1424. 

Gutiérrez JM, Theakston RD, Warrell DA. Confronting the neglected problem of snake bite 
envenoming: the need for a global partnership. PLoS Med 2006; 3(6): e150. 

Gutiérrez JM, Lomonte B, León G, Alape-Girón A, Flores-Díaz M, Sanz L, Angulo Y, Calvete 
JJ. Snake venomics and antivenomics: proteomic tools in the design and control of anti-
venoms for the treatment of snakebite envenoming. Journal of Proteomics 2009; 72(2): 
165-82. 

Gutiérrez JM, Williams D, Fan HW, Warrell DA. Snakebite envenoming from a global 
perspective: Towards an integrated approach. Toxicon 2010; 56(7): 1223-35. 

Harris JB. Phospholipases in snake venoms and their effect on nerve and muscle. In: Harvey, 
A. (Ed.), Snake Toxins. Pergamon Press, New York, 1991: 91-129. 

Harvey AL. Twenty years of dendrotoxins. Toxicon 2001; 39(1): 15-26. 
Hoogenboom HR, Griffiths AD, Johnson KS, Chiswell DJ, Hudson P, Winter G. Multi-subunit 

proteins on the surface of filamentous phage: methodologies for displaying antibody (Fab) 
heavy and light chains. Nucleic Acids Research 1991; 19(15): 4133-7. 

Hoogenboom HR, de Bruıne AP, Hufton SE, Hoet RM, Arends JW, Roovers RC. Antibody 
phage display technology and its applications. Immunotechnology 1998; 4(1): 1-20. 

Jolkkonen M, Oras A, Toomela T, Karlsson E, Järv J, Åkerman KE. Kinetic evidence for diffe-
rent mechanisms of interaction of black mamba toxins MTα and MTβ with muscarinic re-
ceptors. Toxicon 2001; 39(2): 377-82. 

Kini RM. Venom Phospholipase A2 Enzymes. Wiley, Chichester 1997. 



RECOMBINANT ANTIVENOMS 
	  

	   54 

Kini RM, Doley R. Structure, function and evolution of three-finger toxins: mini proteins with 
multiple targets. Toxicon 2010; 56(6): 855-67. 

Koenig T, Menze BH, Kirchner M, Monigatti F, Parker KC, Patterson T, Steen JJ, Hamprecht 
FA, Steen H. Robust prediction of the MASCOT score for an improved quality assessment 
in mass spectrometric proteomics. Journal of Proteome Research 2008; 7(9): 3708-17. 

Kulkeaw K, Chaicumpa W, Sakolvaree Y, Tongtawe P, Tapchaisri P. Proteome and im-
munome of the venom of the Thai cobra, Naja kaouthia. Toxicon 2007; 49(7): 1026-41. 

Kulkeaw K, Sakolvaree Y, Srimanote P, Tongtawe P, Maneewatch S, Sookrung N, Tung-
trongchitr A, Tapchaisri P, Kurazono H, Chaicumpa W. Human monoclonal ScFv neutrali-
ze lethal Thai cobra, Naja kaouthia, neurotoxin. Journal of Proteomics 2009; 72(2): 270-
82. 

Laing GD, Lee L, Smith DC, Landon J, Theakston RD. Experimental assessment of a new, 
low-cost antivenom for treatment of carpet viper (Echis ocellatus) envenoming. Toxicon 
1995; 33(3): 307-13. 

Lauridsen LP, Laustsen AH, Lomonte B, Gutiérrez JM. Toxicovenomics of the Eastern green 
mamba snake (Dendroaspis angusticeps). Journal of Proteomics 2016, 136; p248-261. 

Laustsen AH, Engmark M, Milbo C, Johannesen J, Lomonte B, Gutiérrez JM, Lohse B. From 
Fangs to Pharmacology: The Future of Snakebite Envenoming Therapy. Current Pharma-
ceutical Design 2016. Accepted. 

Laustsen AH, Lohse B, Lomonte B, Engmark M, Gutiérrez JM. Selecting key toxins for focu-
sed development of elapid snake antivenoms and inhibitors guided by a Toxicity Score. 
Toxicon 2015; 104: 43-5. 

Laustsen AH, Lomonte B, Lohse B, Fernández J, Gutiérrez JM. Unveiling the nature of black 
mamba (Dendroaspis polylepis) venom through venomics and antivenom immunoprofiling: 
Identification of key toxin targets for antivenom development. Journal of Proteomics 2015; 
119: 126-42. 

Laustsen AH, Gutiérrez JM, Rasmussen AR, Engmark M, Gravlund P, Sanders KL, Lohse B, 
Lomonte B. Danger in the reef: Proteome, toxicity, and neutralization of the venom of the 
olive sea snake, Aipysurus laevis. Toxicon 2015; 107: 187-96. 

Laustsen AH, Gutiérrez JM, Lohse B, Rasmussen AR, Fernández J, Milbo C, Lomonte B. 
Snake venomics of monocled cobra (Naja kaouthia) and investigation of human IgG re-
sponse against venom toxins. Toxicon 2015; 99: 23-35. 

Lavi T, Siman-Tov R, Ankri S. EhMLBP is an essential constituent of the Entamoeba histolyti-
ca epigenetic machinery and a potential drug target. Molecular Microbiology 2008; 69(1): 
55-66. 

León G, Segura Á, Gómez A, Hernandez A, Navarro D, Villalta M, Vargas M, Herrera M, 
Gutiérrez JM. Industrial Production and Quality Control of Snake Antivenoms 2014. 

Lowman HB, Bass SH, Simpson N, Wells JA. Selecting high-affinity binding proteins by mo-
novalent phage display. Biochemistry 1991; 30(45): 10832-8. 

Maeda NO, Tamiya NO. Isolation, properties and amino acid sequences of three neurotoxins 
from the venom of a sea snake, Aipysurus laevis. Biochem J 1976; 153: 79-87. 

Makowski L. Phage display: structure, assembly and engineering of filamentous bacteriopha-
ge M13. Current Opinion in Structural Biology 1994; 4(2): 225-30. 

Marks JD, Hoogenboom HR, Bonnert TP, McCafferty J, Griffiths AD, Winter G. By-passing 
immunization: human antibodies from V-gene libraries displayed on phage. Journal of Mo-
lecular Biology 1991; 222(3): 581-97. 

Maupetit J, Derreumaux P, Tuffery P. PEP-FOLD: an online resource for de novo peptide 
structure prediction. Nucleic Acids Research 2009; 37: W498-503. 

McCafferty J, Griffiths AD, Winter G, Chiswell DJ. Phage antibodies: filamentous phage dis-
playing antibody variable domains. Nature 1990; 348: 552-554. 

McCafferty J. Phage display: factors affecting panning efficiency. Phage Display of Peptides 
and Proteins: A Laboratory Manual. Academic Press Inc., San Diego, CA. 1996: 261-76. 



RECOMBINANT ANTIVENOMS 
	  

	   55 

Meng J, John TR, Kaiser II. Specificity and binding affinity of an anti-crotoxin combinatorial 
antibody selected from a phage-displayed library. Biochemical Pharmacology 1995; 
50(12): 1969-77. 

Minkiewicz P, Dziuba J, Darewicz M, Iwaniak A, Michalska J. Online Programs and Databa-
ses of Peptides and Proteolytic Enzymes–A Brief Update for 2007–2008. Food Technolo-
gy and Biotechnology 2009; 47(4): 345-55. 

Montecucco C, Rossetto O. On the quaternary structure of taipoxin and textilotoxin: the ad-
vantage of being multiple. Toxicon 2008; 51(8): 1560-2. 

Montecucco C, Gutiérrez JM, Lomonte B. Cellular pathology induced by snake venom 
phospholipase A2 myotoxins and neurotoxins: common aspects of their mechanisms of ac-
tion. Cellular and Molecular Life Sciences 2008; 65(18): 2897-912. 

Mora-Obando D, Díaz C, Angulo Y, Gutiérrez JM, Lomonte B. Role of enzymatic activity in 
muscle damage and cytotoxicity induced by Bothrops asper Asp49 phospholipase A2 my-
otoxins: are there additional effector mechanisms involved? PeerJ 2014; 2: e569. 

Needleman SB, Wunsch CD. A general method applicable to the search for similarities in the 
amino acid sequence of two proteins. Journal of Molecular Biology 1970; 48(3): 443-53. 

Oliveira JG, Soares SG, Soares AM, Giglio JR, Teixeira JE, Barbosa JE. Expression of hu-
man recombinant antibody fragments capable of partially inhibiting the phospholipase ac-
tivity of Crotalus durissus terrificus venom. Basic & Clinical Pharmacology & Toxicology 
2009; 105(2): 84-91. 

Parmley SF, Smith GP. Antibody-selectable filamentous fd phage vectors: affinity purification 
of target genes. Gene 1988; 73(2): 305-18. 

Pennisi E. Semiconductors inspire new sequencing technologies. Science 2010; 327(5970): 
1190. 

Petras D, Sanz L, Segura Á, Herrera M, Villalta M, Solano D, Vargas M, León G, Warrell DA, 
Theakston RD, Harrison RA. Snake venomics of African spitting cobras: toxin composition 
and assessment of congeneric cross-reactivity of the pan-African EchiTAb-Plus-ICP anti-
venom by antivenomics and neutralization approaches. Journal of Proteome Research 
2011; 10(3): 1266-80. 

Pierce MM, Raman CS, Nall BT. Isothermal titration calorimetry of protein–protein interac-
tions. Methods 1999; 19(2): 213-21. 

Polder HR, Swandulla D. The use of control theory for the design of voltage clamp systems: a 
simple and standardized procedure for evaluating system parameters. Journal of Neu-
roscience Methods 2001; 109(2): 97-109. 

Pugh RN, Theakston RD. A clinical study of viper bite poisoning. Annals of Tropical Medicine 
and Parasitology 1987; 81(2): 135-49. 

Qi M, O'Brien JP, Yang J. A recombinant triblock protein polymer with dispersant and binding 
properties for digital printing. Peptide Science 2008; 90(1): 28-36. 

Richard G, Meyers AJ, McLean MD, Arbabi-Ghahroudi M, MacKenzie R, Hall JC. In vivo neu-
tralization of alpha-cobratoxin with high-affinity llama single-domain antibodies (VHHs) and 
a VHH-Fc antibody. PloS one 2013; 8(7): e69495. 

Rodi DJ, Makowski L. Phage-display technology–finding a needle in a vast molecular 
haystack. Current Opinion in Biotechnology 1999; 10(1): 87-93. 

Rodi DJ, Janes RW, Sanganee HJ, Holton RA, Wallace BA, Makowski L. Screening of a libra-
ry of phage-displayed peptides identifies human bcl-2 as a taxol-binding protein. Journal of 
Molecular Biology 1999; 285(1): 197-203. 

Roncolato EC, Pucca MB, Funayama JC, Bertolini TB, Campos LB, Barbosa JE. Human an-
tibody fragments specific for Bothrops jararacussu venom reduce the toxicity of other Bo-
throps sp. venoms. Journal of Immunotoxicology 2013; 10(2): 160-8. 

Roncolato EC, Campos LB, Pessenda G, e Silva LC, Furtado GP, Barbosa JE. Phage display 
as a novel promising antivenom therapy: A review. Toxicon 2015; 93: 79-84. 



RECOMBINANT ANTIVENOMS 
	  

	   56 

Rozinov MN, Nolan GP. Evolution of peptides that modulate the spectral qualities of bound, 
small-molecule fluorophores. Chemistry & Biology 1998; 5(12): 713-28. 

Rusk N. Torrents of sequence. Nature Methods 2011; 8(1): 44. 
Schofield DJ, Pope AR, Clementel V, Buckell J, Chapple SD, Clarke KF, Conquer JS, Crofts 

AM, Crowther SR, Dyson MR, Flack G. Application of phage display to high throughput an-
tibody generation and characterization. Genome Biology 2007; 8(11): R254. 

Sidhu SS. Phage display in pharmaceutical biotechnology. Current Opinion in Biotechnology 
2000; 11(6): 610-6. 

Smith GP. Filamentous fusion phage: novel expression vectors that display cloned antigens 
on the virion surface. Science 1985; 228(4705): 1315-7. 

Spillner E, Deckers S, Grunwald T, Bredehorst R. Paratope-based protein identification by 
antibody and peptide phage display. Analytical Biochemistry 2003; 321(1): 96-104. 

Stewart CS, MacKenzie CR, Hall JC. Isolation, characterization and pentamerization of α-
cobrotoxin specific single-domain antibodies from a naïve phage display library: Prelimina-
ry findings for antivenom development. Toxicon 2007; 49(5): 699-709. 

Stock RP, Massougbodji A, Alagón A, Chippaux JP. Bringing antivenoms to sub-Saharan Af-
rica. Nature Biotechnology 2007; 25(2): 173-7. 

Sugimura Y, Hosono M, Wada F, Yoshimura T, Maki M, Hitomi K. Screening for the Preferred 
Substrate Sequence of Transglutaminase Using a Phage-displayed Peptide Library: Iden-
tification of Peptide Substrates for TGase 2 and Factor XIIIA. Journal of Biological Chemi-
stry 2006; 281(26): 17699-706. 

Sunagar K, Jackson TN, Undheim EA, Ali SA, Antunes A, Fry BG. Three-fingered RAVERs: 
rapid accumulation of variations in exposed residues of snake venom toxins. Toxins 2013; 
5(11): 2172-208. 

Tamarozzi MB, Soares SG, Marcussi S, Giglio JR, Barbosa JE. Expression of recombinant 
human antibody fragments capable of inhibiting the phospholipase and myotoxic activities 
of Bothrops jararacussu venom. Biochimica et Biophysica Acta (BBA)-General Subjects 
2006; 1760(9): 1450-7. 

Thévenet P, Shen Y, Maupetit J, Guyon F, Derreumaux P, Tufféry P. PEP-FOLD: an updated 
de novo structure prediction server for both linear and disulfide bonded cyclic peptides. 
Nucleic Acids Research 2012; 40(W1): W288-93. 

Wagstaff SC, Sanz L, Juárez P, Harrison RA, Calvete JJ. Combined snake venomics and 
venom gland transcriptomic analysis of the ocellated carpet viper, Echis ocellatus. Journal 
of Proteomics 2009; 71(6): 609-23. 

Wang CI, Reeks T, Vetter I, Vergara I, Kovtun O, Lewis RJ, Alewood PF, Durek T. Isolation 
and Structural and Pharmacological Characterization of α-Elapitoxin-Dpp2d, an Amidated 
Three Finger Toxin from Black Mamba Venom. Biochemistry 2014; 53(23): 3758-66. 

Warrell DA. Snake bite. The Lancet 2010; 375(9708): 77-88. 
Welch BD, VanDemark AP, Heroux A, Hill CP, Kay MS. Potent D-peptide inhibitors of HIV-1 

entry. Proceedings of the National Academy of Sciences 2007; 104(43): 16828-33. 
Whaley SR, English DS, Hu EL, Barbara PF, Belcher AM. Selection of peptides with semi-

conductor binding specificity for directed nanocrystal assembly. Nature 2000; 405(6787): 
665-8. 

Yang B, Gao L, Li L, Lu Z, Fan X, Patel CA, Pomerantz RJ, DuBois GC, Zhang H. Potent 
suppression of viral infectivity by the peptides that inhibit multimerization of human im-
munodeficiency virus type 1 (HIV-1) Vif proteins. Journal of Biological Chemistry 2003; 
278(8): 6596-602. 

  



RECOMBINANT ANTIVENOMS 
	  

	   57 

3. TOXICOVENOMIC STUDIES 
Toxicovenomics integrates the proteomic characterization of a venom (veno-
mics) with the assessment of the toxicity of venom components. With the aim 
of exploring different elapid venoms and identifying the medically most rele-
vant toxins of these venoms, toxicovenomics studies were performed on four 
different snake species (Dendroaspis polylepis, Naja kaouthia, Aipysurus lae-
vis, and Dendroaspis angusticeps). Here, a combined summary of the pub-
lications is presented to provide an overview of the different snake venoms 
and their toxins against which antitoxin discovery efforts were carried out 
(Chapters 4, 5, and 6). The comprehensive studies can be found in Appendix 
1. Thorough studies on the venom of Bothrops asper had previously been 
conducted (Gutiérrez and Lomonte, 1995, Lomonte and Gutiérrez, 1989, 
Alape-Girón et al., 2008, Francis et al., 1991). Thus, a toxicovenomic study of 
this snake was not necessary. 
 

3.1 Summary of Publications 3-6 
Lauridsen LP, Laustsen AH, Lomonte B, Gutiérrez JM. Toxicovenomics of the Eastern green 

mamba snake (Dendroaspis angusticeps). Journal of Proteomics 2016, 136; p248-261. 
Laustsen AH, Lomonte B, Lohse B, Fernández J, Gutiérrez JM. Unveiling the nature of black 

mamba (Dendroaspis polylepis) venom through venomics and antivenom immunoprofiling: 
Identification of key toxin targets for antivenom development. Journal of Proteomics 2015; 
119: 126-42. 

Laustsen AH, Gutiérrez JM, Rasmussen AR, Engmark M, Gravlund P, Sanders KL, Lohse B, 
Lomonte B. Danger in the reef: Proteome, toxicity, and neutralization of the venom of the 
olive sea snake, Aipysurus laevis. Toxicon 2015; 107: 187-96. 

Laustsen AH, Gutiérrez JM, Lohse B, Rasmussen AR, Fernández J, Milbo C, Lomonte B. 
Snake venomics of monocled cobra (Naja kaouthia) and investigation of human IgG re-
sponse against venom toxins. Toxicon 2015; 99: 23-35. 

 
For all four elapid snakes, the venomics approach (Calvete, 2014) was 
coupled to the use of the Toxicity Score (Laustsen et al., 2015A) in order to 
perform “toxicovenomics” studies (Calvete and Lomonte, 2015) on all ven-
oms. These studies revealed intricate differences between all venoms, alt-
hough a common motif of neurotoxicity was present for them all. 
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Figure 3.1.A: Composition of the venoms of D. polylepis, D. angusticeps, A. 
laevis, and N. kaouthia according to protein families, expressed as percenta-
ges of the total protein content. KUN: Bovine pancreatic trypsin inhibi-
tor/Kunitz inhibitor; 3FTx: Three-finger toxin; SVMP/MP: Snake venom metal-
loproteinase; VEGF: Vascular endothelial growth factor; NUCL: Nucleotidase; 
PDE: Phosphodiesterase; HYA: Hyaluronidase; KTC: Prokineticin; PLA2: 
Phospholipase A2; NGF: Nerve growth factor; NP: Non-protein components; 
CRISP: Cysteine-rich secretory protein; GAL: Galactose-binding lectins; PEP: 
Peptidases;	  MIX: Fractions of different members of the 3FTx family for which 
percentages were not determined; Unknown/UNK: Unknown proteins; CCM: 
Complement control module; OHA: Ohanin/vespryn; CTL: C-type lectin/lectin-
like; LAO: L-amino oxidase; CVF: Cobra venom factor; CTT: Cytidyltransfera-
se. A division between cytotoxins (CYT) and neurotoxins (NTX) is given for 
the three-finger toxins in N. kaouthia venom. 
Adapted from Laustsen et al., 2015B, Lauridsen et al., 2016, Laustsen et al., 2015C, Laust-
sen et al., 2015D. 
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In terms of abundance, the venom of D. polylepis is dominated by Kunitz-type 
inhibitors (61.1%), of which most are dendrotoxins. Nevertheless, α-
neurotoxins were the main contributors to toxicity (Laustsen et al., 2015B). A 
range of other toxin/protein families was identified (including metalloproteina-
ses, hyaluronidases, prokineticins, nerve growth factors, vascular endothelial 
growth factors, phospholipase A2s, 5´-nucleotidase, and phosphodiesterases). 
However, these components had little influence on venom toxicity. Three te-
sted antivenoms were able to neutralize venom-induced lethality with different 
efficacies and were able to recognize the different venom components, alt-
hough dendrotoxins showed particularly low immunorecognition. The key 
toxins to be neutralized in this venom can be seen in Table 3.1.A. 

Interestingly, the venom of D. angusticeps was remarkably different 
from the venom of the related D. polylepis. D. angusticeps venom is domina-
ted by three-finger toxins (69.2%), followed by Kunitz-type inhibitors (16.3%). 
Venom toxicity seems to arise from synergistic actions of different toxin famili-
es, possibly including dendrotoxins, fasciculins, and synergistically-acting 
toxins (Lauridsen et al., 2016), which combined lead to lethal cardiovascular 
and neurotoxic effects. This is in contrast to D. polylepis venom, where inhibi-
tion of neuromuscular transmission is achieved by α-neurotoxins, which were 
completely absent in the venom of D. angusticeps. Two out of three tested 
antivenoms were able to recognize and neutralize D. angusticeps venom, de-
spite that D. angusticeps venom was only included in the production process 
for one of these antivenoms. Given its complex composition and synergistic 
behavior, it was probably not possible to identify all medically relevant toxins 
from this venom, although Rho-elapitoxin-Da1b is most likely one of them 
(see Table 3.1.A). Neither of the venoms of the Dendroaspis snakes showed 
proteinase activity or phospholipase A2 activity (Lauridsen et al., 2016, Laust-
sen et al., 2015B), and they are therefore likely to constitute very “pure neuro-
toxic” venoms with none or few other effects. 

Both venoms of A. laevis and N. kaouthia did not show proteinase acti-
vity (Laustsen et al., 2015C, Laustsen et al., 2015D). However, they did show 
some phospholipase A2 activity in accordance with other studies (Ryan and 
Yong, 2002, Ryan and Yong, 1997, Reali et al., 2003, Doley and Mukherjee, 
2003, Jourbert and Taljaard, 1980). The venom of A. laevis has a composition 
dominated by phospholipase A2s (71.2%), although its main toxic effects are 
due to the presence of potent short neurotoxins (present in 25.3% abundan-
ce). In contrast, the venom of N. kaouthia does not contain short neurotoxins, 
but is dominated by cytotoxins and other neurotoxins from the three-finger 
toxin family (77.5%), followed by phospholipase A2s (13.5%). Based on the 
Toxicity Score, the medically most relevant toxins to target are α-neurotoxins 
from both these snakes (see Table 3.1.A) 
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Table 3.1.A: Overview of the toxins identified to be medically relevant for the 
four elapid venoms that were investigated. 

Snake species Toxin 
family Toxin ID Toxin Target* 

D. polylepis 

3FTx 

Short neurotoxin 1 Muscular nicotinic acetylcholine receptor 

α-elapitoxin-Dpp2c Muscular and neuronal nicotinic ace-
tylcholine receptor 

Muscarinic toxin α A2B-adrenoceptor subtype (ADRA2B) 

KUN 
Dendrotoxin 1 

Voltage-gated potassium channels (Kv) Dendrotoxin B 
“Dendrotoxin δ” 

N. kaouthia 3FTx 

α-elapitoxin-Nk2a Muscular nicotinic acetylcholine receptor 
Cobrotoxin C 

Nicotinic acetylcholine receptor 
Cobrotoxin B 

“Three-finger toxin, 
Naja atra” Unknown 

A. laevis 3FTx 

Short neurotoxin A 

Muscular nicotinic acetylcholine receptor 
Short neurotoxin B 
Short neurotoxin C 
Short neurotoxin D 

D. angusticeps 3FTx 

Rho-elapitoxin-
Da1b* 

Alpha-2 adrenergic receptors in smooth 
muscles 

Fasciculin-2 Acetylcholinesterase at the neuromuscu-
lar junction 

Note: Toxin IDs that have been written in with citation marks (“) designate that the true toxin identity is unknown, but 
homologous to the toxin given in citation marks. 
*According to Uniprot.org 
**Due to the presence of strong synergism in this venom, it is likely that there are other venom components of medi-
cal relevance, which however do not have high Toxicity Scores when tested in isolation. 

 
With thorough toxicovenomic analyses of the four elapid venoms and identi-
fication of the medically most relevant toxins from each venom, the foundation 
for developing antitoxins against these toxins exists. Many molecular classes 
could be taken into consideration for toxin targeted drug discovery, however, 
particularly antitoxins based on peptides, nanobodies, or antibodies (or frag-
ments thereof) are promising molecules due to the ease of performing phage 
display selection with them and the feasibility of synthesizing or recombinantly 
expressing such molecules. 
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4. PEPTIDIC ANTITOXINS 
 
In this chapter, three phage display selection studies using peptide libraries 
and three different types of snake venom toxins are presented and briefly dis-
cussed. A more thorough discussion on the use of peptides as antitoxins for 
snakebite envenoming therapy is reserved for chapter 7. 
 

4.1 Anti-cobratoxins 
Cobratoxins are medically important type II α-neurotoxins present in the ven-
oms of many cobra species. They target nicotinic acetylcholine receptors, 
thereby blocking neuromuscular function, which further may lead to flaccid pa-
ralysis in prey and victims (Laustsen et al., 2015A), see Figure 4.1.A.A. 
 

 
 
Figure 4.1.A: A) Schematic representation of how α-cobratoxin inhibits the 
nicotinic acetylcholine receptor (nAChR) at the postsynaptic nerve terminal, 
leading to inhibition of neuromuscular transmission. B) Schematic representa-
tion of how peptidic anti-cobratoxins could protect the nAChR. 
 
4.1.1 Aim 
The aim of the current study was to identify peptide-based inhibitors of α-
cobratoxin, which can protect the nicotinic acetylcholine receptor from toxin 
induced inhibition (see Figure 4.1.A.B). This toxin has been identified as the 
medically most important toxin in the venom of Naja kaouthia, based on its 
exceptionally high Toxicity Score (Laustsen et al., 2015A).  
 
4.1.2 Libraries 
The two libraries, TriCo-16™ Phage Display Peptide Library (size: 2.60 x 
1010) and TriCo-20™ Phage Display Peptide Library (size: 1.70 x 109) from 
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Creative Biolabs were employed. Both libraries are based on the M13 bacteri-
ophage and respectively display 16 and 20 amino acids long random linear 
peptides fused to the pIII protein. Trinucleotide Phosphoramidites (Trimer Co-
dons) of bacterial preference were used to randomize the DNA sequences 
encoding the peptides. Hereby, stop and non-sense codons were completely 
avoided. The trimer codon for cysteine was also excluded 
(http://www.creative-biolabs.com/premade-phage-display-peptide-
libraries.html). 
 
4.1.3 Toxin 
Purified α-cobratoxin milked from Naja kaouthia was obtained from Latoxan 
SAS, France. 
 
4.1.4 Methods 
4.1.4.1 Phage display selection 
A maleic anhydride coated well (Pierce Reacti-Bind™ 96-Well Plates, Thermo 
Scientific) was washed three times with 200 µL PBS, after which 100 µL of 10 
nM of α-cobratoxin in PBS was added to the well (similar to Richard et al., 
2013), allowing the toxin to couple to the plate well (see Figure 4.1.4.1.A). The 
well was incubated for 1 h on a plate shaker at room temperature, after which 
it was left at 4 °C overnight. 
 

 
 

Figure 4.1.4.1.A: Molecular mechanism behind coupling to maleic anhydride 
coated plates. 
 
Next day, the well was washed three times with 200 µL PBST (PBS con-
taining 0.05% Tween® 20) and two times with 200 µL PBS. The well was then 
blocked by adding 100 µL Blocking Buffer (0.1 M NaHCO3 pH 8.6, 0.02% 
NaN3, 0.1 µg/mL streptavidin, 5 mg/mL BSA), and the plate was incubated for 
1 h at room temperature on plate shaker. For panning round 1, 2.5 µL of each 
library was mixed with 105 µL Blocking Buffer in an Eppendorf tube and incu-
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bated for 30 min at room temperature. To remove plastic binding phages, 100 
µL of this solution was transferred to a non-coated well (MaxiSorp™, NUNC) 
and incubated for 1 h at room temperature on a plate shaker. For panning 
rounds 2-5, 115 µL of a 50:50 mixture of phage library from the previous 
round and 125 µL Blocking Buffer was added to a non-coated well (Ma-
xiSorp™, NUNC) and incubated for 1 h at room temperature on a plate sha-
ker. After the well had been blocked for 1 h with Blocking Buffer at room tem-
perature on a plate shaker, the well was washed ten times with 200 µL PBST 
and twice with PBS to remove excess blocking agent. Next, 100 µL of the 
phages from the MaxiSorp plate was transferred to the ReactiBind wells and 
incubated for 1 h at room temperature on a plate shaker. The well was then 
washed ten times with PBST and twice with PBS. Bound phages were eluted 
by incubating for 10 min with 200 µL 100 mM triethylamine (TEA) and trans-
ferring the solution to an Eppendorf tube containing 400 µL 1 M Tris-HCl buf-
fer, pH 7.4. 

The phages were amplified by adding them to 500 µL exponentially 
growing E. coli TG1 in 2xYT and incubated for 20 min at 37 °C, after which 
the infected E. coli were added to 10 mL 2xYT and incubated at 37 °C over-
night. 

Next day, the overnight culture was centrifuged for 10 min at 12,000 x 
g (Sorvall® EvolutionTMRC Superspeed Centrifuge), and the supernatant 
containing the phages was transferred to a new centrifuge tube, containing 1 
mL precipitation buffer (20% PEG6000, 2.5 M NaCl). After one hour on ice, 
the phages were centrifuged for 10 min at 20,200 x g (Sorvall® Evoluti-
onTMRC Superspeed Centrifuge). Most of the supernatant was discarded le-
aving 1 mL together with the phage pellet. The phage pellet was resuspen-
ded, transferred to an Eppendorf tube, and centrifuged for 5 min at 13,000 x g 
(Ole Dich Microcentrifuge type 157). The supernatant was completely remo-
ved, and the pellet was dissolved in 500 µL PBS. 

The exact same procedure was performed for a control well, which was 
not coated with any antigen, but which were left in PBS overnight during the 
coating procedure. The libraries employed in these wells were the same lib-
raries as used for the well containing the antigen (having the implication that a 
control library would have only been panned in an antigen-less well in its last 
panning round). 

The progress of the panning rounds was followed by ELISA. For each 
panning round to be tested, two wells were coated with 100 µL of 10 nM α-
cobratoxin in PBS, and one well was left in 100 µL PBS overnight. The follo-
wing day, the wells were washed three times with 200 µL PBST and two times 
with 200 µL PBS. The wells were then blocked by adding 100 µL Blocking 
Buffer, and the plate was incubated for 1 h at room temperature on plate sha-
ker. The wells were washed ten times with 200 µL PBST and twice with PBS. 
100 µL of a 50:50 mixture of phages from each panning round and Blocking 
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Buffer was added to a α-cobratoxin coated well and to a non-coated well. The 
same was done for phages from the control pannings, although only to a α-
cobratoxin coated well. The wells were incubated for 1 h at room temperature 
on a plate shaker.	  After incubation, the wells were washed ten times with 100 
µL PBST and twice with PBS. 100 µL of a solution containing a 1:1000 diluti-
on of Anti-M13 monoclonal antibody (Horseradish Peroxidase conjugated, GE 
Healthcare) in Blocking Buffer was added to each well, and the wells were 
incubated for 1 h at room temperature on a plate shaker. The wells were then 
washed ten times with 100 µL PBST and twice with PBS. Color development 
was achieved by adding 100 µL OPD solution (2 mg ortho-Phenylenediamine, 
2 mg tablet, DAKO, and 5 µL H2O2 in 3 mL H2O). The reaction was stopped 
by adding 100 µL 0.5 M H2SO4, and the response absorbance at 490 nm was 
measured (VersaMax Tunable Microplate reader, Molecular Devices). 

24 phage colonies from panning rounds 3, 4, and 5 were picked from 
agar plates, amplified in 1 mL 2xYT overnight, and screened for binding using 
the same ELISA procedure as above, except that a 50:50 mixture of the 2xYT 
culture and Blocking Buffer was used instead of precipitated phages. The 12 
monoclones that gave the highest responses in the ELISA were chosen for 
further processing. The phages in 2xYT were amplified and precipitated by 
adding 250 µL of the phages to 1 mL exponentially growing E coli TG1 in 
2xYT and following the same amplification procedure as described above. 

ssDNA from the phages was isolated by the following procedure: The 
phage pellets from above were resuspended in 100 µL Iodide Buffer (4M NaI 
in Tris-EDTA buffer (TE buffer); 10 mM Tris-HCl (pH 8), 1 mM EDTA) and 250 
µL 96% ethanol was added. The solutions were incubated for 10 min at room 
temperature and centrifuged for 10 min at 13,000 x g (Ole Dich Microcentrifu-
ge type 157). The supernatants were discarded, and the pellets were washed 
in 250 µL ice cold 70% ethanol, followed by centrifugation for 8 min at 13,000 
x g (Ole Dich Microcentrifuge type 157). The supernatant was carefully remo-
ved and the precipitate was dried in vacuum centrifuge for 10 min. The pellets 
were resuspended in 30 µL TE buffer (19 mM Tris-HCl, pH 8.0, 1mM EDTA). 
10 µL of each of these suspensions was used as sample for gel electrophore-
sis, and 20 µL was sent to sequencing at Eurofins Genomics (Eurofins MWG 
Operon) using the -96gIII primer. 

ssDNA was analyzed by gel electrophoresis: A 1% agarose gel (2 g 
Agarose in 200 mL 1x Tris Acetate-EDTA buffer (TAE buffer), pH 8.0, with 4 
drops of ethidium bromide) was used as matrix. 5 µL of each ssDNA sample 
in TE buffer was mixed with 5 µL loading buffer and added to a well. 5 µL 
GeneRuler™ 100bp Plus DNA Ladder, 0.1 µg/µL (Thermo Scientific), was 
added to separate wells on each side of the sample row. 115 V was applied to 
the agarose gel for 45 min, after which the gel was analyzed by UV detection. 
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4.1.4.2 Next Generation Sequencing of panning rounds 
In addition to the monoclonal ssDNA that was isolated and sequenced for 12 
phage clones as described above, all panning rounds (phages in PBS) were 
sent to Anders Christiansen and Martin Dufva at DTU Nanotech, Technical 
University of Denmark) for Next Generation Sequencing. 

Amplified phage eluates from each available selection round were 
subjected to PCR using the Phusion High-Fidelity DNA polymerase (New 
England Biolabs). The eluates that gave rise to the isolated clones that were 
sequenced were used as template for PCR reactions. Both the panning 
rounds selected against α-cobratoxin as well as control samples were hand-
led in a similar manner. Triplicate PCR reactions were carried out according to 
the manufacturer’s recommendations (25 µL reactions with 1 µL 1:10 diluted 
phage eluates as template and an annealing temperature of 55 °C) with only 
25 cycles to mitigate PCR bias. Using 8 barcoded primers, the variable part of 
the phage library was specifically amplified. PCR fragments were extracted 
with a Qiaquick Gel Extraction Kit (Qiagen) from a 2% agarose gel. The tri-
plicate PCR reactions were pooled prior to the gel extractions. DNA concen-
trations were measured on a Qubit fluorometer (Life), and amplicon integrity 
was confirmed using a 2100 Bioanalyzer (Agilent). Next, sequencing adaptors 
were ligated onto the DNA fragments using the Ion Plus fragment library kit 
(Life), and the fragment sizes and concentrations were again validated on a 
Bioanalyzer (Agilent) and a Qubit fluorometer (Life). Finally, the DNA was liga-
ted to Ion Sphere Particles (ISPs) and subjected to emulsion PCR according 
to the Ion OneTouch 200 protocol. The ISPs were loaded onto an Ion 318 
chip and sequenced on an Ion Torrent PGM, as described by the manufactu-
rer (Ion Torrent sequencing kit 200 v2). 

In order to convert sequence reads into peptides, DNA reads obtained 
from the Next Generation Sequencing were first filtered by sample barcodes. 
Reads that did not match any of the barcodes, both forward and reverse com-
plement, were removed. The remaining DNA reads were then translated in all 
six reading frames and aligned (using BLAST) to the protein regions of the 
phage protein that flank the displayed 16-mer or 20 peptides. Then 16-mer 
and 20-mer peptides and their corresponding DNA sequences were obtained 
from reads, where the protein sequence aligned to both flanking regions with 
exactly a 16- or 20-mer gap. Peptides, where one or more DNA base pairs 
coding for the peptide were assigned a Phred quality score below 15, were 
removed. 

 
4.1.4.3 Peptide synthesis 
Peptides were synthesized by Schafer-N in >95%, who also recorded MS 
spectra (Shimadzu LCMS-2020). 
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4.1.4.4 Phage competition assay 
Before the competition assay, the optimal dilution of phages displaying the 
peptide lead (Peptide 33535) was determined by ELISA (Absorbance of 2.0 at 
490 nm). 

Wells were coated with 100 µL of 10 nM α-cobratoxin in PBS, and con-
trol wells were left in 100 µL PBS overnight. The following day, the wells were 
blocked by addition of 100 µL 2% BSA in PBS and incubation at room tempe-
rature for 1 hour on a plate shaker. Thereafter, the plates were washed 10 ti-
mes with 100 µL PBST. Ten 2-fold dilutions of phages in 2% BSA in PBS we-
re prepared. 100 µL of these dilutions were added to coated and uncoated 
wells in triplicates. The wells were incubated for 1 h at room temperature on a 
plate shaker.	  After incubation, the wells were washed ten times with 100 µL 
PBST. 100 µL of a solution containing a 1:1000 dilution of Anti-M13 monoclo-
nal antibody (Horseradish Peroxidase conjugated, GE Healthcare) in 2% BSA 
in PBS was added to each well, and the wells were incubated for 1 h at room 
temperature on a plate shaker. The wells were then washed ten times with 
100 µL PBST. Color development was achieved by adding 100 µL OPD solu-
tion (2 mg ortho-Phenylenediamine, 2 mg tablet, DAKO, and 5 µL H2O2 in 3 
mL H2O). The reaction was stopped by adding 100 µL 0.5 M H2SO4, and the 
response absorbance at 490 nm was measured (VersaMax Tunable Micropla-
te reader, Molecular Devices). The optimal dilution of phages was determined 
to be 1:20. 

The competition assay was carried out identically to the ELISA assay 
for determining the optimal phage dilution, with only one modification to the 
phage addition step. A dilutions series (2 µM to 200 µM) was prepared for the 
three tested peptides (Peptide 33535, Peptide 7, and Peptide 8). The different 
dilutions were mixed 1:1 with a 1:20 dilution of the phages in 2% BSA in PBS 
and added in the step, where the phages were to be added.  

 
4.1.4.5 Cross-reactivity testing 
Wells were coated with 1 µg whole venom in 100 µL PBS, and control wells 
were left in 100 µL PBS overnight. The following day, the wells were blocked 
by addition of 100 µL 2% BSA in PBS and incubation at room temperature for 
1 hour on a plate shaker. Thereafter, the plates were washed 10 times with 
100 µL PBST. 100 µL of a 1:20 dilution of phages in 2% BSA in PBS was ad-
ded to the coated and uncoated wells in triplicates. The wells were incubated 
for 1 h at room temperature on a plate shaker.	  After incubation, the wells were 
washed ten times with 100 µL PBST. 100 µL of a solution containing a 1:1000 
dilution of Anti-M13 monoclonal antibody (Horseradish Peroxidase conjuga-
ted, GE Healthcare) in 2% BSA in PBS was added to each well, and the wells 
were incubated for 1 h at room temperature on a plate shaker. The wells were 
then washed ten times with 100 µL PBST. Color development was achieved 
by adding 100 µL OPD solution (2 mg ortho-Phenylenediamine, 2 mg tablet, 
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DAKO, and 5 µL H2O2 in 3 mL H2O). The reaction was stopped by adding 100 
µL 0.5 M H2SO4, and the response absorbance at 490 nm was measured 
(VersaMax Tunable Microplate reader, Molecular Devices). 
 
4.1.4.6 Isothermal Titration Calorimetry. 
An ITC200 MicroCalorimeter (GE Healthcare) with a cell volume of 200 µL 
was used to perform Isothermal Titration Calorimetry at 25 °C. α-cobratoxin 
concentration was determined using a NanoDrop 3300 Flourospectrometer 
and adjusted to 10 µM in PBS. The peptides were dissolved in PBS (150 µM). 
All experiments were performed with direct titrations of the peptide solution 
into the solution containing the toxin, using 20 injections of 2 µL at 180 s in-
tervals, with the exception of the first injection, which was 0.4 µL. For data 
analysis, the Origin 7.0 software (MicroCal) was used. The first data point was 
discarded prior to fitting, and the heat of dilution of injecting ligand into buffer 
was subtracted. The values for Kd are mean values of three independent titra-
tions. 

4.1.4.7 Circular dichroism 
Peptides were dissolved in PBS to yield concentrations of 100 µM and 10 µM. 
Measurements of the optical rotation were performed on an Olis DSM – 10 
UV/Vis Spectrophotometer. 
 
4.1.4.8 TEVC experiments 
cDNA, cRNA, oocyte preparation: Rat α7 nAChR (nicotinic acetylcholine re-
ceptor; containing the L247V mutation to limit desensitization) and human 
RIC-3 (resistant to inhibitor of cholinesterase; enhances α7 nAChR expressi-
on) plasmid cDNAs were linearized with NotI or NheI (New England Biolabs), 
and cRNA was synthesized with the SP6 or T7 mMessage Machine transcrip-
tion kits (Life Technologies). After surgical removal from Xenopus laevis frogs, 
oocytes were separated and defoliculated in 0.1 mg/ml Type II collagenase 
and then stored at 18 °C in OR2 medium (82.5 mM NaCl, 2.5 mM KCl, 1 mM 
MgCl2, 5 mM HEPES/NaOH pH 7.4) . Stage V or VI oocytes were injected 
with 4 ng α7 nAChR cRNA and 2 ng RIC-3 cRNA and incubated at 18 °C for 2 
days in OR2 medium.  
 
Electrophysiology and analysis: Oocytes were continuously perfused with 
bath solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2 5 mM 
HEPES/NaOH pH 7.4) and two electrode voltage clamped (Warner OC-725C 
amplifier, Molecular Devices 1550 digitizer). Currents were measured in re-
sponse to 100 µM acetylcholine alone and then three times in the continued 
presence of 40 nM α-cobratoxin or 40 nM α-cobratoxin and 100 µM peptide. 
This was followed by two to three applications of acetylcholine alone (“wash”). 
Peptide and α-cobratoxin were mixed and left at room temperature 30 minu-
tes before experiments. For each experiment [i.e. at individual oocytes], all 
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current responses were normalized to the response to acetylcholine alone. 
Data is given as mean +/- s.e.m. for 3-5 experiments. 
 
4.1.5 Results 
Based on polyclonal phage ELISA, it was evident that strong, specific binding 
was observed after the third rounds selection, indicating that specific binders 
to α-cobratoxin were present (Figure 4.1.5.A.A). After this round of selection, 
binding did increase, although the accompanying increase in binding to the 
control well indicated that unwanted binders (non-specific to α-cobratoxin) we-
re accumulating. 24 clones from panning rounds 3, 4, and 5 were isolated, 
and a monoclonal ELISA was performed for the clones (Figure 4.1.5.A.B). 
ssDNA from the 12 monoclonal phages yielding the highest signals in this 
ELISA was isolated, examined by gel electrophoresis (Figure 4.1.5.B), and 
sent for sequencing. 
 

 
Figure 4.1.5.A: A) Polyclonal phage ELISA of the five different panning 
rounds performed in the phage display selection experiment against α-
cobratoxin. B) Monoclonal phage ELISA of 24 isolated clones from panning 
rounds 3, 4, and 5. 
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Figure 4.1.5.B: Isolated ssDNA from the 12 selected phage clones displaying 
binding to α-cobratoxin after isolation. The isolated ssDNA is slightly bigger 
than the 3000 bp of dsDNA in the ladder, corresponding to an expected size 
of more than 6000 nucleotides of ssDNA. 
 
DNA sequencing reveled that two different sequences were present among 
the 12 clones, with the dominant sequence being responsible for 11 out of the 
12 hits. In addition to these two hits (33535 and 33536), a further six 
sequences (Peptide 1 to 6) were selected from the Next Generation Sequen-
cing of the polyclonal panning rounds. The corresponding eight peptides were 
synthesized by Schafer-N (Table 4.1.5.A). All synthesized peptides were test-
ed in TEVC experiments (Figure 4.1.5.D), and those that showed modulating 
effects were investigated using Isothermal Titration Calorimetry in order to de-
termine the binding affinity to α-cobratoxin (Figure 4.1.5.E). 
 
Table 4.1.5.A: Overview of the peptidic anti-cobratoxin hits. 

ID Sequence MW (calculated), Da 
33535 Ac-HAKTYMWDGWYMPTSH-NH2 2051.3 
33536 Ac-HVNTYMWDGRYMRTSH-NH2 2094.3 

1 H-GHHHRVYMTDVTEHFRWMGK-NH2 2523.9 
2 H-NWAPAQHGQKWYMQDYTSLE-NH2 2452.7 
3 H-KPHTYINDHNFIQYDNQQWL-NH2 2573.8 
4 H-GHHHRVYMTDVTEHFRWWVN-NH2 2606.9 
5 H-YVTHPWIDWWDNEPYM-NH2 2151.4 
6 H-TSNTTPWQTSWELMYAQQNY-NH2 2448.6 
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Table 4.1.5.B: Overview of some of the properties of the peptidic anti-
cobratoxin hits. 

ID No. of AAs pI1 Solubility1 TEVC Effect Kd (µM) (±SD) 
33535 16 8.04 Poor Inhibition 20 (±10) 
33536 16 10.08 Poor - Not tested 

1 20 10.46 Good Modulation - 
2 20 7.37 Poor Inhibition - 
3 20 7.70 Poor - Not tested 
4 20 9.83 Poor Weak modulation Not tested 
5 16 4.16 Poor - Not tested 
6 20 6.53 Poor - Not tested 

1Evaluated using http://pepcalc.com/peptide-solubility-calculator.php  
 

 
Figure 4.1.5.C: Molecular models of peptides 33535, 1, and 2 generated 
using PEP-FOLD (Shen et al., 2014, Thévenet et al., 2012). Although these 
structures display secondary structure, such structure could not be detected in 
circular dichroism experiments (see Figure 4.1.5.F). 
 

 
 
Figure 4.1.5.D: A) Peptides P33535 and P2 prevent α-cobratoxin from inhibi-
ting nicotinic acetylcholine receptors in TEVC experiments, whereas P1 en-
hances both the onset and wash-out of inhibition. 100 µM acetylcholine-gated 
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currents were recorded alone (control, “C”); in the continued presence of ei-
ther 40 nM α-cobratoxin alone (light blue bars, “1-3”) or 40 nM α-cobratoxin 
and 100 µM peptide (dark blue bars, “1-3”); and then alone again (wash, “w1-
w3”). B) Measured ion currents through the nAChR in the TEVC assay sho-
wing that peptide P33535 prevents inhibition of ion current flow. Data for pep-
tides 3, 4, 5, and 6 is not shown, since no significant effects were observed. 
 
Since peptides 33535, 1, and 2 showed either inhibiting or modulating effects 
in the TEVC experiments (see Figure 4.1.5.D), the dissociation constants for 
these peptides bound to α-cobratoxin was investigated by ITC. With the em-
ployed concentrations (10 µM of α-cobratoxin using 150 µM of the peptide as 
titrant) binding was however only detectable for peptide 33535 (Figure 
4.1.5.E) with a Kd of 20 µM. Based on both the TEVC experiments and the 
observed binding in ITC, peptide 33535 was chosen as the lead peptide to be 
used for further peptide design. 

 
Figure 4.1.5.E: Example from the Isothermal Titration Calorimetry experi-
ments. Peptide 33535 is titrated in a solution containing α-cobratoxin. Since 
the temperature in the calorimeter is automatically kept constant by the 
equipment, binding between peptide and toxin can observed by the increase 
in cooling needed to counter the energy release between every released drop 
of titrant due to binding enthalpy. 
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Figure 4.1.5.F: Circular dichroism analysis of peptide 33535, 1, and 2. All 
three peptides display a random coil structure. Had α-helices or β-sheets 
been present, strong positive bands would have been observed below 210 
nm. 
 
Peptides 7 and 8 (Table 4.1.5.C and Table 4.1.5.D) were designed as trunca-
ted versions of peptide 33535 containing the speculated binding core, and 
these were synthesized by Schafer-N. 
 
Table 4.1.5.C: Overview of the peptidic anti-cobratoxin leads based on pepti-
de 33535. 

ID Sequence MW (calculated), Da 
33535 Ac-HAKTYMWDGWYMPTSH-NH2 2051.3 

7 Ac-YMWDGWYM-NH2 1192.4 
8 Ac-TYMWDGWYMPT-NH2 1491.7 

 
Table 4.1.5.D: Overview of some of the properties of the peptidic anti-
cobratoxin leads based on peptide 33535. 

ID No. of AAs pI1 Solubility1 TEVC Effect Kd (µM) (±SD) 
33535 16 8.04 Poor Inhibition 20 (±10) 

7 8 0.0 Poor TBD TBD 
8 11 0.0 Poor TBD TBD 

1Evaluated using http://pepcalc.com/peptide-solubility-calculator.php  
 
Peptides 33535, 7, and 8 were tested in a phage competition assay to evalua-
te, whether the truncated versions (Peptide 7 and 8) still contained the binding 
core of Peptide 33535 (Figure 5.1.5.G). According to this assay, peptide 
33535 showed slightly increased inhibitory effects with an IC50 value of about 
15 µM, whereas peptides 7 and 8 had IC50 values between 30-35 µM at the 
given concentration of phages (estimated by manually reading the curves in 
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Figure 4.1.5.G). It is thus concluded, that peptides 7 and 8 most likely still 
contain the most important amino acids of the binding core of Peptide 33535, 
although some loss of either binding interactions between these peptides and 
α-cobratoxin or conformational stability for the peptides occurs. 
 
 

 
 
Figure 4.1.5.G: Binding inhibition curves for peptides 33535, 7, and 8. All 
three peptides have IC50 in the same range, however, peptide 33535 displays 
somewhat increased inhibitory effects compared to the two other peptides. 
 
To further obtain information of the binding pattern of Peptide 33535, an 
ELISA-based cross-reactivity study was performed using phages displaying 
Peptide 33535 and whole venoms from selected snake species (Figure 
4.1.5.H). From these studies, it is evident that stronger binding is observed for 
the phages against venoms from elapids (mambas, cobras, and coral snakes) 
than vipers. Generally, elapid venoms have a high content of three-finger 
toxins, to which family α-cobratoxin belongs to. These studies may therefore 
indicate that binding is not only specific to α-cobratoxin, but also to other rela-
ted toxins from either the same subfamily (α-neurotoxins) or even three-finger 
toxins in general. Potentially, this could mean that Peptide 33535 is a broad-
spectrum binder to a wider range of toxins. However, the observed binding 
pattern has also been observed for peptidic anti-dendrotoxins (Figure 4.2.5.C, 
Figure 4.2.5.D, and Figure 4.2.5.E), which may indicate that binding could 
also be due to inherent binding ability of the M13 phage to components pre-
sent in the different venoms. Further cross-reactivity studies using isolated 
toxins is needed to unveil the reasons for the observed cross-reactivity. 
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Figure 4.1.5.H: ELISA-based cross-reactivity tests performed with the ven-
oms of 12 snake species and phage clones displaying peptide 33535. 
 
4.1.6 Conclusion 
A phage display selection study was performed with a combined linear 16- 
and 20-mer phage display peptide library against α-cobratoxin from N. ka-
outhia. Sequencing of 12 isolated clones led to the identification of two diffe-
rent peptides. Furthermore, Next Generation Sequencing of the eluates from 
the different panning rounds yielded another six peptide sequences. All 8 
sequences were tested in TEVC assays, in which two (Peptide 33535 and 
Peptide 2) showed inhibition of α-cobratoxin, and one (Peptide 1) showed 
modulating (but not inhibiting) effects (Figure 4.1.5.D). The binding affinity to 
the toxin was measured for all of the three peptides by ITC, but only Peptide 
33535 showed signifacant binding with a Kd of 20 µM. Based on Peptide 
33535, two truncated versions (Peptide 7 and Peptide 8) were designed and 
synthezied. These analogs showed toxin binding properties in the same range 
as Peptide 33535 in an ELISA-based competition assay, although the binding 
seemed to be slightly lower than for the parent lead (Figure 4.1.5.G). Current-
ly, preclinical testing of Peptide 33535 is pending, and an investigation of the 
antitotin-toxin binding site by H/D exchange is ongoing. Based on these future  
results and possibly further truncation and amino acid substitution studies, op-
timized peptidic antitoxins against α-cobratoxin could be developed. Such 
peptidic antitoxins may have the benefits of being inexpensive to produce, 
possibly having a high rate and volume of distribution in the envenomed vic-
tim, and their scaffold may possibly be employed for discovery of peptidic anti-
toxins against similer, but different toxin targets. 
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 This is the first ever reported peptidic antitoxin that shows inhibitory ef-
fects against a snake venom neurotoxin (Laustsen et al., 2016). 
 
Contributions 
Andreas Hougaard Laustsen and Brian Lohse conceived and designed the study. Jónas Jo-
hannesen performed the phage display selections and analyzed the data under supervision 
from Andreas Hougaard Laustsen and Brian Lohse. Anders Christensen performed the Next 
Generation Sequencing under the supervision of Martin Dufva. Anders Christensen and An-
dreas Hougaard Laustsen analyzed the data. Andreas Hougaard Laustsen performed ITC 
measurements and circular dichroism and analyzed the data under the supervision of Lars 
Olsen, Brian Lohse, and Michael Gajhede. Tim Lynagh and Stephan Pless performed TEVC 
experiments and analyzed the data. Andreas Hougaard Laustsen and Brian Lohse designed 
the peptides. Mireia Solà performed the phage competition assays and cross-reactivity studi-
es under supervision of Andreas Hougaard Laustsen and Brian Lohse. Andreas Hougaard 
Laustsen prepared the chapter. 
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4.2 Anti-dendrotoxins 
Dendrotoxins are medically important toxins present in the venoms of all four 
mamba species. They target voltage-gated potassium channels, leading to 
sustained release of acetylcholine into the synapse, causing involuntary mu-
scle contraction in prey and victims (Laustsen et al., 2015B), see Figure 
4.2.A.A. 
 

 
 
Figure 4.2.A: A) Schematic representation of how dendrotoxins inhibit the 
voltage-gated potassium channels at the presynaptic nerve terminal, leading 
to enhanced release of acetylcholine, causing involuntary muscle contrac-
tions. B) Schematic representation of how peptidic anti-dendrotoxins could 
protect the voltage-gated potassium channels from inhibition. 
 
4.2.1 Aim 
The aim of the current study was to identify peptide-based inhibitors of dend-
rotoxins from Dendroaspis polylepis venom (see Figure 4.2.A.B). Although 
these toxins are not the medically most important toxins in the venom, they 
exert strong pharmacological reactions, manifested by involuntary muscle 
contractions in victims and prey (Laustsen et al., 2015B). Therefore, they ha-
ve been deemed to be medically relevant, despite that their lethality is lower 
than α-neurotoxins. 
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4.2.2 Libraries 
The following random linear peptide libraries based on random peptides fused 
to the pIII protein of the M13 bacteriophage were employed: 

• Ph.D.™-12 Phage Display Peptide Library (linear 12 amino acids long 
peptide library) from New England Biolabs. Size ≈ 109 

• Ph.D.™-7 Phage Display Peptide Library (linear 7 amino acids long 
peptide library) from New England Biolabs. Size ≈ 109 

• Ph.D.™-C7C Phage Display Peptide Library (cyclic 7 amino acids long 
peptide library) from New England Biolabs. Size =2.60 x 1010 

• TriCo-16™ Phage Display Peptide Library (linear 16 amino acids long 
peptide library) from Creative Biolabs. Size = 1.70 109 

• TriCo-20™ Phage Display Peptide Library (linear 20 amino acids long 
peptide library) from Creative Biolabs 

 
New England Biolabs: 
https://www.neb.com/products/protein-tools/phage-display 
Creative Biolabs: 
http://www.creative-biolabs.com/premade-phage-display-peptide-libraries.html 
 
4.2.3 Toxin 
Dendrotoxin B from fraction 20 of D. polylepis venom was purified according 
to the protocol given in Laustsen et al., 2015B. 
 
4.2.4 Methods 
4.2.4.1 Phage display selection 
A well (MaxiSorp™, NUNC) was coated with 100 µL containing 1 µg of Dend-
rotoxin B. The well was left at 4 °C overnight. 

Next day, the well was blocked by adding 4% M-PBS, and the plate 
was incubated for 1 h at room temperature on plate shaker, after which it was 
washed three times with 100 µL PBS. For panning round 1, 5 µL of each libra-
ry was mixed with 110 µL PBS and 125 µL 4% M-PBS, and 100 µL of this so-
lution was added to the well, which was further incubated for 1 h at room tem-
perature on a plate shaker. For panning rounds 2-5, the 100 µL of a 50:50 
mixture of phage library from the previous round and 4% M-PBS was used 
instead. After incubation, the well was washed ten times with PBS. Bound 
phages were eluted by incubating for 10 min with 100 µL 10 mM Glycine-HCl, 
pH 2.5 and transferring the solution to an Eppendorf tube containing 100 µL 2 
M Tris to reach pH 7.4. 

The phages were amplified by adding them to 500 µL exponentially 
growing E. coli TG1 in 2xYT and incubated for 20 min at 37 °C, after which 
the infected E. coli were added to 10 mL 2xYT and incubated at 37 °C over-
night. 
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Next day, the overnight culture was centrifuged for 10 min at 10,000 
rpm (Sorvall® EvolutionTMRC Superspeed Centrifuge), and the supernatant 
containing the phages was transferred to a new centrifuge tube, containing 1 
mL precipitation buffer (20% PEG6000, 2.5 M NaCl). After one hour on ice, 
the phages were centrifuged for 15 min at 13,000 rpm (Sorvall® EvolutionT-
MRC Superspeed Centrifuge). Most of the supernatant was discarded leaving 
1 mL together with the phage pellet. The phage pellet was resuspended, 
transferred to an Eppendorf tube, and centrifuged for 5 min at 13,000 x g (Ole 
Dich Microcentrifuge type 157). The supernatant was completely removed, 
and the pellet was dissolved in 400 µL PBS. 

The exact same procedure was performed for a negative control well, 
which was not coated with any antigen, but which were left in PBS overnight 
during the coating procedure. The libraries employed in these wells were the 
same libraries as used for the well containing the antigen (having the implica-
tion that a control library would have only been panned in an antigen-less well 
in its last panning round). 

The progress of the panning rounds was followed by ELISA. For each 
panning round to be tested and for each control panning, one well was coated 
with Dendrotoxin B, and one well was left in PBS overnight. The following day, 
the wells were then blocked by adding 100 µL 2% BSA in PBS, and the plate 
was incubated for 1 h at room temperature on plate shaker. Meanwhile, 100 
µL of each panning round and each control panning was mixed with 100 µL 
2% BSA in PBS and incubated at room temperature in a MaxiSorp well on a 
plate shaker for 1 h. After 1 h of incubation, the wells were washed five times 
with 200 µL PBST, after which 100 µL of the pre-blocked panning rounds we-
re added to their respective wells. The wells were incubated at room tempera-
ture for 2 h on a plate shaker. After incubation, the wells were washed ten ti-
mes with 200 µL PBST. 100 µL of a solution containing a 1:1000 dilution of 
Anti-M13 monoclonal antibody (Horseradish Peroxidase conjugated, GE 
Healthcare) in 2% BSA in PBS was added to each well, and the wells were 
incubated for 2 h at room temperature on a plate shaker. The wells were then 
washed ten times with 200 µL PBST. Color development was achieved by 
adding 100 µL OPD solution (2 mg ortho-Phenylenediamine, 2 mg tablet, 
DAKO, and 5 µL H2O2 in 3 mL H2O). The reaction was stopped by adding 100 
µL 0.5 M H2SO4, and the response absorbance at 490 nm was measured 
(VersaMax Tunable Microplate reader, Molecular Devices). 

25 phage colonies from panning round 4 were picked from agar plates, 
amplified and precipitated exactly as described above. Binding was investiga-
ted for all 25 monoclonal phages by the same ELISA protocol as described 
above, except for the pre-blocking step in MaxiSorp plates for the monoclonal 
phages. ssDNA was isolated for phages displaying significant binding. 

To isolate ssDNA, the monoclonal phages were amplified by infecting 
500 µL exponentially growing E. coli TG1 culture with 50 µL of each monoclo-
nal phage stock solution. Following incubation for 20 min at 37 °C, the culture 
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was added to 25 mL 2xYT and incubated at 37 °C overnight. Next day, the 
phages were precipitated following the same procedure as described above, 
except for adding the 400 µL PBS in the final step, which was not done. 
ssDNA from the phages was isolated by the two different following procedures 

Procedure 1: The phage pellets from above were resuspended in 100 
µL Iodide Buffer (4M NaI in Tris-EDTA buffer (TE buffer); 10 mM Tris-HCl (pH 
8), 1 mM EDTA) and 250 µL 96% ethanol was added. The solutions were 
incubated for 10 min at room temperature and centrifuged for 10 min at 
13,000 x g (Ole Dich Microcentrifuge type 157). The supernatants were 
discarded, and the pellets were suspended in 250 µL ice cold 70% ethanol, 
followed by centrifugation for 8 min at 13,000 x g (Ole Dich Microcentrifuge 
type 157). The supernatant was carefully removed and the precipitate was 
dried in vacuum centrifuge for 10 min (Ole Dich Microcentrifuge type 157). 
The pellets were resuspended in 20 µL TE buffer (19 mM Tris-HCl, pH 8.0, 
1mM EDTA) and sent to sequencing at Eurofins Genomics (Eurofins MWG 
Operon) using the -96gIII primer. 

 Procedure 2: The phage pellets were resuspended in 300 µl PBS, and 
300 µl of phenol in chloroform was added. The Eppendorf tubes were centri-
fuged at 8,000 g for 5 min (Ole Dick Microcentrifuge type 157). The upper 
phase containing the phages was transferred to a new Eppendorf tube. To the 
phage solution, 30 µl of 3 M sodium acetate was added, followed by 600 µl of 
96% ethanol. The tubes were then kept at -80 °C for 10 minutes, followed by 
10 minutes at -20 °C. The precipitated DNA was then centrifuged at 4°C, 
20,000 x g for 20 min (Ole Dich Microcentrifuge type 157). The supernatant 
was carefully removed, and the pellet was resuspended in 250 µl 70% 
ethanol. The Eppendorf tubes were then centrifuged at 20,000 x g for 5 min 
(Ole Dich Microcentrifuge type 157), and the supernatant was discarded. To 
remove remaining ethanol and water, the pellet was dried for 20 minutes in a 
vacuum centrifuge (Speedvac Concentrator, Savant). The pellet was resu-
spended in 20 µl of sterile H2O and sent to sequencing at Eurofins Genomics 
(Eurofins MWG Operon) using the -96gIII primer. 

 
4.2.4.2 Cross-reactivity testing 
Wells were coated with 0.8 µg whole venom or toxin in 100 µL PBS, and cont-
rol wells were left in 100 µL PBS overnight at 4 °C. The following day, the 
wells were washed and blocked by addition of 100 µL 2% BSA in PBS and 
incubation at room temperature for 1 hour on a plate shaker. Thereafter, the 
plates were washed 10 times with 100 µL PBST. 100 µL of a diluted of pha-
ges in 2% BSA in PBS was added to the coated and uncoated wells in triplica-
tes. The wells were incubated for 1 h at room temperature on a plate shaker.	  
After incubation, the wells were washed ten times with 100 µL PBST. 100 µL 
of a solution containing a 1:1000 dilution of Anti-M13 monoclonal antibody 
(Horseradish Peroxidase conjugated, GE Healthcare) in 2% BSA in PBS was 
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added to each well, and the wells were incubated for 1 h at room temperature 
on a plate shaker. The wells were then washed ten times with 100 µL PBST. 
Color development was achieved by adding 100 µL OPD solution (2 mg or-
tho-Phenylenediamine, 2 mg tablet, DAKO, and 5 µL H2O2 in 3 mL H2O). The 
reaction was stopped by adding 100 µL 0.5 M H2SO4, and the response ab-
sorbance at 490 nm was measured (VersaMax Tunable Microplate reader, 
Molecular Devices). 
 
4.2.5 Results 
Polyclonal phage ELISA was used to track the progress of the panning 
rounds. After four rounds of panning, strong, specific binding was observed 
against Dendrotoxin B (Figure 4.2.5.A.A). 25 clones (10 from panning round 
1, and 15 from panning round 4) were isolated, and a monoclonal ELISA was 
performed for the clones (Figure 4.2.5.A.B). ssDNA from the monoclonal pha-
ges yielding the highest signals in this ELISA was isolated and sent for 
sequencing. Also, an additional monoclonal phage (Clone X) from an un-
known panning round (due to loss of a page in the lab book) was sequenced. 

 
Figure 4.2.5.A: A) Polyclonal phage ELISA of the five different panning 
rounds performed in the phage display selection experiment against Dendrot-
oxin B. B) Monoclonal phage ELISA of 25 isolated clones from panning 
rounds 1 and 4. 
 
DNA sequencing revealed that five different sequences were present, of 
which high similarity between Clone 19 and Clones 11, 17, 22, 23, and 25 
existed (Table 4.2.5.A). 
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Table 4.2.5.A: Overview of the peptidic anti-dendrotoxin hits. 
Clone 

No. Sequence MW (calc), Da Panning 
round ID 

Clone 1 Ac-YLGSADYSRIIPGGG-NH2 1566.71 1 SO001 
Clone 3 Ac-SLFMQDPGVRIG-NH2 1360.58 1 SO002 
Clone 5 Ac-CKMPAKLHC-NH2 (cyclic) 1069.38 1 SO003 
Clone 8 Ac-YLGSADYSRIIPGGG-NH2 1566.71 1 SO001 

Clone 11 Ac-WVPHTQKVVSPFFMHSNNHL-NH2 2446.79 4 SO004 
Clone 17 Ac-WVPHTQKVVSPFFMHSNNHL-NH2 2446.79 4 SO004 
Clone 19 Ac-WVPHIQKVVSPFFMHFNNHL-NH2 2518.94 4 SO005 
Clone 22 Ac-WVPHTQKVVSPFFMHSNNHL-NH2 2446.79 4 SO004 
Clone 23 Ac-WVPHTQKVVSPFFMHSNNHL-NH2 2446.79 4 SO004 
Clone 24 Ac-YLGSADYSRIIPGGG-NH2 1566.71 4 SO001 
Clone 25 Ac-WVPHTQKVVSPFFMHSNNHL-NH2 2446.79 4 SO004 
Clone X Ac-ACKMPAKLHCGGG-NH2 (cyclic) 1311.61 X SO006 
 
Table 4.2.5.B: Overview of some of the properties of the peptidic anti-
dendrotoxin hits. 

ID No. of AAs pI1 Solubility1 TEVC Effect Kd (µM) (±SD) 
SO001 15 6.75 Poor TBD TBD 
SO002 12 7.90 Poor TBD TBD 
SO003 9 14.0 Good TBD TBD 
SO004 20 14.0 Poor TBD TBD 
SO005 20 14.0 Poor TBD TBD 
SO006 13 14.0 Poor TBD TBD 
1Evaluated using http://pepcalc.com/peptide-solubility-calculator.php  
 

 
 
Figure 4.2.5.B: Molecular models of peptides from Table 4.2.5.B generated 
using PEP-FOLD (Shen et al., 2014, Thévenet et al., 2012). 
 
To investigate the binding pattern of some of the peptide displaying phages, 
ELISA-based cross-reactivity studies were performed for SO001 (Figure 
4.2.5.C), SO003 (Figure 4.2.5.D), and SO004 (Figure 4.2.5.E). Interestingly, 
the three phages display a very similar binding pattern, despite that the dis-
played peptides have very low similarity. The binding pattern also mirrors the 
binding pattern of the phage displaying Peptide 33535 (Figure 4.1.5.H). This 
may potentially indicate that cross-reactivity cannot truly be predicted for pep-
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tide displaying phages against whole venoms. This could be due to an inhe-
rent binding ability of the M13 phage itself to different components present in 
the different venoms. However, it could potentially also be that the peptides 
displayed do in fact share some common binding interactions that are possib-
le to establish between the peptide and several different toxins from unrelated 
species. Common for both SO001, SO003, and SO004 is that they all show 
strong binding to the mixture of α-elapitoxin/Dendrotoxin 1 (Fraction 7) from 
D. polylepis venom and only very weak binding to both Myotoxin II from Bo-
throps asper and short neurotoxin D from Aipysurus laevis. This is to be ex-
pected, since these toxins are unrelated to dendrotoxins. 
 

 
Figure 4.2.5.C: ELISA-based cross-reactivity tests performed with the ven-
oms of 12 snake species and 3 isolated toxins (Fraction 7: α-
elapitoxin/Dendrotoxin 1 from D. polylepis; Myotoxin II from B. asper; and 
short neurotoxin D from A. laevis) for the phage clones displaying peptide 
SO001 (clone 24). 
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Figure 4.2.5.D: ELISA-based cross-reactivity tests performed with the ven-
oms of 12 snake species and 3 isolated toxins (Fraction 7: α-
elapitoxin/Dendrotoxin 1 from D. polylepis; Myotoxin II from B. asper; and 
short neurotoxin D from A. laevis) for the phage clones displaying peptide 
SO003 (clone 5). 
 

 
Figure 4.2.5.E: ELISA-based cross-reactivity tests performed with the ven-
oms of 12 snake species and 3 isolated toxins (Fraction 7: α-
elapitoxin/Dendrotoxin 1 from D. polylepis; Myotoxin II from B. asper; and 
short neurotoxin D from A. laevis) for the phage clones displaying peptide 
SO004 (clone 23). 
 
4.2.6 Conclusion 
A phage display selection study was performed with a combined 7-, 12-, 16-, 
and 20-mer phage display peptide library against Dendrotoxin B from D. poly-
lepis. 6 different peptide hits were obtained from sequencing of 25 clones. 
These 6 hits show a high degree of diversity. Cross-reactivity studies for 3 of 
the phages displaying 3 of the peptides against selected whole venoms and 
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isolated toxins showed that the peptides were likely to be specific towards 
dendrotoxins, although the phages also showed an ability to bind to a range of 
whole venoms unrelated to D. polylepis venom.  

Discovery of peptide-based antitoxins against dendrotoxins using pha-
ge display selection seems feasible, although investigation of binding affinities 
by ITC and neutralization potential in vitro and in vivo for the peptides is nee-
ded for evaluation of the therapeutic potential of the anti-dendrotoxins. 

 
Contributions 
Andreas Hougaard Laustsen conceived and designed the study. Andreas Hougaard Laustsen 
purified the toxins. Saioa Oscoz Cob performed the phage display selections, cross-reactivity 
studies, and analyzed the data under supervision from Andreas Hougaard Laustsen and Bri-
an Lohse. Andreas Hougaard Laustsen designed the peptides. Andreas Hougaard Laustsen 
prepared the chapter. 
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4.3 Anti-myotoxins 
Myotoxins from B. asper are toxins causing local tissue damage to muscle tis-
sue. These effects may lead to edema, breakdown of skeletal muscle, and 
necrosis (Francis et al., 1991, Lomonte et al., 2003, Gutiérrez and Lomonte, 
1995), see Figure 4.3.A.A. Such local tissue damaging effect can be severe 
and are notoriously difficult to treat with current antivenoms. 
 

 
 
Figure 4.3.A: A) Schematic representation of how myotoxins induce myo-
necrosis by destroying the the integrity of muscle fibers. B) Schematic repre-
sentation of how peptidic anti-myotoxins could protect the muscle fibers from 
myonecrosis 
 
4.3.1 Aim 
In the current study, the aim was to identify peptide-based inhibitors of myo-
toxins from B. asper venom (see Figure 4.3.A.B). Being able to neutralize the-
se toxins with a peptidic antitoxin could have clinical implications in the treat-
ment of local tissue damage, since peptides (or peptide-derived molecules) 
may have different distribution properties. Additionally, peptidic antitoxins 
could potentially be administratered by a different route than i.v., possibly en-
abling injection close to the bite site. 
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4.3.2 Libraries 
The two random linear peptide libraries, TriCo-16™ Phage Display Peptide 
Library and TriCo-20™ Phage Display Peptide Library from Creative Biolabs 
were employed. 
 
4.3.3 Toxin 
Myotoin II was purified from the venom of B. asper from the Pacific versant of 
Costa Rica using ion-exchange chromatography on CM-Sephadex C-25 as 
described by Lomonte and Gutierrez (1989), followed by RP-HPLC on a semi-
preparative C8 column as described by Mora-Obando et al. (2014). 
 
4.3.4 Methods 
4.3.4.1 Phage display selection 
The entire phage display selection experiment was performed twice with positive results by 
two different students: Andreas Munk and Johanna Bjärtun. The exact same protocol was 
followed, except for using two different ssDNA isolation techniques. 
 
A well (MaxiSorp™, NUNC) was coated with 100 µL containing 1 µg of Myo-
toxin II. The well was left at 4 °C overnight. 

Next day, the well was blocked by adding 4% M-PBS, and the plate 
was incubated for 1 h at room temperature on plate shaker, after which it was 
washed three times with 100 µL PBS. For panning round 1, 5 µL of each libra-
ry was mixed with 110 µL PBS and 120 µL 4% M-PBS, and 100 µL of this so-
lution was added to the well, which was further incubated for 1 h at room tem-
perature on a plate shaker. For panning rounds 2-5, the 100 µL of a 50:50 
mixture of phage library from the previous round and 4% M-PBS was used 
instead. After incubation, the well was washed ten times with PBS. Bound 
phages were eluted by incubating for 10 min with 100 µL 10 mM Glycine-HCl, 
pH 2.5 and transferring the solution to an Eppendorf tube containing 100 µL 2 
M Tris to reach pH 7.4. 

The phages were amplified by adding them to 500 µL exponentially 
growing E. coli TG1 in 2xYT and incubated for 20 min at 37 °C, after which 
the infected E. coli were added to 10 mL 2xYT and incubated at 37 °C over-
night. 

Next day, the overnight culture was centrifuged for 10 min at 10,000 
rpm (Sorvall® EvolutionTMRC Superspeed Centrifuge), and the supernatant 
containing the phages was transferred to a new centrifuge tube, containing 1 
mL precipitation buffer (20% PEG6000, 2.5 M NaCl). After one hour on ice, 
the phages were centrifuged for 15 min at 13,000 rpm (Sorvall® EvolutionT-
MRC Superspeed Centrifuge). Most of the supernatant was discarded leaving 
1 mL together with the phage pellet. The phage pellet was resuspended, 
transferred to an Eppendorf tube, and centrifuged for 5 min at 13,000 x g (Ole 
Dich Microcentrifuge type 157). The supernatant was completely removed, 
and the pellet was dissolved in 500 µL PBS. 
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The exact same procedure was performed for a negative control well, 
which was not coated with any antigen, but which were left in PBS overnight 
during the coating procedure. The libraries employed in these wells were the 
same libraries as used for the well containing the antigen (having the implica-
tion that a control library would have only been panned in an antigen-less well 
in its last panning round). 

The progress of the panning rounds was followed by ELISA. For each 
panning round to be tested and for each control panning, one well was coated 
with Myotoxin II, and one well was left in PBS overnight. The following day, 
the wells were then blocked by adding 100 µL 2% BSA in PBS, and the plate 
was incubated for 1 h at room temperature on plate shaker. The wells were 
washed five times with 100 µL PBST, after which 100 µL of a 50:50 mixtures 
of the panning rounds mixed with 2% BSA in PBS were added to their respec-
tive wells. The wells were incubated at room temperature for 2 h on a plate 
shaker. After incubation, the wells were washed five times with 100 µL PBST. 
100 µL of a solution containing a 1:1000 dilution of Anti-M13 monoclonal an-
tibody (Horseradish Peroxidase conjugated, GE Healthcare) in 2% BSA in 
PBS was added to each well, and the wells were incubated for 2 h at room 
temperature on a plate shaker. The wells were then washed five times with 
100 µL PBST. Color development was achieved by adding 100 µL OPD solu-
tion (2 mg ortho-Phenylenediamine, 2 mg tablet, DAKO, and 5 µL H2O2 in 2.5 
mL H2O). The reaction was stopped by adding 100 µL 0.5 M H2SO4, and the 
response absorbance at 490 nm was measured (VersaMax Tunable Micropla-
te reader, Molecular Devices). 

75 phage colonies from panning rounds 3 and 4 from both phage dis-
play selection experiments were picked from agar plates, amplified and preci-
pitated exactly as described above. Binding was investigated for all 75 mo-
noclonal phages by the same ELISA protocol as described above. ssDNA 
was isolated for phages displaying significant binding. 

To isolate ssDNA, the monoclonal phages were amplified by infecting 
500 µL exponentially growing E. coli TG1 culture with 20-50 µL of each mo-
noclonal phage stock solution. Following incubation for 20 min at 37 °C, the 
culture was added to 10-25 mL 2xYT and incubated at 37 °C overnight. Next 
day, the phages were precipitated following the same procedure as described 
above, except for adding the 500 µL PBS in the final step, which was not do-
ne. ssDNA from the phages was isolated by the two different following proce-
dures 

Procedure 1: The phage pellets from above were resuspended in 100 
µL Iodide Buffer (4M NaI in Tris-EDTA buffer (TE buffer); 10 mM Tris-HCl (pH 
8), 1 mM EDTA) and 250 µL 96% ethanol was added. The solutions were 
incubated for 10 min at room temperature and centrifuged for 10 min at 
13,000 x g (Ole Dich Microcentrifuge type 157). The supernatants were 
discarded, and the pellets were suspended in 250 µL ice cold 70% ethanol, 
followed by centrifugation for 8 min at 13,000 x g (Ole Dich Microcentrifuge 
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type 157). The supernatant was carefully removed and the precipitate was 
dried in vacuum centrifuge for 10 min (Ole Dich Microcentrifuge type 157). 
The pellets were resuspended in 20 µL TE buffer (19 mM Tris-HCl, pH 8.0, 
1mM EDTA) and sent to sequencing at Eurofins Genomics (Eurofins MWG 
Operon) using the -96gIII primer. 

 Procedure 2: The phage pellets were resuspended in 300 µl PBS, and 
300 µl of phenol in chloroform was added. The Eppendorf tubes were centri-
fuged at 8,000 g for 5 min (Ole Dick Microcentrifuge type 157). The upper 
phase containing the phages was transferred to a new Eppendorf tube. To the 
phage solution, 30 µl of 3 M sodium acetate was added, followed by 600 µl of 
96% ethanol. The tubes were then kept at -80 °C for 10 minutes, followed by 
10 minutes at -20 °C. The precipitated DNA was then centrifuged at 4°C, 
20,000 x g for 20 min (Ole Dich Microcentrifuge type 157). The supernatant 
was carefully removed, and the pellet was resuspended in 250 µl 70% 
ethanol. The Eppendorf tubes were then centrifuged at 20,000 x g for 5 min 
(Ole Dich Microcentrifuge type 157), and the supernatant was discarded. To 
remove remaining ethanol and water, the pellet was dried for 20 minutes in a 
vacuum centrifuge (Speedvac Concentrator, Savant). The pellet was resu-
spended in 20 µl of sterile H2O and sent to sequencing at Eurofins Genomics 
(Eurofins MWG Operon) using the -96gIII primer. 

ssDNA was analyzed by gel electrophoresis: A 1% agarose gel (2 g 
Agarose in 200 mL 1x Tris Acetate-EDTA buffer (TAE buffer), pH 8.0, with 4 
drops of ethidium bromide) was used as matrix. 5 µL of each ssDNA sample 
in TE buffer was mixed with 5 µL loading buffer and added to a well. 5 µL 
GeneRuler™ 100bp Plus DNA Ladder, 0.1 µg/µL (Thermo Scientific), was 
added to separate wells on each side of the sample row. 115 V was applied to 
the agarose gel for 45 min, after which the gel was analyzed by UV detection. 
 
4.3.4.2 Phage dilution series 
Phage dilution series were evaluated by a method based on the exact same 
ELISA protocol as described above, except that different dilutions of mo-
noclonal phage stock solutions were employed. 
 
4.3.4.3 Cross-reactivity studies 
Cross-reactivity were based on the exact same ELISA protocol as described 
above. Wells (MaxiSorp™, NUNC) were coated with 100 µL containing 1 µg 
of other toxins or whole venoms. 
 
4.3.5 Results 
A polyclonal ELISA was performed for all panning rounds for both of the two 
phage display selection experiments (Figure 4.3.5.A and Figure 4.3.5.B). 27 
clones were isolated from the 4th round of panning for Johanna Bjärtun’s ex-
periment, and 30 clones were isolated from Andreas Munk’s experiment, and 
a monoclonal ELISA was performed for the clones to detect binding (data not 
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shown). Another monoclonal ELISA was performed to confirm binding for the 
16 most promising clones from both experiments (Figure 4.3.5.C). ssDNA 
from the monoclonal phages yielding the highest signals in this ELISA was 
isolated and sent for sequencing. ssDNA was also isolated and sequenced for 
an additional two phages (M1.4 and M1.5), which had shown promising bin-
ding in the preliminary monoclonal ELISA. 
 
 

 
Figure 4.3.5.A: Polyclonal phage ELISA of the five different panning rounds 
performed in the phage display selection experiment against Myotoxin II. Per-
formed by Johanna Bjärtun. 
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Figure 4.3.5.B: Polyclonal phage ELISA of the five different panning rounds 
performed in the phage display selection experiment against Myotoxin II. Per-
formed by Andreas Munk. 
 

 
Figure 4.3.5.C: Monoclonal phage ELISA of 16 isolated clones from the two 
phage display selection experiments. 
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DNA sequencing was successful for ssDNA from 13 out of the 18 monoclonal 
phages. This phage DNA displayed a very high degree of diversity with only 
two phages (1.5 and 4.10) having the same sequence (Table 4.3.5.A). 
 
Table 4.3.5.A: Overview of the peptidic anti-myotoxin hits. 
Clone 

No. Sequence MW (calc), Da Panning 
round ID 

M1.1 Ac-VNRMLELKIMDYGGG-NH2 1737.06 1 JB001 
M1.2 Ac-QSVTMGPGLITHSPIHTQSK-NH2 2160.46 1 JB002 
M1.4 Ac-DYDRIPDIPMLGGGG-NH2 1616.8 1 JB003 
M1.5 Ac-NGYWSSQQYMQQAPMPWRIP-NH2 2509.82 1 JB004 
M1.8 Ac-SWEPYANPTRYKFHDW-NH2 2138.3 1 JB005 
M1.9 Ac-DHWVWGWNYQYQPQEWHTES-NH2 2717.81 1 JB006 
M4.3 Ac-WFEWPYWEMNVPDVWN-NH2 2239.46 4 JB007 
M4.9 Ac-FTMQQHTTTHYPTAH-NH2 1842.0 4 JB008 

M4.10 Ac-NGYWSSQQYMQQAPMPWRIP-NH2 2509.82 4 JB004 
3 Ac-GFYKGESNVKHVYQRF-NH2 2000.22 4 JB009 

15 Ac-THGNKHQSWTYPSEINHKNY-NH2 2482.62 4 JB010 
22 Ac-ADRAFFNTNFESWHELMYQN-NH2 2561.74 4 JB011 
24 Ac-QWSTYWDPQYRHHGYR-NH2 2221.35 4 JB012 

 
Table 4.3.5.B: Overview of some of the properties of the peptidic anti-
myotoxin hits. 

ID No. of Aas pI1 Solubility1 Anti-myotoxic 
effect Kd (µM) (±SD) 

JB001 14 7.14 Good TBD TBD 
JB002 20 14.0 Poor TBD TBD 
JB003 15 3.41 Good TBD TBD 
JB004 20 10.09 Poor TBD TBD 
JB005 16 7.89 Good TBD TBD 
JB006 20 4.3 Poor TBD TBD 
JB007 16 10.38 Good TBD TBD 
JB008 16 0 Poor TBD TBD 
JB009 15 8.31 Poor TBD TBD 
JB010 20 9.86 Poor TBD TBD 
JB011 20 4.31 Poor TBD TBD 
JB012 16 9.79 Poor TBD TBD 

1Evaluated using http://pepcalc.com/peptide-solubility-calculator.php  
 
Based on the intensity of the signals in the monoclonal phage ELISA, the six 
peptides JB001, JB002, JB003, JB004, JB005, and JB006 were chosen for 
further analysis. 
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Figure 4.3.5.D: Molecular models of the six peptides giving the highest sig-
nals in their corresponding monoclonal phage ELISA generated using PEP-
FOLD (Shen et al., 2014, Thévenet et al., 2012). 
 
The monoclonal phages encoding the peptides JB001, JB002, JB003, JB004, 
JB005, and JB006 were investigated in ELISA-based cross-reactivity studies 
(Figure 4.3.5.E). Unsurprisingly, strong cross-reactivity was observed against 
Myotoxin I from B. asper, which is homologous to Myotoxin II (Figure 4.3.5.F). 
Also, no reactivity was detected against human serum albumin. However, qui-
te surprisingly, some cross-reactivity towards the very different α-cobratoxin 
from Naja kaouthia was observed. For phages encoding JB003, JB004, 
JB005, and JB006, the extent of binding to α-cobratoxin seemed to be of simi-
lar intensity as for Myotoxin II, which is quite suprising given the very limited 
similarity between the toxins (Figure 4.3.5.G). Further investigations are nee-
ded to elucidate the binding mechanisms of phages to the different toxins. 
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Figure 4.3.5.E: ELISA-based cross-reactivity study of monoclonal phages. 
MT-I: Myotoxin I from B. asper. a-cbtx: α-cobratoxin from N. kaouthia. HSA: 
Human serum albumin. MT-II: Myotoxin II from B. asper. Numbers on the x-
axis correspond to the clone numbers from Table 4.3.5.A, followed by the dilu-
tion factor for the phage in 2% BSA in PBS. 
 

 
 
Figure 4.3.5.F: Sequence alignment of Myotoxin I and Myotoxin II from B. 
asper using the EMBOSS Needle online tool.  
 

 
 
Figure 4.3.5.G: Sequence alignment of α-cobratoxin from N. kaouthia and 
Myotoxin II from B. asper using the EMBOSS Needle online tool.  
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4.3.6 Conclusion 
Two phage display selection studies were performed with a combined 16- and 
20-mer phage display peptide library against Myotoxin II from B. asper. 13 
peptide hits showing a high degree of diversity were isolated and sequenced. 
Cross-reactivity studies for 6 of these phages against Myotoxin I from B. 
asper and α-cobratoxin from N. kaouthia were performed, indicating that all 
Myotoxin II binding phages also bound Myotoxin I, whereas four of them even 
bound α-cobratoxin, which is quite surprising, given the very limited similarity 
between myotoxins and cobratoxins.  

From these studies it seem evident that discovery of peptide-based an-
titoxins against myotoxins is feasible. Further investigation of binding affinities 
by ITC and neutralization potential in vitro and in vivo for the peptides is requi-
red to evaluate their therapeutic potential. 
 
Contributions 
Andreas Hougaard Laustsen and Bruno Lomonte conceived and designed the study. Bruno 
Lomonte purified the toxins. Andreas Munk and Johanna Bjärtun performed the phage display 
selections and cross-reactivity studies and analyzed the data under supervision from Andreas 
Hougaard Laustsen and Brian Lohse. Andreas Hougaard Laustsen designed the peptides. 
Andreas Hougaard Laustsen prepared the chapter. 
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5. NANOBODY-BASED ANTITOXINS 
 
Camelid heavy chain fragments (“nanobodies” or VHHs) (see Figure 5.A) 
against snake venom toxins have previously been discovered (Laustsen et al., 
2016, Richard et al., 2013). In this chapter, two phage display selection stud-
ies using nanobody libraries and two different snake venom toxins are pre-
sented and briefly discussed. A more thorough discussion on the use of 
nanobodies as antitoxins for snakebite envenoming therapy is reserved for 
chapter 7. 
 

 
 
Figure 5.A: Schematic representation of a normal antibody, and a camelid 
heavy-chain antibody, and the VHH fragment from the camelid heavy-chain 
antibody (also called “nanobody”). 
 

5.1 Nanobodies against Black mamba α-neurotoxins 
Short neurotoxin 1 and α-elapitoxin Dpp2c are both α-neurotoxins, which are 
present in Dendroaspis polylepis venom. By targeting the nicotinic acetylcho-
line receptor, they block neuromuscular function and cause flaccid paralysis in 
prey and victims (Laustsen et al., 2015A), see Figure 2.4.1.A. These two α-
neurotoxins have been identified as the two toxins of main medical relevance 
based on the Toxicity Score (Laustsen et al., 2015B). 
 
5.1.1 Aim 
The aim of the current study was to identify nanobody-based inhibitors of type 
I and type II α-neurotoxins from D. polylepis venom. If these two types of α-
neurotoxins could be neutralized, it is likely to abrogate the most lethal neuro-
toxic effects of the venom. 
 
5.1.2 Library 
J. C. Hall and G. Richard from the School of Environmental Sciences, Univer-
sity of Guelph, Guelph, Ontario, Canada kindly provided the VHH (nanobody) 
M13 phage library based on VHH genes from a llama immunized with Naja 
kaouthia whole venom (Richard et al., 2013). This library was constructed 
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from the total RNA of 2 x 107 leukocytes from an immunized llama, from which 
the VHH gene repertoire was amplified, cloned into pMED1 phagemid vector, 
and transformed into Escherichia coli TG1 (Richard et al., 2013). The library 
had previously been used to identify VHH based inhibitors of α-cobratoxin from 
N. kaouthia, which is homologous to α-elapitoxin Dpp2c from D. polylepis. 
 
5.1.3 Toxins 
Short neurotoxin 1 from fraction 4 and a mixture of dendrotoxins and α-
elapitoxin Dpp2c from fraction 7 of D. polylepis venom were purified according 
to the protocol given in Laustsen et al., 2015A. 
 
5.1.4 Methods 
5.1.4.1 Phage display selection 
Prior to panning, the VHH phage library (present in E. coli TG1 cells) was am-
plified and precipitated: The library was grown in 200 mL of 2xYT supple-
mented with 100 µg/mL ampicillin and 1% glucose, and incubated at 37 °C on 
a plate shaker until an OD600 of 0.4-0.6 was reached. The culture was super-
infected with 1010 KM13 helper phages (1.2x1011 pfu/10 mL) at 30 °C for 30 
min without shaking. The E. coli TG1s were harvested by centrifugation for 10 
min at 10,000 rpm (Sorvall® EvolutionTMRC Superspeed Centrifuge). The 
pellet was resuspended in 100 mL 2xYT medium containing 100 µg/mL ampi-
cillin, 50 µg/mL kanamycin, and 0.1% glucose, and incubated overnight at 30 
°C, while shaking. 

Next day, the overnight culture was centrifuged for 10 min at 10,000 
rpm (Sorvall® EvolutionTMRC Superspeed Centrifuge), and the supernatant 
containing the phages was transferred to a new centrifuge tube, containing 1 
mL precipitation buffer (20% PEG6000, 2.5 M NaCl). After one hour on ice, 
the phages were centrifuged for 15 min at 13,000 rpm (Sorvall® EvolutionT-
MRC Superspeed Centrifuge). Most of the supernatant was discarded leaving 
1 mL together with the phage pellet. The phage pellet was resuspended, 
transferred to an Eppendorf tube, and centrifuged for 5 min at 13,000 x g (Ole 
Dich Microcentrifuge type 157). The supernatant was completely removed, 
and the pellet was dissolved in 300-500 µL PBS. 

A well (MaxiSorp™, NUNC) was washed three times with 0.05 % 
Tween® 20 in PBS (PBST) and coated with 100 µL containing 1 µg of toxin 
(Fraction 4 or Fraction 7 from D. polylepis venom). After 1 hour on plate shak-
er at room temperature, the well was left at 4 °C overnight. 

Next day, the well was blocked by adding 4% M-PBS, and the plate 
was incubated for 2 h at room temperature on plate shaker, after which it was 
washed three times with 100 µL PBS.  

For panning round 1, 50 µL of the library was mixed with 200 µL 4% M-
PBS. For panning rounds 2-5, 50 µL of the phage library from the previous 
round was used instead. 100 µL of this solution was first incubated for 1 h in 
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an Eppendorf tube at room temperature, and then added to an un-coated 
MaxiSorp well, which was further incubated for 1 h at room temperature on a 
plate shaker. After incubation, the coated well was washed ten times with 
PBST. Then 100 µL of the phages incubated on the un-coated MaxiSorp well 
were transferred to the coated well, and the plate was incubated at room tem-
perature on a plate shaker for 1 h. Bound phages were eluted by incubating 
for 10 min with 200 µL 10 mM Glycine-HCl, pH 2.5 and transferring the solu-
tion to an Eppendorf tube containing 200 µL 2 M Tris to reach pH 7.4.  

The phages were added to 500 µL exponentially growing E. coli TG1 in 
2xYT and incubated for 20 min at 37 °C. Then, the solution was spread out on 
an LB agar plate containing 100 µg/mL of ampicillin and 0.1% glucose and 
incubated overnight at 37 °C. 

The next day, colonies were scraped off the plate and re-suspended in 
100 mL 2xYT medium supplemented with 100 µg/mL ampicillin and 1% glu-
cose and incubated at 37 °C, until an OD600 at 0.4-0.6 was reached. Then, the 
phages were superinfected with KM13 helper phages as described earlier. 

Next day, the phages from the overnight culture were precipitated as 
described earlier and resuspended in 300-500 µL PBS. 

The exact same procedure was performed for a control well, which was 
not coated with any antigen, but which were left in PBS overnight during the 
coating procedure. The libraries employed in these wells were the same li-
braries as used for the well containing the antigen (having the implication that 
a control library would have only been panned in an antigen-less well in its 
last panning round). In total, five panning rounds were performed in each 
phage display selection study (although only three rounds are shown). 

The progress of the panning rounds was followed by ELISA. For each 
panning round and control panning to be tested, one well was coated with 1 
µg toxin, and one well was left in PBS overnight. The following day, the wells 
were then blocked by adding 100 µL 4% BSA in PBS, and the plate was incu-
bated for 1 h at room temperature on plate shaker. Meanwhile, 100 µL of 
each panning round and each control panning was mixed with 100 µL 4% 
BSA in PBS and incubated at room temperature in an un-coated MaxiSorp 
well on a plate shaker for 1 h. After 1 h of incubation, the wells were washed 
ten times with PBST, after which 100 µL of the pre-blocked panning rounds 
were added to their respective wells. The wells were incubated at room tem-
perature for 1 h on a plate shaker. After incubation, the wells were washed ten 
times with PBST. 100 µL of a solution containing a 1:1000 dilution of Anti-M13 
monoclonal antibody (Horseradish Peroxidase conjugated, GE Healthcare) in 
2% BSA in PBS was added to each well, and the wells were incubated for 1 h 
at room temperature on a plate shaker. The wells were then washed ten times 
with PBST. Color development was achieved by adding 100 µL OPD solution 
(2 mg ortho-Phenylenediamine, 2 mg tablet, DAKO, and 5 µL H2O2 in 3 mL 
H2O). The reaction was stopped by adding 100 µL 0.5 M H2SO4, and the re-
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sponse absorbance at 490 nm was measured (VersaMax Tunable Microplate 
reader, Molecular Devices). 

20 phage colonies from panning rounds 3 (for both Fraction 4 and 
Fraction 7) were picked from agar plates, amplified and precipitated exactly as 
described above. Binding was investigated for all 20 monoclonal phages by 
the same ELISA protocol as described above. 

ssDNA from the phages was attempted isolated by Procedure 1 given 
in section 4.2.4.1, but was unsuccessful. Due to time constraints, ssDNA iso-
lation has not yet been re-attempted using Procedure 2 in section 4.2.4.1. 

 
5.1.4.2 Cross-reactivity studies 
Cross-reactivity were based on the exact same ELISA protocol as described 
above. Wells (MaxiSorp™, NUNC) were coated with 100 µL containing 1 µg 
of other toxins. 
 
5.1.5 Results 
Polyclonal phage ELISA was used to follow the progress of the panning 
rounds against Fraction 4 (Short neurotoxin 1) and Fraction 7 (dendrotoxins 
and α-elapitoxin Dpp2c) (Figure 5.1.5.A.A and 5.1.5.B.A). After three rounds 
of selection, a significant increase in signal was observed, although no differ-
ence in binding could be detected for the libraries against the toxins relative to 
the uncoated control well. Despite this somewhat unpromising observation, 10 
clones from each library were isolated, and a monoclonal ELISA was per-
formed for the clones against toxin coated wells and uncoated wells (Figure 
5.1.5.B.B and 5.1.5.B.B, only selected clones 6-10 are shown for both exper-
iments). For the phage display selection experiment against Fraction 4, only 
one phage clone was isolated (clone 6), which showed specific binding to the 
toxin compared to the control, whereas initially no clones were isolated from 
the second phage display selection experiment showing significantly specific 
binding to toxins in Fraction 7 compared to the control. Due to problems with 
the employed DNA isolation procedure, which provided very low yields, se-
quencing was unsuccessful for all clones. Further sequencing attempts are 
currently pending. 
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Figure 5.1.5.A: A) Polyclonal phage ELISA for the three different panning 
rounds performed in the phage display selection experiment against Fraction 
4, containing Short neurotoxin 1. B) Monoclonal phage ELISA for five of the 
ten isolated clones from panning round 3. 
 

 
 
Figure 5.1.5.B: A) Polyclonal phage ELISA for the three different panning 
rounds performed in the phage display selection experiment against Fraction 
7, containing dendrotoxins and α-elapitoxin Dpp2c. B) Monoclonal phage 
ELISA for five of the ten isolated clones from panning round 3. 
 
Despite the limited success with identification of toxin specific clones, cross-
reactivity between toxins was investigated for clones 7 and 8 selected against 
Fraction 7, containing dendrotoxins and α-elapitoxin Dpp2c (Figure 5.1.5.C). 
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Figure 5.1.5.C: ELISA-based cross-reactivity studies of monoclonal phages 
against Fraction 7 (containing dendrotoxins and α-elapitoxin Dpp2c), Fraction 
4 (Short neurotoxin 1), α-cobratoxin, and control. A) Monoclonal phage dis-
playing Nanobody-7. B) Monoclonal phage displaying Nanobody-8. 
 
For clones 7 and 8, only very limited binding was observed for Fraction 4 
(Short neurotoxin 1) and α-cobratoxin from N. kaouthia. The absence of bind-
ing to α-cobratoxin could indicate that clones 7 and 8 do not bind to α-
elapitoxin Dpp2c, but instead to dendrotoxins present in Fraction 7, given that 
the two type II α-neurotoxins, α-elapitoxin Dpp2c and α-cobratoxin, are in fact 
much more similar to each other than α-elapitoxin Dpp2c and Short neurotox-
in 1 (Figure 5.1.5.D). 
 

A 

 
 
B 

 

a-cobratoxin   IRCFITPDITSKDCPNG-HVCYTKTWCDAFCSIRGKRVDLGCAATCPTVKTGVDIQCCSTDNCNPFPTRKRP- 
               ..|..||...||.||.| ::|||||||||:||.|||.|:||||||||.||.||:|:||||||||.|...| |  
a-elapitoxin   RTCNKTPSDQSKICPPGENICYTKTWCDAWCSQRGKIVELGCAATCPKVKAGVEIKCCSTDNCNKFKFGK-PR 
               |.|   ..|....:|.|.  ||.||.|.|.|    .||.|:|.||.  |||||.||.|.||.:|.||.  
Short neuro 1  RICYNHQSTTRATTKSCE--ENSCYKKYWRD----HRGTIIERGCG--CPKVKPGVGIHCCQSDKCNY------- 
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Figure 5.1.5.D: A) Crystal structures of α-cobratoxin, α-elapitoxin Dpp2c, 
Short neurotoxin 1, and Dendrotoxin 1. B) Sequence alignment of α-elapitoxin 
Dpp2c with α-cobratoxin and Short neurotoxin 1. From the crystal structures it 
is seen that the 3D structures for α-cobratoxin and α-elapitoxin Dpp2c are 
very similar, that the 3D structures for α-cobratoxin and Short neurotoxin 1 are 
somewhat similar, and that the 3D structures for α-cobratoxin and Dendrotox-
in 1 are very different. These similarities and differences are also reflected in 
the higher sequence similarity between α-elapitoxin Dpp2c and α-cobratoxin 
than α-elapitoxin Dpp2c and Short neurotoxin 1. 
 
Based on the toxicovenomic analysis of D. polylepis venom, Fraction 4 is like-
ly to contain some dendrotoxin impurities (Laustsen et al. 2015A). It is there-
fore likely that the slightly higher binding observed for the phages to Fraction 
4 could be due to binding to dendrotoxin impurities. Potential discovery of 
dendrotoxin binders is a very curious finding. The library employed for phage 
display was derived from the VHH repertoire of a llama immunized with venom 
from N. kaouthia. This venom is devoid of any Kunitz-type inhibitors, but in-
stead contains a high abundance of type II α-neurotoxins (Laustsen et al., 
2015C). It is therefore surprising that binders may have been found against 
dendrotoxins, which are a specific type of Kunitz-type inhibitors unique to the 
Dendroaspis genus (Dufton and Harvey, 1998). More studies are however 
needed in order to confirm all of the findings in this study. 
 
5.1.6 Conclusion 
Two phage display selection studies were performed with a nanobody library 
from a llama immunized with N. kaouthia whole venom against Fractions 4 
(Short neurotoxin 1 from D. polylepis) and 7 (dendrotoxins and α-elapitoxin 
Dpp2c from D. polylepis). From these studies it seems evident that discovery 
of nanobody-based antitoxins is feasible even against toxins from other snake 
families than the one(s) the nanobody-based phage display library has been 
raised and developed against. Thus, such libraries seem to be quite versatile 
tools in the search for a broad range of antitoxins against both homologous 
and heterologous toxins. However, to further evaluate how promising such 
nanobodies are, further investigations are needed. 
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6. ANTIBODY-BASED ANTITOXINS 
 
In this chapter, 13 phage display selection studies using an scFv library and 
different snake venom toxins are presented and briefly discussed. A more tho-
rough discussion on the use of antibodies (and fragments thereof) as anti-
toxins for snakebite envenoming therapy (see Figure 6.1.A) is reserved for 
chapter 7. 
 

6.1 Discovery of human antibodies against Black mamba 
toxins using Pierce Reacti-Bind™ plates  
α-neurotoxins (see Figure 2.4.1.A) and dendrotoxins (see Figure 2.4.3.A) are 
the medically most important toxins of Dendroaspis polylepis venom (Laust-
sen et al., 2015A), based on the Toxicity Score (Laustsen et al., 2015B). Addi-
tionally, α-cobratoxin is the single most medically important toxin from the 
venom of Naja kaouthia (Kulkeaw et a., 2009, Richard et al., 2013, Laustsen 
et al., 2015C). In order abrogate overall venom toxicity for both D. polylepis 
venom and N. kaouthia venom; these toxins must be neutralized.  

Richard et al. (2013) found potent camelid VHH fragments against α-
cobratoxin using Pierce Reacti-Bind™ plates. The scope of this experiment 
was to evaluate the potential of using these plates. For Pierce Reacti-Bind™ 
plates, coating of toxins to the plate is achieved by chemical coupling the toxin 
to maleic anhydride (forming a malamide), which is connected to the plate via 
a linker (see Figure 4.1.4.1.A). 
 

 
 
Figure 6.1.A: Schematic representation of an oligoclonal recombinant anti-
venom consisting of a mix of human antibodies targeting multiple different 
toxins within different toxin families to completely abrogate venom toxicity. 
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6.1.1 Aim 
The aim of the current study was to identify human antibody-based inhibitors 
against the medically important α-neurotoxins and dendrotoxins from D. poly-
lepis and α-cobratoxin from N. kaouthia. A suite of antibody-based antitoxins 
that are able to neutralize these toxins could be used for developing human 
oligoclonal recombinant antivenoms that target several different classes of 
toxins (see Figure 6.1.A). Such antivenoms may not only be useful for targe-
ting the toxins in D. polylepis venom, but also toxins from the venoms of other 
Dendroaspis (and possibly even other elapid) species. 
 
6.1.2 Library 
The IONTAS Phage Display Library was employed for the phage display se-
lections. The library was developed as an updated version of the library deve-
loped by Schofield et al. (2007), which is based on the M13 bacteriophage 
displaying human scFv fragments fused to the pIII protein. The library has a 
size of 4 x1010 and is created from a naive B-cell repertoire. 
 
6.1.3 Toxins 
Short neurotoxin 1 from fraction 4, mixtures of dendrotoxins and α-elapitoxin 
Dpp2c from fractions 5, 6, and 7, and Dendrotoxin 1 from fraction 8, of D. po-
lylepis venom were purified according to the protocol given in Laustsen et al. 
(2015A). In addition, purified α-cobratoxin from N. kaouthia was obtained from 
Latoxan SAS, France. 
 
6.1.4 Methods 
6.1.4.1 Peptide epitopes 
Based on a high-density peptide microarray experiment (see Figure 6.1.4.1.A) 
performed by collaborator Mikael Engmark from DTU Systems Biology, three 
epitopes from important α-neurotoxins from D. polylepis toxins were reported 
(unpublished results). The high-density peptide microarray was designed such 
that it displayed all possible linear 12-mer sequences of amino acids covering 
all described toxins from the venom of Dendroaspis and neurotoxic African 
Naja species. Moreover, mutated versions of the 12-mers corresponding to 
single replacement of each amino acid with alanine were included in the 
study. Antibodies from different snake venom antisera were allowed to bind to 
the displayed linear peptides, which was detected using a secondary antibo-
dy. Hereby, the linear epitopes, which are targeted by neutralizing antiserum 
antibodies raised through immunization of horses could be identified. 
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Figure 6.1.4.1.A: Schematic representation of how antiserum antibodies bind 
to a peptide microarray, which displays all linear stretches of amino acids co-
vering a range of snake venom toxins. Binding can be detected by a seconda-
ry antibody. Analysis of binding data reveals what linear epitopes that the an-
tibodies bind to. 
 
The “tolerance" of the antiserum antibodies to mutations of an epitope was 
characterized using alanine-substituted peptides and related toxins both 
within one of the snake species and between snake species. Combined with 
multiple sequence alignments of toxin subfamilies and available toxin LD50s, 
three peptide sequences containing bias consensus epitopes were con-
structed. These peptide sequences correspond to a general second loop of 
type I α-neurotoxins (Epitope 1), a general second loop of type II α-
neurotoxins (Epitope 2), and a general third loop of type II α-neurotoxins 
(Epitope 3) from D. polylepis. The corresponding peptides were synthesized 
by Schafer-N in >95%, who also recorded MS spectra (Shimadzu LCMS-
2020). The three peptides were: 
 

• Epitope 1: Ac-YKKTWSDHRGTI(K(Biotin))-NH2 
• Epitope 2: Ac-WCDAFCSQRGKR(K(Biotin))-NH2   (S-S bridge: C2-C5) 
• Epitope 3: Ac-TCPKVKAGVEIK(K(Biotin))-NH2  

 
6.1.4.2 Phage display selection 
Wells (Reacti-Bind™, Pierce) were washed three times with 200 µL PBS and 
coated with 100 µL 10 µg/mL toxin (20 µg/mL for Dendrotoxin 1 and α-
cobratoxin) and left at 4 °C overnight. 100 mL of 2xYT media was inoculated 
with E. coli TG1 and incubated at 250 rpm and 37 °C overnight. 
 Next day, the wells were washed three times with 200 µL PBS and 
blocked with 200 µL 3% M-PBS for 1 hour at room temperature. Meanwhile, 
360 µL of IONTAS phage library was mixed with 360 µL 6% M-PBS and 720 
µL 3% M-PBS and incubated for 2 hour2 at room temperature to pre-block the 
library. An appropriate amount (determined by OD measurement) of the over-
night TG1 culture was added to a shake flask containing 100 mL 2xYT and 
set to grow at 37 °C at 250 rpm for 1-2 hours. The wells were washed five ti-
mes with PBS, and 100 µL of the pre-blocked phage library was added to the 
wells, which were then incubated at room temperature for 1 hour. The wells 
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were washed six times with 300 µL PBS + 0.2% Tween and six times with 
with 300 µL PBS. Then, 100 µL of trypsin in Phage Elution Buffer (1/100 dilu-
tion of TPCK-trypsin from 10 µg/mL stock in 50 mM Tris pH 8, 1 mM CaCl2) 
was added to the wells, and the wells were incubated at room temperature for 
15 min. The solutions from the wells were added to Falcon tubes containing 5 
mL TG1 culture of OD 0.5, which were incubated at 37 °C at 150 rpm for 1 
hour. After incubation, 10 µL of the cultures were added to Eppendort tubes 
containing 990 µL 2xYT. After mixing, two 2xYT-AG (2xYT containing 2% glu-
cose and 100 µg/mL ampicillin) plates were prepared for each culture by ad-
ding 10 µL of the solutions and 100 µL of the solutions, respectively to each 
plate. The plates were incubated at 30 °C overnight and counted next day to 
determine cfu. The remaining solutions in the Falcon tubes were centrifuged 
for 10 min at 2100 g (Heraus Megafuge 40R Centrifuge). The supernatants 
were discarded, and the pellets were re-suspended in 50 µL 2xYT and plated 
out on an 2xYT-AG plate. The plates (termed Output plates) were incubated 
at 30 °C overnight. As controls, two 200 µL of the TG1 culture was also plated 
out on both a 2xYT-AG plate and a 2xYT-KG plate (2xYT containing 2% glu-
cose and 50 µg/mL kanamycin). The 2xYT-AG plate was incubated at 30 °C 
overnight. The 2xYT-KG plate was incubated at 37 °C overnight. 
 Next day, the Output plates were scraped using 2 mL of a solution con-
taining: 14 mL of 2xYT, 6 mL of 50% glycerol, and 100 µg/ml ampicillin. The 2 
mL were transferred to 50 mL Falcon tubes and rotated for 30 min. A suffici-
ent amount (determined by OD600) of the Output scraping was used to inocu-
late 10 mL of 2xYT-AG to obtain an OD600 of 0.1. These new solutions were 
incubated at 37 °C at 250 rpm for 1.5 hours. The remaining of the Output 
scrapings were stored in cryo tubes at -80 °C. Once the incubated solutions 
had reached an OD600 of 0.4-0.5, 100 µL of MK13KO7-trp helper phages 
(1/3000 dilution of 6 x 1014 phage/mL in 2xYT-AG) was added, and the soluti-
ons were incubated at 37 °C at 150 rpm for 1 hour. After 1 hour, the cells cen-
trifuged for 10 min at 2100 g. The supernatants were removed by decanting. 
The cells were re-suspended in Erlenmeyer flasks containing 40 mL of 2xYT-
AK (2xYT containing 100 µg/mL of Ampicillin and 50 µg/mL of Kanamycin) 
and incubated at 25 °C at 280 rpm overnight.  
 Next day, the different solutions incubated in Erlenmeyer flasks were 
transferred to Falcon tubes and spun down at 10,500 g for 10 min (Sorvall 
Lynx 4000 Centrifuge). The supernatants were transferred to 50 mL Falcon 
tubes containing 10 mL 20% PEG-8000 + 2.5 M NaCl, mixed, and kept on ice 
for 1 hour to allow precipitation. After 1 hour, the phages were centrifuged at 
15,000 g for 10 min (Sorvall Lynx 4000 Centrifuge). The supernatants were 
discarded, and the phage pellets were re-suspended in 500 µL PBS in Ep-
pendorf tubes. The Eppendorf tubes were centrifuged at 9,300 g for 10 min 
(Eppendorf Centrifuge 5417R), and the supernatants were transferred to other 
Eppendorf tubes to get rid of cell debris. This was done 2 times more, since 
cell debris continued to be present. 
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6.1.4.3 Polyclonal ELISA 
The progress of the panning rounds was monitored by ELISA using both 
Reacti-Bind™ and Maxisorp plates. Each panning round was tested against 
the following antigens: Dp4, Dp5, Dp6, Dp7, Dp8, and α-cobratoxin, and the 
synthesized epitopes (Epitope 1, 2, and 3) (see section 6.1.4.1). 

Wells (Reacti-Bind™, Pierce) were washed three times with 200 µL 
PBS and coated with 100 µL 10 µg/mL toxin, streptavidin (control 1 and for 
synthesized peptides), or left uncoated in PBS (control 2), and left at 4 °C 
overnight. Wells (NUNC, MaxiSorp) were coated with 100 µL 10 µg/mL toxin, 
streptavidin (control 1 and for synthesized peptides), or left uncoated in PBS 
(control 2), and left at 4 °C overnight. 

Next day, the wells were washed three times with PBS and blocked 
with 200 µL 2% M-PBS for 1 hour at room temperature on a mixer. 

Only for the peptide plate: The wells were then washed three times 
with PBS. 10 µg of Peptide 1, 2, and 3 (see section 6.1.4.1) in 100 µL PBS 
was added to their respective streptavidin coated wells (only Maxisorp), which 
were incubated for 1 hour at room temperature on a mixer. 

All wells were washed three times with PBS. Solutions of 100 µl of the 
different 50x phage libraries (dilution 1/100 in 2% M-PBS) found during Phage 
display selections were added to their respective wells in duplicates. The 
wells were put on mixer for 1 hour. The wells were washed three times with 
PBS + 0.2% Tween and three times with PBS. 100 µL of Mouse anti-M13 an-
tibody (GE Healthcare) in 2% M-PBS (dilution 1/1000) was added to each 
well. The wells were put on mixer for 1 hour. The wells were washed three ti-
mes with PBS + 0.2% Tween and three times with PBS. 100 µL of Europium 
labeled anti-mouse antibody (Perkin Elmers) in 2% M-PBS (dilution 1/1000) 
was added to each well. The wells were put on mixer for 1 hour. The wells 
were washed three times with PBS + 0.2% Tween and three times with PBS. 
100 µL of DELFIA enhancement solution was added to each well. The wells 
were put on mixer for 5 minutes. The plates were read using a BMG labtech 
PHERAStar Fluorescence Spectrophotometer (excitation 340 nm, emission 
615 nm). 
 
6.1.5 Results 
Polyclonal phage ELISA using ReactiBind™ plates was first used to follow the 
progress of the panning rounds against the toxins (Figure 6.1.5.A). Although 
the controls (no phages and naïve phages) produced very low signals in the 
ReactiBind™ plates, the selected panning rounds gave exorbitantly high valu-
es beyond the limit of detection (Emission signal above 1 x 106), possibly due 
to either overloading of phages or unspecific binding. Therefore, a similar 
ELISA was performed using Maxisorp plates (Figure 6.1.5.B), which provided 
more clear results for the phages from the selection rounds. However, limited 
specificity against both toxins and toxin epitopes seemed to have emerged 



RECOMBINANT ANTIVENOMS 
	  

	   111 

during the selection experiments for all selection rounds, indicating that the 
phage display selection rounds had not been optimal (specific binders had not 
accumulated as expected). Therefore, it was decided to pursue a different 
strategy employing biotinylated toxins and streptavidin coated plates to inve-
stigate whether a different mode of antigen display would lead to improved 
selections (section 6.2). The first experiment was discontinued, although other 
researchers have previously reported successful results using ReactiBind™ 
plates for selecting nanobodies against α-cobratoxin (Richard et al., 2013). 
One major differences between the libraries employed in the current experi-
ment and by Richard et al., (2013) was that Richard et al. used an affinity ma-
tured phage display library from an immunized llama. In their work, they sho-
wed that high affinity binders cannot be isolated as easily from naïve libraries 
than from affinity matured libraries (Richard et al., 2013, Stewart et al., 2007). 
Thus, the lack of success of the current experiment could simply also be due 
to the naïve nature of the human scFv phage library. 
 

 
Figure 6.1.5.A: Polyclonal phage ELISA using Reacti-Bind™ plates for the 
two of the three panning rounds performed in the phage display selection ex-
periment using Reacti-Bind™ plates for selections. α-Dp4: Selection rounds 
panned against fraction 4 from D. polylepis venom. α-Dp8: Selection rounds 
panned against fraction 8 from D. polylepis venom. Dp4: Fraction 4 from D. 
polylepis containing short neurotoxin 1. Dp5: Fraction 5 from D. polylepis con-
taining a mixture of dendrotoxins and α-elapitoxin Dpp2c. Dp6: Fraction 6 
from D. polylepis containing a mixture of dendrotoxins and α-elapitoxin 
Dpp2c. Dp7: Fraction 7 from D. polylepis containing a mixture of dendrotoxins 
and α-elapitoxin Dpp2c. Dp8: Fraction 8 from D. polylepis containing Dendro-
toxin 1. Dp20: Fraction 20 from D. polylepis containing Dendrotoxin B. Cbtx: 
α-cobratoxin from N. kaouthia. Selection rounds panned against fractions 5,6, 
and 7 from D. polylepis venom and α-cobratoxin from N. kaouthia venom we-
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re also tested, and the ELISA signals were equally high to the ones for α-Dp4 
and α-Dp8 (results not shown). 
 

 
Figure 6.1.5.B: Polyclonal phage ELISA using Maxisorp plates for the two of 
the three panning rounds performed in the phage display selection experiment 
using Reacti-Bind™ plates for selections. α-Dp4: Selection rounds panned 
against fraction 4 from D. polylepis venom. α-Dp5: Selection rounds panned 
against fraction 5 from D. polylepis venom. α-Dp6: Selection rounds panned 
against fraction 6 from D. polylepis venom. α-Dp7: Selection rounds panned 
against fraction 7 from D. polylepis venom. α-Dp8: Selection rounds panned 
against fraction 8 from D. polylepis venom. α-Cbtx: Selection rounds panned 
against fraction α-cobratoxin from N. kaouthia venom. Dp4: Fraction 4 from D. 
polylepis containing short neurotoxin 1. Dp5: Fraction 5 from D. polylepis con-
taining a mixture of dendrotoxins and α-elapitoxin Dpp2c. Dp6: Fraction 6 
from D. polylepis containing a mixture of dendrotoxins and α-elapitoxin 
Dpp2c. Dp7: Fraction 7 from D. polylepis containing a mixture of dendrotoxins 
and α-elapitoxin Dpp2c. Dp8: Fraction 8 from D. polylepis containing Dendro-
toxin 1. Dp20: Fraction 20 from D. polylepis containing Dendrotoxin B. Cbtx: 
α-cobratoxin from N. kaouthia. Epitope 1, Epitope 2, Epitope 3: See section 
6.1.4.1. 
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6.1.6 Conclusion 
Six phage display selection studies were performed with a naïve human scFv 
library, using ReactiBind™ plates. From these studies it remains uncertain 
whether ReactiBind™ plates are optimal for selecting specific phages against 
snake toxins. Although some binding was observed, when using Maxisorp 
plates for ELISA assays, there seemed to be a lack of specificity for the pan-
ning rounds. This lack of specificity could potentially be due to conformational 
changes in the toxins, when they are directly coated on to the Maxisorp pla-
tes, which may limit the extent of recognition by the selected phages (since 
the phages were selected against toxins coupled to the wells via a linker, ra-
ther than adsorbed toxins, which may have different conformations due their 
interaction with the well surface), see Figure 2.5.F.A. However, it could also 
indicate that the employed library may be too naïve towards snake venom 
toxins to be optimal for toxin directed phage display. Optimization of ELISA 
assays using ReactiBind™ plates (e.g. by using very dilute phage concentra-
tions to reduce the high signal intensities) could potentially shine light on this 
issue. 
 
Contributions 
Andreas Hougaard Laustsen designed the study, performed the experiments, and analyzed 
the data under supervision from Aneesh K. Vellatt and John McCafferty. Andreas Hougaard 
Laustsen prepared the chapter. 
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6.2 Discovery of human antibodies against Black mamba 
toxins using Maxisorp plates and biotinylated toxins  
Since the experiment employing Pierce Reacti-Bind™ plates (section 6.1) was 
unsuccessful, the scope of this experiment was to identify antibody-based an-
titoxins by a different strategy using biotinylated toxins and streptavidin for 
coating. 
 
6.2.1 Aim 
In the current study, the aim was to identify human antibody-based inhibitors 
against the medically important α-neurotoxins and dendrotoxins from D. poly-
lepis (see Figure 2.4.1.A and Figure 2.4.3.A) and α-cobratoxin from N. ka-
outhia (see Figure 2.4.1.A). These inhibitors could be used for developing 
human oligoclonal recombinant antivenoms that target several different clas-
ses of toxins (see Figure 6.1.A). Such antivenoms could be effective against 
venoms from Dendroaspis species and potentially also other related elapids. 
 
6.2.2 Library 
The IONTAS Phage Display Library was employed for the phage display se-
lections. The library was developed as an updated version of the library deve-
loped by Schofield et al. (2007), which is based on the M13 bacteriophage 
displaying human scFv fragments fused to the pIII protein. The library has a 
size of 4 x1010 and is created from a naive B-cell repertoire. 
 
6.2.3 Toxins 
Short neurotoxin 1 from fraction 4, mixtures of dendrotoxins and α-elapitoxin 
Dpp2c from fractions 5, 6, and 7, Dendrotoxin 1 from fraction 8, and Dendrot-
oxin B from fraction 20 of D. polylepis venom were purified according to the 
protocol given in Laustsen et al. (2015A). In addition, purified α-cobratoxin 
from N. kaouthia was obtained from Latoxan SAS, France. 
 
6.2.4 Methods 
6.2.4.1 Biotinylation of toxins 
Toxins were dissolved in PBS to yield concentration between 0.5 to 6 µg/µl. 
Biotin-PEG4-NHS (EZ-Link™ NHS-PEG4-Biotin, No-Weigh™ Format, 21329, 
Thermo Scientific) was added in 20 times excess according to the protocol 
supplied by the manufacturer and left at room temperature for 30 min. 
 The biotinylated toxins were purified using buffer exchange columns 
(Vivacon 500, Sartorius, 2000 Da Molecular Weight Cut-Off). After three 
washes with 500 µL PBS, the columns were turned and the biotinylated toxins 
were eluted in 100-200 µL PBS. 
 The extent of biotinylation was assessed using a Pierce™ Fluore-
scence Biotin Quantitation Kit (46610, Thermo Scientific) and following the 
protocol supplied by the manufacturer. 
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 Protein concentrations were determined using individually calculated 
extinction coefficients (http://web.expasy.org/protparam/) and absorbances 
measured on a BMG labtech PHERAStar Fluorescence Spectrophotometer. 
 
Since the level of biotinylation was later determined to be to high, yielding 
over-biotinylated toxins, an investigation of the optimal toxin to biotinylation 
reagent ratio was later performed. In this investigation, the same protocol as 
described above was followed, except that a range of smaller amounts of Bio-
tin-PEG4-NHS (EZ-Link™ NHS-PEG4-Biotin, No-Weigh™ Format, 21329, 
Thermo Scientific) were added. 
 
6.2.4.2 Phage display selection 
Vials (NUNC, Immuno Tube MaxiSorp, PK3000) were coated with 250 µL 10 
µg/mL streptavidin (Pierce® Streptavidin, 21125, Thermo Scientific) in PBS 
and left at 4 °C overnight. 100 mL of 2xYT media was inoculated with E. coli 
TG1 and incubated at 250 rpm and 37 °C overnight. 
 Next day, the vials were washed three times with 4 mL PBS and block-
ed with 4 mL 3% M-PBS for 1 hour at room temperature. Meanwhile, 420 µL 
of IONTAS phage library was mixed with 420 µL 6% M-PBS and 840 µL 3% 
M-PBS and incubated for 1 hour at room temperature to pre-block the library. 
Meanwhile, 420 µL of Dynabeads M-280 Streptavidin (10 mg/mL, 11206D, 
Invitrogen by Life Technologies) was washed three times with 800 µL 3% M-
PBS and re-suspended in 1 mL 3% M-PBS and incubated for 1 hour on a ro-
tor. After one hour of blocking with M-PBS, 250 µL of 5 ug/ml biotinylated 
toxin (Dp4, Dp5, Dp6, Dp7, Dp8, Dp20, a-Cbtx) in 3% M-PBS was added to 
the vials. The vials were then incubated at room temperature for 1 hour. The 
Dynabeads M-280 Streptavidin centrifuged at 15,000 rpm for 5 min, the su-
pernatant removed, and the beads were re-dissolved in 420 µL 3% M-PBS. 
The beads were then mixed with the pre-blocked library and incubated for 1 
hour at room temperature on a rotor. Meanwhile, an appropriate amount (de-
termined by OD measurement) of the overnight TG1 culture was added to a 
shake flask containing 100 mL 2xYT and set to grow at 37 °C at 250 rpm for 
1-2 hours. After 1 hour on rotor, the phage library was separated from the 
beads by 1 min centrifugation at 15,000 rpm (Eppendorf Centrifuge 5417R), 
followed by placing the Eppendorf tube on a magnetic rack, and using a pipet-
te. The vials were washed five times with PBS, and 250 µL of the separated 
phage solution was added to the vials, which were then incubated at room 
temperature for 1 hour. The vials containing the phages were washed six ti-
mes with 4 mL PBS + 0.2% Tween and six times with 4 mL PBS. Then, 250 
µL of trypsin in Phage Elution Buffer (1/100 dilution of TPCK-trypsin from 10 
µg/mL stock in 50 mM Tris pH 8, 1 mM CaCl2) was added to the vials, and the 
vials were incubated at room temperature for 15 min. The solutions from the 
vials were added to Falcon tubes containing 5 mL TG1 culture of OD 0.5, 
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which were incubated at 37 °C at 150 rpm for 1 hour. After incubation, 10 µL 
of the cultures were added to Eppendort tubes containing 990 µL 2xYT. After 
mixing, two 2xYT-AG (2xYT containing 2% glucose and 100 µg/mL ampicillin) 
plates were prepared for each culture by adding 10 µL of the solutions and 
100 µL of the solutions, respectively to each plate. The plates were incubated 
at 30 °C overnight and counted next day to determine cfu. The remaining so-
lutions in the Falcon tubes were centrifuged for 10 min at 2100 g (Heraus Me-
gafuge 40R Centrifuge). The supernatants were discarded, and the pellets 
were re-suspended in 50 µL 2xYT and plated out on an 2xYT-AG plate. The 
plates (termed Output plates) were incubated at 30 °C overnight. As controls, 
two 200 µL of the TG1 culture was also plated out on both a 2xYT-AG plate 
and a 2xYT-KG plate (2xYT containing 2% glucose and 50 µg/mL kanamy-
cin). The 2xYT-AG plate was incubated at 30 °C overnight. The 2xYT-KG pla-
te was incubated at 37 °C overnight. 
 Next day, the Output plates were scraped using 2 mL of a solution con-
taining: 14 mL of 2xYT, 6 mL of 50% glycerol, and 100 µg/ml ampicillin. The 2 
mL were transferred to 50 mL Falcon tubes and rotated for 30 min. A suffici-
ent amount (determined by OD600) of the Output scraping was used to inocu-
late 10 mL of 2xYT-AG to obtain an OD600 of 0.1. These new solutions were 
incubated at 37 °C at 250 rpm for 1.5 hours. The remaining of the Output 
scrapings were stored in cryo tubes at -80 °C. Once the incubated solutions 
had reached an OD600 of 0.4-0.5, 100 µL of MK13KO7-trp helper phages 
(1/3000 dilution of 6 x 1014 phage/mL in 2xYT-AG) was added, and the soluti-
ons were incubated at 37 °C at 150 rpm for 1 hour. After 1 hour, the cells cen-
trifuged for 10 min at 2100 g. The supernatants were removed by decanting. 
The cells were re-suspended in Erlenmeyer flasks containing 40 mL of 2xYT-
AK (2xYT containing 100 µg/mL of Ampicillin and 50 µg/mL of Kanamycin) 
and incubated at 25 °C at 280 rpm overnight.  
 Next day, the different solutions incubated in Erlenmeyer flasks were 
transferred to Falcon tubes and spun down at 10,500 g for 10 min (Sorvall 
Lynx 4000 Centrifuge). The supernatants were transferred to 50 mL Falcon 
tubes containing 10 mL 20% PEG-8000 + 2.5 M NaCl, mixed, and kept on ice 
for 1 hour to allow precipitation. After 1 hour, the phages were centrifuged at 
15,000 g for 10 min (Sorvall Lynx 4000 Centrifuge). The supernatants were 
discarded, and the phage pellets were re-suspended in 500 µL PBS in Ep-
pendorf tubes. The Eppendorf tubes were centrifuged at 9,300 g for 10 min 
(Eppendorf Centrifuge 5417R), and the supernatants were transferred to other 
Eppendorf tubes to get rid of cell debris. This was done 2 times more, since 
cell debris continued to be present. 
 Two more rounds of selection were performed according to the proce-
dure described above with two exceptions: 1) In round 2 and 3, the phage lib-
raries were not pre-incubated with Dynabeads M-280 Streptavidin. 2) Instead 
of streptavidin, 10 µg/mL NeutrAvidin (NeutrAvidin™ Biotin Binding Protein, 
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31000, Thermo Scientific) was used for coating in round 2 to deselect the 
streptavidin-binding phages. 
 
6.2.4.3 Polyclonal ELISA 
The progress of the panning rounds was monitored by ELISA. Each panning 
round was tested against the whole suite of antigens (Dp4, Dp5, Dp6, Dp7, 
Dp8, Dp20, and α-cobratoxin) and synthesized epitopes (Epitope 1, 2, and 3). 

Wells (NUNC, MaxiSorp) were coated with 100 µL 10 µg/mL streptavi-
din (Pierce® Streptavidin, 21125, Thermo Scientific) in PBS and left at 4 °C 
overnight. Control wells were coated with 10 µg/mL NeutrAvidin (NeutrAvi-
din™ Biotin Binding Protein, 31000, Thermo Scientific). 

Next day, the wells were washed three times with PBS and blocked 
with 200 µL 2% M-PBS for 1 hour at room temperature on a mixer. The wells 
were then washed three times with PBS. 50 µl of 1 µg/ml of all different anti-
gens and 50 µL of 10 µg/ml for selected peptides (Epitope 1, Epitope 2, 
Epitope 3) in 2% M-PBS was added to their respective wells, and the plates 
were incubated for 2.5 hours at room temperature on a mixer. The first control 
wells (NeutrAvidin) were left in or 200 µL of 2% M-PBS, while the second con-
trol wells (Streptavidin) wells were left in 50 µl of 2% M-PBS on a mixer. The 
wells were washed three times with PBS. Solutions of 50 µl of the different 
50x phage libraries (dilution 1/100 in 2% M-PBS) found during Phage display 
selections were added to their respective wells in duplicates. The wells were 
put on mixer for 1 hour. The wells were washed three times with PBS + 0.2% 
Tween and three times with PBS. 50 µL of Mouse anti-M13 antibody (GE 
Healthcare) in 2% M-PBS (dilution 1/1000) was added to each well. The wells 
were put on mixer for 1 hour. The wells were washed three times with PBS + 
0.2% Tween and three times with PBS. 100 µL of Europium labeled anti-
mouse antibody (Perkin Elmers) in 2% M-PBS (dilution 1/1000) was added to 
each well. The wells were put on mixer for 1 hour. The wells were washed 
three times with PBS + 0.2% Tween and three times with PBS. 100 µL of 
DELFIA enhancement solution was added to each well. The wells were put on 
mixer for 5 minutes. The plates were read using a BMG labtech PHERAStar 
Fluorescence Spectrophotometer (excitation 340 nm, emission 615 nm). 
 
6.2.4.4 Isolation of scFv DNA and preparation of plasmids 
DNA was isolated using a Miniprep kit (GeneJET Plasmid Miniprep Kit, 
K0503, Thermo Scientific).  

Amplification of plasmids: 200 µL of the Output scrapings from Round 
2 and 3 for all toxins (Dp4, Dp5, Dp6, Dp7, Dp8, Dp20, and Cbtx), having 
OD600 between 50-75 were mixed with 800 µL 2xYT-AG and centrifuged at 
3,000 g for 5 minutes (Eppendorf Centrifuge 5417R). The supernatants were 
removed, and the pellets were re-suspended in 500 µL and transferred to 4.5 
mL 2xYT-AG in Falcon tubes.The Falcon tubes were incubated at 30 °C, 250 
rpm for 1 hour. After incubation, the Falcon tubes were centrifuged at 2,500 g 
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for 10 min (Heraus Megafuge 40R Centrifuge), the supernatant discarded by 
decanting, and the cells were suspended in 500 µL Resuspension buffer (Mi-
niprep kit) and transferred to 2 mL Eppendorf tubes. 500 µL of Lysis solution 
was added, and the tubes were tilted up and down 6 times. Immediately after 
this, 700 µL of Neutralization buffer was added. The tubes were centrifuged at 
12,000 rpm for 10 min (Eppendorf Centrifuge 5417R). The supernatant was 
transferred to Miniprep columns, and these were centrifuged at 12,000 rpm for 
5 min (Eppendorf Centrifuge 5417R). The eluates were discarded. The Minip-
rep columns were washed twice with 500 µL Washing solution (including cen-
trifugation at 12,000 rpm for 5 min (Eppendorf Centrifuge 5417R)). The co-
lumns were transferred to new Eppendorf tubes, and the plamids was eluted 
by addition of 100 µL of Elution buffer to the columns and centrifugation at 
12,000 rpm for 5 minutes (Eppendorf Centrifuge 5417R). 

Digestion: DNA concentrations of the plasmids eluted from the Minip-
rep were determined a BMG labtech PHERAStar Fluorescence Spectropho-
tometer. Because DNA concentrations were low, 90 µL (the entire volume) of 
the eluted plasmids was mixed with 10 µL Cut-Smart Digestion buffer, 2.5 µL 
of NcoI-HF, and 2.5 µL NotI-HF restriction enzymes in PCR tubes. The PCR 
tubes were incubated at 37 °C for 6 hours and kept at 4 °C thereafter, until the 
next day, where they were transferred to -20 °C. 

Gel purification: The GeneRuler™ 1 kb DNA ladder was loaded into the 
first well of a 1.25% Agarose gel containing 5 µL of ethidium bromide per 100 
mL. 90 µL of solutions containing DNA from each of the digested plasmids 
were each mixed with 20 µL of 6X DNA Loading buffer (R0611, Thermo 
Scientific) and loaded onto the gel. The gel was run in TBE buffer at 110-120 
V for 4 hours, at which time images were captured under UV, and the bands 
containing the scFv encoding DNA was excised. The DNA was extracted from 
the gel using a GeneJET Gel extraction kit (K0692, Thermo Scientific), follo-
wing the protocol from the manufacturer. 

Ligation: The digested plasmids from above containing the relevant 
gene inserts were mixed (Inserts with high DNA concentration: 12.0 µL of in-
sert. Inserts with low DNA concentrations: 7.5 µL of insert and 4.5 µL nuclea-
se free water) with 0.5 µL of the vector pSANG10 (Martin et al., 2006), 1.5 µL 
of ligation buffer, and 1 µL of T4 DNA ligase (Roche). The ligation solutions 
were incubated at 16 °C for 16 hours, after which they were kept at -20 °C. 
 
6.2.4.5 Analytical gel electrophoresis 
The GeneRuler™ 1 kb DNA ladder was loaded into the first well of a 1% Aga-
rose gel containing 5 µL of ethidium bromide per 100 mL. 5 µL of solutions 
containing DNA were each mixed with 1 µL of 6X DNA Loading buffer 
(R0611, Thermo Scientific). From these solutions, 5 µL were loaded into the 
other wells of the gel. The gel was run in TBE buffer at 110 V for about 50 mi-
nutes, at which time images were captured under UV. 
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6.2.4.6 Subcloning into E. coli 
BL21(DE3) Competent E. coli cells (C25271, New England Biolabs) were 
thawed on ice, until no ice crystals were present. The cells were mixed gently, 
and 50 µL were transferred to Eppendorf tubes. 5 µL of the ligated plasmids 
(pSANG10) were transferred to each their Eppendorf tube. 1 µL of the suppli-
ed control (pUC19) was transferred to the last tube. The tubes were carefully 
flicked 4-5 times and placed on ice for 30 min. The tubes were placed on a 
heater at 42 °C for exactly 10 seconds each. The tubes were then placed on 
ice for 5 min. 950 µL of the SOC media at room temperature was pipetted 
gently into each tube, and the content of each tube was transferred to indivi-
dual 50 mL Falcon tubes and incubated at 37 °C, 250 rpm for 1 h. 2xYT-KG 
plates were warmed to room temperature. One 2xYT-AG plate was warmed 
for the pUC19 control. After incubation, 100 µL of the transformed cells were 
plated out on 2xYT-KG plates. The Falcon tubes were centrifuged at 2,100 g 
for 10 min (HerausMegafuge 40R Centrifuge), and most of the supernatant 
was removed by decanting (leaving 100-200 µL). The cells were re-
suspended and plated out on another 2xYT-KG plate. Both controls were pla-
ted out (2xYT-AG plate for the pUC19 control). All plates were incubated 
overnight at 30 °C. 
 Next day, individual colonies were picked and used to inoculate 150 µL 
2xYT in microtiter plates. The plates were covered with air permeable film and 
incubated overnight at 30 °C, 700 rpm, and 70% humidity. 

Next day, 75 µL 50% glycerol was added to all wells, and the clones 
were stored at -80 °C as glycerol stocks. 

 
6.2.4.7 Screening by monoclonal ELISA 
From the glycerol stocks, a few µL were transferred with a hedgehog to the 
micro titter plates containing 150 µL 2xYT-KG. The plates were incubated at 
30 °C, 75% humidity, 800 rpm overnight. 

Next day, the plates were transferred with a hedgehog to new micro tit-
ter plates containing Autoinduction Medium ZYM-5052/Kan (Studier, 2005) 
and incubated at 30 °C, 75% humidity, 800 rpm overnight. Meanwhile, Wells 
(NUNC, MaxiSorp) were coated with 100 µL 10 µg/mL streptavidin (Pierce® 
Streptavidin, 21125, Thermo Scientific) in PBS and left at 4 °C overnight. 

Next day, the wells were washed three times with PBS and blocked 
with 200 µL 2% M-PBS for 1 hour at room temperature on a mixer. The wells 
were then washed three times with PBS. 50 µl of 1 µg/ml of all different anti-
gens in 2% M-PBS was added to their respective wells, and the plates were 
incubated for 1 hour at room temperature on a mixer. The wells were then 
washed three times with PBS. The overnight cultures were centrifuged at 
3000 g for 5 min. 30 µl of 6% M-PBS was added to all wells, where after 30 µl 
of the centrifuged overnight culture supernatants was added to the wells and 
mixed gently. The wells were put on mixer for 1 hour. The wells were washed 
three times with PBS + 0.2% Tween and three times with PBS. 60 µl of Euro-
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pium labeled anti-FLAG antibody (Perkin Elmer) in 2% M-PBS (dilution 
1/2000) was added to each well. The wells were put on mixer for 1 hour. The 
wells were washed three times with PBS + 0.2% Tween and three times with 
PBS. 60 µL of DELFIA enhancement solution was added to each well. The 
wells were put on mixer for 5 minutes. The plates were read using a BMG lab-
tech PHERAStar Fluorescence Spectrophotometer (excitation 340 nm, emis-
sion 615 nm). 

 
6.2.4.8 PCR amplification of DNA 
Two colonies were picked from each subcloned plates (for each selection 
round against each toxin) and mixed with 40 µL nuclease free water A soluti-
on containing 150 µL of MyTaq mix, 100 µL of nuclease free water, 20 µL of 
pSANG10, Outer_F primer, and 20 µL of pSANG10, Outer_R primer was 
made. In PCR tubes, 1 µL of each sample diluted in nuclease free water was 
mixed with 29 µL of the solution containing primers and master mix. The PCR 
reaction was run for 30 cycles with the following conditions: 
 

Step Temperature (°C) Duration 
1 98 5 min 
2 95 30 sec 
3 55 30 sec 
4 72 30 sec 
5 Repeat step 2-4 for 30x  
6 72 2 min 
7 4 For ever 

 
After the reaction, the PCR tubes were kept at 4 °C for a few hours, where af-
ter they were kept at -20 °C. 
 
6.2.4.9 Mass spectrometry analysis of biotinylated toxins. 
Toxin samples, either before of after the biotinylation reaction, were adsorbed 
onto C18 micro-ZipTips (Millipore) to wash out any salt contaminants, and 
then eluted with 2 uL of 50% acetonitrile in water, containing 0.1% triflu-
oroacetic acid, directly onto an OptiTOF 384 plate. Immediately, the eluate 
was mixed with 0.6 mL of matrix (saturated alpha-cyanohydroxycinnamic acid 
in 50% acetonitrile, 0.1% TFA) and allowed to dry. The samples were analy-
zed by MALDI-TOF in a Proteomics Analyzer 4800 Plus mass spectrometer 
(Applied Biosystems) operated in positive linear mode. Spectra were acquired 
using 1000 shots at a laser intensity of 4800. 
 
6.2.5 Results 
The progress of the panning rounds against the toxins was followed by ELISA 
(Figure 6.2.5.A). Only two of the selections (α-Dp8 and α-Cbtx) showed good 
specificity, and all selections showed really weak signals with emissions be-
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low 15,000 (positive controls were in 100,000+, data not shown). Although 
this could indicate that either only few or very weak binders were present, 
phage plasmids from all selections were isolated. From these plasmids, the 
scFv DNA cut out, isolated (Figure 6.2.5.B), and ligated into the pSANG10 
vector. 
 

 
Figure 6.2.5.A: Polyclonal phage ELISA using Maxisorp plates for the two of 
the three panning rounds performed in the phage display selection experi-
ment. α-Dp4: Selection rounds panned against fraction 4 from D. polylepis 
venom. α-Dp5: Selection rounds panned against fraction 5 from D. polylepis 
venom. α-Dp6: Selection rounds panned against fraction 6 from D. polylepis 
venom. α-Dp7: Selection rounds panned against fraction 7 from D. polylepis 
venom. α-Dp8: Selection rounds panned against fraction 8 from D. polylepis 
venom. α-Dp20: Selection rounds panned against fraction 20 from D. polyle-
pis venom. α-Cbtx: Selection rounds panned against fraction α-cobratoxin 
from N. kaouthia venom. Dp4: Fraction 4 from D. polylepis containing Short 
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neurotoxin 1. Dp5: Fraction 5 from D. polylepis containing a mixture of dend-
rotoxins and α-elapitoxin Dpp2c. Dp6: Fraction 6 from D. polylepis containing 
a mixture of dendrotoxins and α-elapitoxin Dpp2c. Dp7: Fraction 7 from D. po-
lylepis containing a mixture of dendrotoxins and α-elapitoxin Dpp2c. Dp8: 
Fraction 8 from D. polylepis containing Dendrotoxin 1. Dp20: Fraction 20 from 
D. polylepis containing Dendrotoxin B. Cbtx: α-cobratoxin from N. kaouthia. 
Epitope 1, Epitope 2, Epitope 3: See section 6.1.4.1. 
 

 
Figure 6.2.5.B: Gel electrophoresis of digested phage plasmids. Top: Gel pu-
rification images, where the DNA encoding the scFv genes has been excised. 
Bottom: Analytical gel of the excised DNA indicating that the expected DNA 
length of about 800 bp is detected. 
 
After ligation, the constructed vectors were subcloned into BL21(DE3) Com-
petent E. coli cells, which were plated out and analyzed by monoclonal phage 
ELISA. Unfortunately, although approximately 1100 clones were isolated and 
screened, no positive hits were detected. PCR amplification of the scFv genes 
was performed on selected colonies in order to ensure that the subclones did 
in fact contain functional plasmids encoding human scFv genes (Figure 
6.2.5.C). This revealed that 26 our of 28 subclones contained the cloned scFv 
genes, 1 clone contained a gene that possibly could be a single domain an-
tibody (VL or VH), and one clone did not contain the expected genes, indica-
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ting that subcloning had succeeded, and the lack of positive hits was likely to 
be due to lack of high affinity scFv binders to any of the toxins. 
 

 
Figure 6.2.5.C: Gel electrophoresis of PCR amplified scFv genes from 
subcloned E. coli. 
 
Since no positive hits were identified despite a large screening effort, focus 
was redirected towards the antigen, since suspicion was that this might be 
suboptimal. MS analysis of two of the biotinylated antigens (Dp8 and α-Cbtx) 
revealed that these toxins seemed to have several biotin molecules coupled 
to them (Figure 6.2.5.D), averaging 3-4 biotins per toxin. 
 

 
 
Figure 6.2.5.D: MS spectra for Dp8 (Dendrotoxin 1). Top: Un-biotinylated 
toxin. Bottom: Biotinylated toxin. 
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Figure 6.2.5.E: MS spectra for α-Cbtx (α-cobratoxin). Top: Un-biotinylated 
toxin. Bottom: Biotinylated toxin. 
 
Based on the MS analysis, it is proposed that the phage display selections 
may have yielded poor scFv binders, since over-biotinylated may mask the 
toxin antigens, making them difficult to bind to (see Figure 2.5.F.C). Therefo-
re, further investigations of the optimal toxin to biotin ratio were performed, 
where smaller amounts of the biotinylation reagent were added. MS analysis 
of purified samples containing α-cobratoxin biotinylated with excesses of 0, 1, 
4, and 9 biotin tags revealed that the most optimal toxin to biotinylation rea-
gent ratio is likely to be between 1:1 and 1:2 (see Figure 6.2.5.F), where 
about 50% of the toxin is biotinylated with only one biotin tag (MS peaks 
around: 8278 Da), and only smaller amounts of doubly biotinylated toxin is 
present. Currently, a new phage display selection study is being undertaken 
with singly biotinylated toxins, which will hopefully shed more light on the ef-
fect of over-biotinylation in addition to providing high affinity scFv binders. 
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Figure 6.2.5.F: MS spectra for α-cobratoxin (Cbtx) showing different degrees 
of biotinylation. A) Spectrum for biotinylated α-Cbtx using a 1:1 ratio of toxin 
to biotinylation reagent. B) Spectrum for biotinylated α-Cbtx using a 1:2 ratio 
of toxin to biotinylation reagent. C) Spectrum for biotinylated α-Cbtx using a 
1:5 ratio of toxin to biotinylation reagent. D) Spectrum for biotinylated α-Cbtx 
using a 1:10 ratio of toxin to biotinylation reagent. 
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6.2.6 Conclusion 
Seven phage display selection studies were performed with a naïve human 
scFv library, using Maxisorp plates. These studies indicate that all the steps 
involved in isolating scFv-based toxin binders by phage display selection 
work, but that correct biotinylation (possibly with a biotin to toxin ratio of 1:1) 
may be essential for discovering good binders. The optimal biotinylation con-
ditions for achieving this ratio have been explored, and a new phage display 
selection study is currently being undertaken with singly biotinylated toxins. 
Hopefully, this will elucidate the effect of over-biotinylation in addition to provi-
ding high affinity scFv binders. 
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7. DISCUSSION 
 

7.1 Toxicovenomics studies 
The toxicovenomics studies presented in chapter 3 disclose which toxins are 
of medical importance in the venoms of Dendroaspis polylepis (Laustsen et 
al., 2015A), Naja kaouthia (Laustsen et al., 2015B), Aipysurus laevis (Laust-
sen et al., 2015C), and Dendroaspis angusticeps (Lauridsen et al., 2016), 
provide simple roadmaps for toxin-directed drug discovery. Common for all 
the investigated elapids is that different types of neurotoxins are responsible 
for the main toxic effects of the venoms, with α-neurotoxins being of particular 
importance. Theoretically, neutralization of these medically important toxins 
should abrogate all the most important effects of the corresponding whole 
venoms (see Figure 7.1.A). However, three important limitations of toxicoven-
omics present themselves. 
 

 
 
Figure 7.1.A: Schematic representation of how toxicovenomics can help 
guide selection of key toxins against which to develop antitoxins for. 
 
The existence of synergism between toxins in venoms (see Figure 7.1.B) is a 
known phenomenon both for snakes (Strydom, 1976, Ryan and Yong, 1997) 
and spiders (Chan et al., 1975). Using the Toxicity Score alone to evaluate 
the medical importance of individual toxins isolated from the whole venom 
may therefore neglect to recognize the importance of toxins, which effect are 
hyper-potentiated by other venom components. An example, where unde-
restimation of toxin importance could theoretically have taken place, is the 
venoms of the genus Oxyuranus (taipans). These venoms contain homolo-
gous PLA2 monomers that can combine and form a non-covalent heterotrimer 
(taipoxin), which has significantly increased presynaptic neurotoxicity compa-
red to the individual monomers alone (Montecucco and Rossetto, 2008), (see 
Figure 7.1.B.C). Had the monomers been isolated and tested individually, the 
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Toxicity Score could not have predicted the importance of oligomeric combi-
nation of the PLA2s. Other examples of synergism may exist (see A, B, and F 
in Figure 7.1.B), for which cases the Toxicity Score would also underestimate 
the medical relevance of the isolated toxins. Therefore, together with an esti-
mation of the importance of the individual toxins, it is important to evaluate the 
Toxicity Score of whole venom, which may in fact help identify the presence of 
synergism (Laustsen et al., 2015D). When the Toxicity Score of whole venom 
is significantly higher than the sum of Toxicity Scores for individual toxins or 
venom fraction, this indicates that the toxins are more toxic combined than the 
sum of their individual toxicity contribution (synergism). The venom of Dend-
roaspis angusticeps provides a good example of this phenomenon. For this 
venom it has been shown that the combination of different venom fractions 
leads to synergistically increased toxicity, resulting in a Toxicity Score that is 
much higher than the scores for the individual venom fractions (Lauridsen et 
al., 2016). 
 

 
 
Figure 7.1.B: Schematic representation of theoretical scenarios in which sy-
nergism between toxins occur (A, B, and C), and do not occur (D and E). A) 
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When toxins target different pathways, which all regulate the same physiolo-
gical process, this may create a synergistic effect due to amplification. B) 
When toxins target different targets on the same pathway or physiological 
process, this may also create a synergistic effect due to amplification. C) 
When toxins combine to form an oligomeric toxin that has a toxicity, which is 
higher than the combined toxicities of the individual components, synergistic 
toxicity occurs. D) When toxins target different pathways, which are unrelated, 
synergism does not occur. E) When toxins target the same target in a compe-
titive manner, synergism does not occur. F) When toxins target the same tar-
get in a cooperative manner, synergism occurs. The colors do not specify any 
particular class of toxins or targets, but they are only provided to illustrate that 
the toxins and targets are different from each other.  
 
Another potential pitfall in toxicovenomics is misinterpretation of toxin identi-
ties during the proteomics analysis. Peptides are not equally apt for detection 
in MALDI-TOF-TOF due to differences in their physico-chemical properties 
and how they interact with the matrix. Therefore, it is important to scrutinize 
results from proteomics and accompanying data in order to be able to confirm 
protein identity with high certainty. In the venomics analysis on N. kaouthia by 
Laustsen et al. (2015B), the venomics analysis misidentified Fraction 10 of the 
venom to be constituted of α-cobratoxin, when trypsin was used for protein 
digestion (Figure 7.1.C). However, careful examination of differences in toxici-
ty testing and immune-recognition properties between Fraction 6 and 10 led to 
the suspicion that these fractions were in fact different. Further analysis of the 
molecular masses helped confirm this hypothesis due to the presence of a 
significant mass difference between the fractions (Laustsen et al., 2015B), 
although this did not reveal the true identity of the toxin present in Fraction 10. 

 

 
 
Figure 7.1.C: Protein identification of Fraction 10 from N. kaouthia by the 
venomics approach used in (Laustsen et al., 2015B) using tryptic digests. 
Using trypsin, Fraction 10 is identified as α-cobratoxin. 
 
Later (after publication of the original paper), Fraction 10 was reexamined by 
the same venomics approach, although chymotrypsin was used as digestive 
enzyme. According to this analysis, Fraction 10 could be identified as a weak 
neurotoxin (Figure 7.1.D), which was in agreement to the very limited toxicity 
of this fraction in a rodent model (Laustsen et al., 2015B). Such results high-
light the importance of careful examination of proteomics data in order to con-
duct a toxicovenomics analysis providing a clear picture of venom compositi-
on and medical importance of venom toxins. 
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Figure 7.1.D: Protein identification of Fraction 10 from N. kaouthia by the 
venomics approach used in (Laustsen et al., 2015B) using chymotryptic di-
gests. Using chymotrypsin, Fraction 10 is identified as a weak neurotoxin. 
 
Finally, since not all venom effects are lethal, but may still lead to severe mor-
bidities requiring treatment, the Toxicity Score may not alone provide a com-
plete overview of all the medically relevant toxins. Therefore, in addition to 
lethality, it is an important part of a toxicovenomic analysis to evaluate other 
effects, such as local tissue damage, i.e. necrosis and hemorrhage, and sy-
stemic effects such as coagulopathy and systemic hemorrhage (Laustsen et 
al., 2015D). The ultimate goal of toxicovenomics is to identify the toxins re-
sponsible for all medically relevant effects, which may not only provide a bet-
ter understanding of venom pathophysiology, but also offer a roadmap for an-
tivenom development and antitoxin discovery. 
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7.2 Peptidic or antibody-based antitoxins 
As previously discussed in chapter 1, serum-derived polyvalent antivenoms 
still constitute the cornerstone of current snakebite envenoming therapy, and 
they are likely to do so for many years to come (White et al., 2003, Gutiérrez 
et al., 2011). However, the immunogenic drawbacks of serum-derived anti-
venoms (Morais and Massaldi, 2009) and their complicated manufacturing 
process requiring the access to snake venoms and use of production animals 
(León et al., 2014) mandate increased efforts in the research and develop-
ment of a new generation of envenoming therapies. Snakebite envenoming 
therapy is a critical care medicine, where simplicity of choosing the correct 
therapy in the emergency situation and speed and ease of administration are 
of paramount importance for patient survival. Snake venoms represent an ar-
senal of thousands of toxins, possibly requiring a broad range of different anti-
toxins for neutralization of toxic effects. Effective antitoxins could theoretically 
come from various different classes of molecules, including small organic 
compounds, metal ion chelators, carbohydrates, peptides, nanobodies, and 
antibodies (Laustsen et al., 2016). However, using a broad spectrum of mo-
lecularly diverse entities would likely require that different clinical procedures 
were followed for the administration of different types of molecules. Therefore, 
it is the evaluation of the author that in order to obtain a new generation of an-
tivenoms that can be administered in a standardized way in different snakebi-
te cases, research focus must be directed towards a platform of molecules 
that can be used to develop several antitoxins against a diverse range of clini-
cally relevant toxins.  

In the clinic, there has been a lack of success with the use of small or-
ganic molecules (derived from Nature or organic synthesis) for treating sna-
kebite (Laustsen et al., 2016). Furthermore, finding a small molecular scaffold 
or class of molecules that can accommodate all the functionalities needed to 
effectively target all medically relevant snake venom toxins seems unlikely. 
From an evolutionary perspective, snake venoms evolved for prey subduction 
(Barlow et al., 2009, Daltry et al., 1996), and the prey of venomous snakes 
consists of fish, birds, reptiles, smaller mammals, eggs, and similar orga-
nisms, but not plants. From an evolutionary perspective, it would seem contra 
intuitive that plants would have evolved to produce potent anti snake toxins, 
since the evolutionary pressure for doing so is non-existent. Potent plant deri-
ved antitoxins are therefore mainly likely to be odd coincidences evolved by 
serendipity. Therefore, the many efforts directed towards identifying snakebite 
antitoxins from the plant kingdom (Soares et al., 2005) may seem to be a less 
promising avenue to follow in the search for a new generation of universal 
snakebite envenoming therapy, although a few small molecules antitoxins 
may possibly be discovered.  

In contrast to the plant kingdom’s use of small organic molecules for 
defense purposes, proteins represent the animal kingdom’s strategy for de-
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fending itself against threats. It therefore seems more likely to find potent pep-
tide or protein-based antitoxins, since these molecules already have prece-
dence in defending animals against snake venoms. Additionally, peptides and 
proteins can be developed to interact with a very diverse set of targets, such 
as snake venom toxins. 
 Within peptide or protein-based antitoxins, mainly two different classes 
seem likely to provide a platform for broad-spectrum antitoxin discovery: smal-
ler peptides (including peptidomimetics) and antibody-based molecules 
(including whole antibodies, nanobodies, antibody fragments, and alternative 
antibody constructs) (see Figure 7.2.A). Since current antivenoms are already 
based on antibodies or antibody fragments (Gutiérrez et al., 2011), it is likely 
that this group of molecules represents the most promising of the two alterna-
tives. However, smaller peptides may also have a role to play – potentially in 
combination with antibody-based molecules. In the following, the benefits and 
drawbacks of smaller peptides and antibody-based molecules will be discus-
sed. 
 

 
 
Figure 7.2.A: Schematic overview of the different types of antibodies and an-
tibody fragments that could be used for developing recombinant antivenoms. 
 
To this date, no small peptide has ever been used in the clinic to neutralize a 
snake toxin (Laustsen et al., 2016). Nevertheless, given the results presented 
in chapter 4, peptidic antitoxins generally have several benefits in relation to 
snakebite envenoming therapy (see Table 7.2.A), including cost of discovery, 
cost of production, and potential for high volume of distribution. Lower cost of 
discovery may enable more laboratories with limited resources to engage in 
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research in the field, which may further lead to more successful develop-
ments. Also, the potential for administrating peptides by other routes than the 
intravenous (e.g. inhalation, subcutaneous injection, or intramuscular injecti-
on) (McDonald et al., 2010) may possibly enable the development of snakebi-
te envenoming therapies that can be administered by people with limited me-
dical training (perhaps even the victim him/herself). Peptides and peptidomi-
metics may potentially also be fine-tuned to have better tissue penetration 
than antibodies, which may offer the possibility of developing better treat-
ments for local tissue damage. 
 
Table 7.2.A: Overview of benefits and drawbacks for peptides, human IgG 
antibodies, nanobodies, and other antibody fragments. Benefits and 
drawbacks should be seen relative between the four molecular classes. The 
most important properties are highlighted in bold. 
Class Benefits Drawbacks 

Peptides and 
peptidomimetics 

• Inexpensive R&D 
• Low cost of production 
• Standardized production 
• Large volume of distribution 
• Potential for developing single 

molecules containing several 
peptidic antitoxins 

• Low immunogenicity 
• Potential for non-i.v. admini-

stration 

• Poor half-life 
• Limited surface area avai-

lable for interaction (depen-
ding on peptide size) 

• Potential promiscuity (leading 
to adverse reactions) 

IgG antibodies 
(human) 

• Excellent half-life 
• High affinity 
• High compatibility with human 

immune system 
• Constant Fc region 

• Expensive R&D 
• Highest cost of production 
• Slower distribution 
• i.v. administration 
• Complex expression 

Nanobodies 

• High affinity 
• Excellent shelf life 
• Potential for fast distribution 
• Simple expression 

• Expensive R&D 
• Poor half-life 
• High cost of production 
• i.v. administration 
• Possible immunogenicity 

Antibody frag-
ments 

• High affinity 
• Potential for fast distribution 
• Simple expression 

• Expensive R&D 
• Poor half-life 
• High cost of production 
• i.v. administration 
• Possible immunogenicity 

 
Two major drawbacks present themselves with peptidic antitoxins: poor half-
life (Werle and Bernkop-Schnürch, 2006) and limited surface area for interac-
tion due to small size. Since a snakebite is rarely delivered directly into a vein, 
but instead typically in muscle or subcutaneous tissue, venom will only be re-
leased slowly from the bite wound due to depot effects (Reid and Theakston, 
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1983). This has the implication that the antitoxin must be present in the pati-
ent for an extended period in order to target a sufficient amount of toxins to 
avoid relapse. Furthermore, the limited surface area available for molecular 
interaction for peptides represents a potential limitation for achieving high affi-
nity interactions between toxin and small peptidic antitoxin. Since many snake 
toxins have notoriously high affinities to their targets (Servent et al., 1997, 
Lambeau et al., 1989, Zhang et al., 1994) and may persist for many hours (or 
even days) in the victim, it is thus essential to overcome half-life issues and 
achieve high affinity, if peptidic antitoxins are to be the future of snakebite en-
venoming therapy. If these issues are not solved, administration of peptidic 
antitoxins would merely delay the arrival of the toxin to the toxin target, until 
the peptidic antitoxin is released from the toxin (due to limited affinity) and de-
graded or excreted. 
 The use of human antibodies and fragments hereof represent a class 
of molecules with highly desirable properties seen from a therapeutic perspec-
tive (Laustsen et al., 2016) – especially against systemic envenomation, whe-
re high affinity and simple presence in the circulatory system may be sufficient 
to provide strong protection against toxins. Antibodies and antibody fragments 
(see Figure 7.2.A) have for a long time been believed to be economically in-
accessible for snakebite victims in rural parts of tropical regions of the world 
(personal communication, Professor Bruno Lomonte and Professor Philippe 
Billiald). However, it is the opinion of the author that this status quo may no 
longer exist, or at least be fading out. One of the underlying reasons for this 
opinion stems from the fact that general production cost for antibodies has 
decreased dramatically in the past 20 years, and is expected to continue 
doing so, possible arriving close to the theoretical minimum of 20 USD/g (Kel-
ley, 2009). Although snake venoms represent one of the most complex drug 
targets known to man, likely requiring mixtures of antitoxins to neutralize all 
clinically important toxins, the development of oligoclonal antibody-based an-
tivenoms may be within reach (Laustsen et al., 2016). Producing more than 
six monoclonal antibodies in parallel (Figure 7.2.B) in the same manufacturing 
plant may be prohibited by increased costs due to current industry standards 
of having multiples of six fermentation tanks in a manufacturing unit (personal 
communication, Mads Laustsen) and due to the prohibitively high purification 
costs associated with multiple parallel batches. However, novel expression 
technologies, such as Sympress™ Technology (Wiberg et al., 2006), allow for 
recombinant oligoclonal/polyclonal expression of mixtures of dozens of an-
tibodies in a single fermentation batch (Figure 7.2.B.A) with very limited cost 
increase, compared to the production of monoclonal antibodies (Figure 
7.2.B.B). 
 One major implication that requires much further investigation and as-
sessment is that a switch from serum-based antivenoms to recombinant anti-
venoms is likely to lead to a re-classification of antivenoms. Currently, anti-
venoms are classified as antisera, but it is likely that recombinant antivenoms 
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would be seen as similar to other antibody-based therapies, which are classi-
fied as biopharmaceuticals. Such a re-classification of antivenoms would pos-
sibly have major implication in the regulatory approval process. Therefore, for 
introducing recombinant antivenoms in the clinic it is important to work on 
technological innovations (Harrison et al., 2011, Laustsen et al., 2016) 
through an integrated approach, which also encompasses public health poli-
cies, collaboration, and regulatory affairs (Gutiérrez et al., 2011, Gutiérrez et 
al., 2010). More clinical, technical, and regulatory assessment is therefore ne-
eded before recombinant antivenoms may become a real treatment option for 
snakebite envenomings. 
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Figure 7.2.B: Schematic representation of two different recombinant expres-
sion possibilities for antibodies or Fabs. A) Parallel batch: Antibodies are pro-
duced by monoclonal expression in different fermentation tanks and individual 
purification, after which they are mixed to yield the final oligoclonal antivenom 
product. B) Oligoclonal batch: Antibodies are produced by oligoclonal expres-
sion in one fermentation tank containing different cell lines. Purification can be 
performed on the mix of antibodies or Fabs, since these molecules have simi-
lar properties, providing the final oligoclonal antivenom. 
 
The final considerations in relation to the use of whole IgG antibodies versus 
the use of antibody fragments are half-life and shelf life. In favor of IgGs, half-
life is of high importance due to the persistence of snake venom toxins in the 
envenomed patient. However, since most snakebites occur in rural parts of 
the tropical world, long shelf life and high heat stability (Cook et al., 2010, La-
denson et al., 2006) may also represent important properties, which in this 
case favor nanobodies over IgGs. Possibly, different types of molecules may 
be used in combination in a future antivenom. Such an antivenom could ex-
ploit the benefits of extended half-life for IgGs for prolonged systemic protecti-
on against toxins being slowly released from the bite site and benefit from ha-
ving a low molecular mass nanobody or peptidic inhibitor, which could readily 
diffuse into distal tissues. 
 Overall, the field of recombinant (or synthetic) antivenoms is only in its 
dawn. More development work and preclinical experience along with clinical 
considerations from experienced physicians of the actual treatment procedu-
res typical circumstances is needed for deciding which direction next genera-
tion antivenom research should be concentrated.   
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8. CONCLUSION AND PERSPECTIVES 
 
Snakebite is a major neglected public health threat in many rural parts of the 
tropics. The only current effective therapy against snakebite envenoming is 
animal-derived antisera. Although such antisera may be effective in neutrali-
zing snake venom, their heterologous nature makes them highly immunogenic 
for human recipients. 
 In this thesis, a roadmap has been laid out for developing novel syn-
thetic or recombinant antivenoms that are very likely to have low immunoge-
nicity due to their better compatibility with the human immune system. Such 
antivenoms could be based on a range of molecules, where particularly pepti-
des, nanobodies, antibodies, and antibody fragments may constitute pro-
mising platform molecules with different beneficial properties. However, in or-
der to achieve the goal of bringing antivenoms into the modern era of biop-
harmaceuticals, having a thorough understanding of the drug targets – the 
snake venoms toxins – is essential, and an antitoxin discovery strategy is ne-
eded. 

Prior to this thesis, many studies had been performed on snake ven-
oms including biochemical, proteomic, and pharmacological investigations. 
However, an absence of a systematic methodology for identifying the main 
drug targets in animal venoms hindered rational antitoxin discovery and deve-
lopment. The research behind this thesis aimed at alleviating this by develo-
ping a simple tool for selecting the key toxins responsible for the major toxic 
effects of venoms (the Toxicity Score). This tool was employed together with 
venomics analyses of the venoms of four different elapids (Dendroaspis poly-
lepis, Dendroaspis angusticeps, Naja kaouthia, and Aipysurus laevis) to 
establish their venom proteomes and identify the medically most important 
toxins in these venoms. In addition, significant differences were revealed bet-
ween the venoms, where venoms from Dendroaspis polylepis, Dendroaspis 
angusticeps, and Aipysurus laevis showed presence of synergism between 
toxins, while Naja kaouthia venom displayed a dominance of non-
synergistically-acting α-neurotoxins. For all venoms the α-neurotoxins played 
a major role in venom toxicity, causing flaccid paralysis in rodent models. This 
combination of venomics and the Toxicity Score was the basis for the recent 
establishment of the field “toxicovenomics” (named so by Professor Bruno 
Lomonte) – the study of snake venom proteomes in relation to the pa-
thophysiological effects of their toxins. 

After identification of the medically most relevant toxins from a number 
of snake species (incl. the four mentioned above), several antitoxin discovery 
programs were carried out. A few hundreds of peptide-displaying phages, do-
zens of nanobody-displaying phages, and more than a thousand human scFv-
displaying phages were selected by phage display and screened for their abi-
lity to bind to different snake toxins targets. Several promising peptidic anti-
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toxins were identified, and some were shown to have inhibitory effects against 
elapid neurotoxins. Particularly, Peptide 33535 showed binding to α-
cobratoxin with a Kd of 20 µM. In two-electrode voltage clamp assays using 
Xenopus laevis (African clawed frog) oocytes, Peptide 33535 was capable of 
abrogating α-cobratoxin induced inhibition (at a concentration of 40 µM pepti-
de and 100 µM α-cobratoxin) of the nicotinic acetylcholine receptor, re-
sponsible for neuromuscular transmission. Research revolving around the 
screened nanobodies and scFv fragments is, however, still ongoing and 
includes further inhibitor screening and affinity assessment. 

One of the main limitations of the combined toxicovenomic and phage 
display selection approach includes potential misidentification of toxins during 
peptide mass fingerprinting (due to impurities in samples). Also, the presence 
of toxin synergism may complicate the determination of which toxins are me-
dically important in a venom. Finally, high quality antigens are needed for 
successful phage display selections, where issues such as over-biotinylation 
of antigens seem to be detrimental. Having these limitations in mind and be-
ing able to obtain high quality antigens, the approach, however, seems pro-
mising for development of synthetic or recombinant antivenoms. 

Further drug discovery and pharmacological research is needed to ad-
vance the field of recombinant antivenoms and synthetic antitoxins, and it is 
likely that there are many years until next generation antivenoms will reach 
the market. Specifically in relation to the research presented here, there 
remains a need for identification of scFv leads with high affinity towards speci-
fic snake venom toxins, and methods for oligoclonal expression of such scFvs 
in stable cell lines need to be established. Finally, both future oligoclonal mix-
tures of antibodies (or antibody fragments) as well as the discovered peptidic 
antitoxins need to be evaluated in a preclinical setting. Part of the path to-
wards this goal has been paved with the work performed behind this thesis. 
Hopefully, this path will one day lead to improved snakebite envenoming 
therapies that are accessible for inhabitants in the poorest regions of the 
world. 
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