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Preface 
 
The work presented in this thesis was carried out from March 1st 2020 to February 28th 2023, 
at the Technical University of Denmark (DTU) in the Department of Biotechnology and 
Biomedicine, under the supervision of Professor Andreas Hougaard Laustsen-Kiel and co-
supervisor Professor Jens Preben Morth.  
 
This thesis describes the development and structural characterization of neutralizing 
antibodies against long-chain α-neurotoxins. The research is presented in the form of 
manuscripts and has involved multiple interactions with different collaborations. My 
contributions to each of the articles are outlined below.  
 
Paper 1. ‘Advances in antibody phage display technology’ 
Contribution: I wrote the phage display library types and designs section.  
 
 
Manuscript 1. Discovery and optimization of a broadly-neutralizing human monoclonal 
antibody against long-chain α-neurotoxins from snakes 
In this manuscript, I characterized the antibodies used in the main body of this thesis by 
surface plasmon resonance. I was involved in writing parts of the manuscript related to 
antibody characterization and responding to reviewer feedback.  
 
 
Manuscript 2. Structure of a neurotoxin-neutralizing antibody reveals determinants for broad 
reactivity and a pH-responsive allosteric switch 
I designed the study and performed all experiments, analysis, writing and preparation of 
figures. The antibody Fab fragments used for screening in manuscript 3 were produced at the 
National Biologics Facility, DTU. I produced all other protein for crystallography.  
 
 
Manuscript 3. An antibody framework module that confers modular pH-dependent antigen 
binding properties  
I co-conceptualized the study, designed and produced the phage display library, and 
conducted an initial test phage display selection round, which was up-scaled in the library 
validation presented in the manuscript, and involved a multi-collaborative effort with 
scientists in the Centre for Antibody Technologies. 
 
 
Manuscript 4. Generation of Multivalent Nanobody-Based Proteins with Improved 
Neutralization of Long α-Neurotoxins from Elapid Snakes 
In collaboration with Charlotte Rimbault, I characterized different multivalent nanobody 
fusion proteins by DLS, FIDA, and SEC. Characterization by ITC was performed in Prof. 
Maher Abou Hachem lab with Esperanza Rivera De Torre in the Department of 
Biotechnology and Biomedicine. Functional testing and antibody production was performed 
by external collaborators stated in the article affiliations. I was responsible for writing the 
manuscript and preparing figures, mediating external collaborations, and addressing reviewer 
feedback.  
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Abstract 
 
Antibodies are proteins secreted by immune cells during the immune response to a pathogen. 
By binding to the surfaces of pathogens with high affinity and specificity, antibodies both 
neutralize pathogens and coordinate the immune response. To generate an effective antibody 
immune response, the immune system samples over 108 unique antibodies in the naïve 
antibody repertoire, which expands exponentially following a pathogenic challenge. For over 
a century, the treatment of snakebite envenomings has taken advantage of the ability of the 
immune system to generate highly potent, broadly neutralizing antibodies by immunizing 
large animals with snake venoms and extracting the antibodies for treatment. This forms 
modern-day antivenom and validates the capability of antibodies to neutralize the venom of 
different snakes. However, as the antibodies are of non-human origin, they have an increased 
likelihood of causing adverse reactions when used to treat snakebite victims due to their 
heterologous nature, which is associated with high immunogenicity. Therefore, developing an 
antivenom that consists of human antibodies is one approach to improving snakebite 
treatment. 

Antibodies are both highly potent and specific for their target and are heavily used as 
therapeutics, accounting for over half of the approved biopharmaceuticals in the last 4 years. 
Beyond their high affinity and specificity, antibodies have been engineered to have different 
mechanisms of action. For example, a generation of antibodies has been developed to bind 
non-stoichiometrically, to neutralize more than one target molecule in their lifetime, allowing 
them to be administered at a lower dose than a conventional antibody. These antibodies 
require their binding affinity to be pH-dependent, specifically to have a low affinity at acidic 
pH, allowing the antibodies to release antigens for lysosomal degradation whilst being 
exposed to low pH during cellular recycling. As a result, antibodies are returned to the 
bloodstream unbound and ready to bind to another target molecule at neutral pH. This 
property could potentially help lower the dose and economic feasibility of a more efficacious 
antivenom for developing countries affected by snakebite. Further, developing antibodies that 
are cross-reactive, and therefore can bind to structurally similar toxins in different snakes, 
would broaden the usage (polyvalence) of a prospective antivenom and lower the number of 
antibodies required for treatment. 

This thesis focuses on the development of neutralizing human monoclonal antibodies 
against long-chain α-neurotoxins from elapid snakes and understanding the molecular 
determinants underpinning pH-dependent antigen binding in antibodies. We began by 
discovering antibodies from a naïve human antibody phage display library and optimizing 
them for improved cross-reactivity through light chain shuffling. By doing so, we enhanced 
the neutralization capacity of one antibody in vivo, showcasing the use of phage display 
technology and light chain shuffling as an approach to discovering broadly neutralizing 
antibodies against this toxin family (Chapter 4). 

Building further upon the abovementioned study, we report the crystal structure of 
one of these antibodies bound to a long-chain α-neurotoxin, determined at 1.6 Å, and 
elucidate the basis for the neutralization mechanism of this lineage of antibodies. Through the 
antibody heavy chain complementary determining region 3, these antibodies mimicked 
conserved interactions between long-chain α-neurotoxins and the acetylcholine receptor to 
neutralize long-chain α-neurotoxins and achieve broad cross-reactivity. This antibody also 
bound pH-dependently to all long-chain α-neurotoxins tested, initiating further structural 
studies to investigate the pH-dependent binding mechanism. Determining the structures of 
the antibody bound to long-chain α-neurotoxin at different pH identified a network of 
residues that respond in concert to low pH in the antibody structure, located at the interface 
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between the antibody heavy and light chain (Chapter 5). Thus, these data provide an 
indication of a paratope-independent, pH-sensitive binding mechanism.  

The discovery of pH-dependent antibodies is low throughput and necessitates 
multiple engineering steps and discovery campaigns to tune the antibody affinity at both 
neutral and acidic pH. This thesis aimed to improve the discovery of pH-dependent 
antibodies using in vitro display technology. We had observed that pH-dependent antigen 
binding could be encoded exclusively away from the paratope, potentially in the heavy-light 
chain interface, and used this insight to conceptualize an approach to engineer a generic pH 
switch into the antibody variable domain. We designed and validated a phage display library 
targeting the antibody heavy-light chain interface framework region to introduce a generic 
pH switch into the antibody variable domain. With pH-dependent binding engineered as a 
pre-determined feature into antibodies, we envisage a high throughput approach to 
discovering and/or engineering pH-dependent antibodies using in vitro display technologies a 
priori (Chapter 6).  

Lastly, we employed a self-assembly protein domain to expand the valence and 
neutralization capacity of nanobodies targeting long-chain α-neurotoxins and validated 
parameters important for their application (Chapter 7). We produced stable, multivalent 
nanobody-based proteins engineered to contain up to sixteen binding domains that display 
enhanced neutralization potency of long-chain α-neurotoxins in vitro, and were able to be 
recycled in a cellular assay when engineered to contain IgG-Fc.  

Overall, this work defines the molecular determinants of antibody recognition and 
neutralization of long-chain α-neurotoxins, which will be useful to guide the engineering of 
these antibodies to improve their neutralization potency for use in a recombinant antivenom. I 
have also developed an approach to enhance the neutralization capacity of nanobodies and 
expand their half-life and effector function properties, which might facilitate the use of 
nanobodies in the treatment of different diseases. Furthermore, the molecular insights gained 
through the work behind this thesis on pH-dependent antigen binding can be used to guide 
the engineering of this property into antibodies. This will have utility in improving the 
pharmacology of antibodies that suffer from target-mediated clearance, improve their cost-
effectiveness by having a longer duration of action and a lower administration dose, and 
potentially yield therapies with better patient compliance (due to more infrequent dosing). 
Lastly, the insights acquired into how antibodies bind pH-dependently to their target due to 
properties lying outside of the paratope and epitope interface may have many further 
implications in the de novo discovery of antibodies with pH-dependent binding properties. 
One example includes the design of specialized in vitro display antibody libraries with pre-
established pH-dependent binding properties that could be used in a generic fashion to 
discover recycling antibodies and/or antibodies that engage with their target antigen at exact 
anatomical locations at the right time. My hope is that this will one day lead to more efficient 
development of therapies against snakebite envenoming, but also beyond in areas such as 
oncology, infectious diseases, and autoimmune diseases. 
  



 7 

 
Sammenfatning 
 
Antistoffer er proteiner, der dannes af immunsystemet som reaktion på patogener. Som en del 
af immunresponset udskilles antistoffer af B-celler og binder sig til patogener med høj 
affinitet og specificitet for at neutralisere dem og koordinere immunresponset. For at 
antistoffer i princippet kan genkende ethvert patogen, udtager immunrepertoiret over 108 
unikke antistoffer i det naive antistofrepertoire, som eksponentielt udvides efter en patogen 
påvirkning. I over et århundrede har man ved behandlingen af slangebidforgiftninger draget 
fordel af immunsystemets evne til at generere meget potente, bredt neutraliserende antistoffer 
ved at immunisere store dyr med slangegift og udvinde antistofferne med henblik på 
behandling. Dette udgør den nuværende modgift og bekræfter antistoffernes evne til at 
neutralisere giften fra forskellige slanger. Da antistofferne imidlertid er af ikke-menneskelig 
oprindelse, er der større risiko for bivirkninger, når de anvendes til behandling af 
slangebidsofre på grund af deres høje immunogenicitet. Derfor er udvikling af en modgift, 
der består af menneskelige antistoffer, en af metoderne til at forbedre behandlingen af 
slangebid.  
En generation af antistoffer er blevet udviklet til at binde mere end ét målmolekyle og derfor 
kan administreres i en lavere dosis end et konventionelt antistof, som kun kan binde et enkelt 
molekyle én gang. Disse antistoffer kræver, at deres bindingsaffinitet er pH-afhængig, 
således at antistoffet binder med høj affinitet ved neutral pH, men med lav affinitet ved en sur 
pH-værdi. Dette gør det muligt for antistoffer at frigive antigener til nedbrydning, mens 
antistofferne udsættes for en lav pH-værdi under den cellulære genanvendelse. Antistofferne 
returneres efterfølgende til blodbanen og er klar til at binde sig til et andet målmolekyle ved 
neutral pH-værdi. Denne egenskab kan sænke den dosis, der er nødvendig for behandlingen 
med antistoffer, hvilket er relevant for udviklingslande, der er plaget af slangebid. Endvidere 
vil udvikling af antistoffer, der er krydsreaktive og derfor kan binde til strukturelt ens 
toksiner i forskellige slanger, kunne udvide anvendelsen af en fremtidig modgift og reducere 
antallet af antistoffer, der er nødvendige for behandlingen. 
Denne afhandling indledes med udviklingen af neutraliserende humane monoklonale 
antistoffer mod langkædede α-neurotoksiner fra elapideslanger. Antistofferne blev fundet fra 
et naivt humant antistof-fagdisplay-bibliotek og optimeret med henblik på forbedret 
krydsreaktivitet ved hjælp af udskiftning af de lette kæder. Ved at optimere antistoffets lette 
kæde transformerede vi et antistofs neutraliseringskapacitet in vivo og viste derved brugen af 
phage display-teknologi og udskiftningen af de lette kæder som en metode til at finde bredt 
neutraliserende antistoffer mod denne toksinfamilie (Manuskript II). Vi rapporterer 
krystalstrukturen af et af disse antistoffer (2555_01_A01) bundet til α-cobratoksin ved 1,6 Å 
og belyser neutraliseringsmekanismen for denne type antistoffer, der er opdaget ved hjælp af 
phage display, ved hjælp af receptormimikering. Der blev foretaget yderligere strukturelle 
undersøgelser for at undersøge den pH-afhængige bindingsmekanisme for dette antistof, som 
binder pH-afhængigt til alle testede langkædede α-neurotoksiner. Ved at bestemme strukturen 
af 2555_01_A01 bundet til α-cobratoksin mellem pH 6,0 - pH 4,5 blev der identificeret et 
netværk af aminosyrerester placeret ved grænsefladen mellem antistoffets tunge og lette 
kæde, der reagerer i samspil ved lav pH-værdi i antistofstrukturen (Manuskript III). Dette 
giver således en indikation for en paratop-uafhængig, pH-følsom bindingsmekanisme. 
Konceptet om en paratop-uafhængig, pH-følsom bindingsmekanisme blev videreudviklet ved 
at konceptualisere et pH-følsomt antistofstillads med henblik på at forbedre opdagelsen af 
antistoffer med denne bindingsegenskab in vitro. Med henblik herpå har vi designet og 
valideret et phage display-bibliotek til afprøvning af denne fremgangsmåde (Manuskript IV). 
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Endelig har vi anvendt et selvsamlingsdomæne til at udvide valens- og 
neutraliseringskapaciteten af langkædede α-neurotoksiner og valideret parametre, der er 
vigtige for deres anvendelse (Manuskript V). Dette arbejde definerer samlet set de 
molekylære determinanter for antistofgenkendelse og neutralisering af langkædede α-
neurotoksiner, som sammen med evalueringen af forskellige multivalente formater vil være 
retningsgivende for udviklingen af neutraliserende antistoffer mod denne familie af toksiner. 
Endelig vil den molekylære indsigt i pH-determinanter, der fører til pH-afhængig 
antigenbinding, give grundlag for den fremtidige udvikling og opdagelse af pH-afhængige 
antistoffer. 
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1. Introduction  
 
1.1. Snakebite envenoming 
Each year, snakebite envenoming causes significant harm and death with more than 50 000 
fatalities and 400 000 permanent injuries.1,2 As a response, snakebite envenoming was 
enlisted as a neglected tropical disease in 2017 by the World Health Organisation (WHO), 
with an aim set to halve snakebite fatalities by 2030.3 However, developing a treatment for 
snakebite envenoming poses a unique set of challenges in comparison to other diseases. In 
contrast to infectious diseases, such as viruses, there is only a short incubation time before 
disease onset, as snake venom is injected at a high dose and the toxin constituents of venom 
are often highly potent and fast-acting. Additionally, snake venoms often contain more than 
40 different toxins that act in concert to target the nervous and circulatory systems, as well as 
organs and tissues, providing snakes with a powerful weapon for defence and predation 
purposes.4 To successfully relieve symptoms, neutralizing multiple toxins is a prerequisite for 
the majority of snake venoms. Further, of the 700+ venomous snakes known most are located 
in Asia, Africa, Oceania, and Latin America, intersecting with societies that have a limited 
healthcare capacity for treating the clinical manifestations of envenoming’s. As a therapeutic 
challenge, this places a burden not only on a quick intervention, but also financially in order 
to make therapies accessible to people in the developing countries where the majority of 
snakebites occur.1 
 
 
 

 
 
Figure 1. Snakebite epidemiology. Age standardized mortality rates of snakebite envenoming’s in 
2019. Figure adopted from1 
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1.1.1. Antivenom 
Serum-based antivenoms have been the mainstay treatment for snakebite for over a century, 
and are derived from animals that have developed immunity against snake venoms over time 
through repeated immunizations (Fig. 2).5 Although effective, antivenoms come at risk of 
severe allergic side-reactions due to their non-human origin,6 the likelihood of which is 
increased due to the high doses required for efficacy. The activity of antivenoms is hampered 
by their purity due to a lack of use of specialised chromatography equipment7 and the non-
selective purification of the venom-specific neutralizing components in plasma – antibodies. 
As a consequence, antivenom compositions vary and reflect the entire antibody repertoire of 
the production animal (including non-neutralizing and non-venom specific antibodies), 
diluting their activity.8  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Antivenom production. Traditional antivenom production. (1) The most prevalent snakes 
in a region are chosen to raise an antivenom against. (2) Immunization of large mammals with 
venom. (3) The blood drawn from the animal, plasma separated (4) and the antibodies (5) purified. 
The final antivenom (6) has a mixture of both snake venom-specific and non-specific antibodies. 
 
 
Despite these drawbacks, antivenoms validate the use of antibodies as a drug format to 
neutralize whole venoms.9 Modern biotechnology has developed manufacturing pipelines to 
produce human antibodies as recombinant proteins of a known sequence from a single cell.10 
Produced as pharmaceutical products of a defined composition to treat cancer, autoimmune, 
and infectious diseases, such technology pipelines could address the purity and 
immunogenicity related limitations of plasma-derived products.11 In a step towards this aim, 
discovery workflows have been implemented to discover recombinant human antibodies 
against medically relevant snake toxins in vitro, and have proven able to also neutralize in 
vivo (Chapter 5). Because the sequences of recombinantly produced antibodies are known, 
they can be further engineered to tune the natural biology of antibodies to have improved 
safety profiles,12 therapeutic properties and be produced as oligoclonal mixtures for broader 
usage (Fig 3).13  
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Figure 3. Recombinant antivenom. Recombinantly produced antivenom. (1) The most important 
toxins to neutralize in a snake venom are identified and purified. (2) Human antibodies able to 
recognise toxins are displayed on phages and discovered in vitro, and (3) verified functionally.(4) 
Production cell lines are generated from the DNA of identified neutralizing antibodies and (5) 
produced at a large scale in fermenters before being formulated as a biopharmaceutical product (6). 
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1.2. Antibodies 
Antibodies, or immunoglobulins (Igs), are glycoproteins secreted by plasma and memory B 
cells that bind to pathogens with high affinity. The immune system has five distinct antibody 
subclasses that differ in their functional properties to enable the immune system to detect and 
mount an effective immune response (Fig 4).16 The most common antibody isotype in the 
serum is the IgG isotype, and is secreted in high titres by B cells into the bloodstream to find 
and eliminate pathogens and different disease-causing molecules.1 IgGs are assembled from 
four polypetide chains, two heavy chains and two light chains. Both chains are used to form 
two fragment antigen binding (Fab) domains, which each bind to a specific surface of a 
pathogen known as the antibody epitope. The specific region of the antibody within the Fab 
domain that facilitates the interaction is known as the variable region, and is unique to each 
antibody secreted by a B cell. In the fully assembled IgG molecule, the two heavy chains are 
dimerized and form a fragment crystallizable (Fc) domain, which is covalently connected to 
the Fab domains by a flexible hinge (Fig. 4). The Fc domain interacts with Fc receptors 
(FcRs) to confer a set of effector functions to the antibody.2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 4. Antibody isotypes. Structure of the five antibody isotypes found in humans, each assembled from 
Fab and Fc domains in a ‘Y’ shape architecture. IgM and IgA exist as pentamers and dimers linked by a join (J) 
chain. The IgG subclass is the most abundant isotype in serum, established therapeutically and used in this 
thesis. Formed from 4 chains, 2 heavy (purple) composed of 3 constant domains (CH1-CH3) domains and a 
variable domain (VH) and 2 light chains (cyan) composed of a constant (CL) and variable (VL) domain. An IgG 
can interact with two antigen molecules simultaneously through its Fragment variable region (Fv) assembled 
from variable light VL and variable heavy VH  domains from each chain. The heavy chain Fc mediates 
interactions with receptors through the CH3 & CH2 and hinge (H) domains. With Fab and Fc domains 
positioned at opposite ends of the molecule, IgGs are well positioned to bridge cell types and form multivalent 
complexes through binding avidly to targets. 
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Antibodies function to protect the host from different pathogenic challenges.17 By 
binding to specific sites on a pathogen surface, antibodies can neutralize the pathogen. One 
example is through binding to a site on the pathogen surface important for function, such as 
blocking a virus from binding to host cell receptors to prevent infection.3 Secondly, 
antibodies binding to pathogens decorate the surface of pathogens with antibodies, labelling 
them for recognition and elimination by cells in the immune system. The component of the 
antibody recognised by immune cells is the antibody Fc domain, which interacts with specific 
FcRs on the immune cell to modulate their activity. The structure of the antibody is well 
suited for the recruitment of immune cells to a pathogen, principally by having the Fab arms 
and Fc domains located at opposite ends of the IgG molecule in a ‘Y’ shaped structure. In 
this structural arrangement, the Fab arms localize the antibody to the pathogen, and the Fc is 
presented away from the cell surface, accessible to an immune cell receptor. Thus, antibodies 
home the immune response to different pathogens and can either neutralize a pathogen due to 
their epitope or by recruiting immune cells that eliminate the pathogen independently of the 
epitope through their Fc domain.2  
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1.2.1. Antibody specificity  
Antibodies bind with high affinity to protect against pathogens and can reach affinities up to 
10-10 mol l-1 4 and are consequently very potent. The effects of their activity are most keenly 
felt in autoimmune diseases, when pathogenic antibodies exhibit an off-target toxicity and 
bind to self-molecules, reacting with host cells, tissues and organs.5 Under normal 
circumstances, antibodies bind to pathogens and are highly conformationally specific to their 
target to avoid interacting with self-molecules or leading to off-target effects.  

Over 1000 structures of antibodies bound to an antigen have been determined, 
predominantly through X-ray crystallography and cryo-EM, and describe the structure-
function relationship of the antibody variable region. The variable region is assembled from 
two domains that form the antigen binding site, one contributed by the antibody heavy chain 
(variable heavy VH) and one from the light chain (variable light VL domain). These domains 
pair together to form the variable region of an antibody,26 which contains six loops called 
complementary determining regions (CDRs) connected by beta-sheets (Fig. 5). The CDR 
loops are different lengths and sequence compositions to form a surface on the antibody that 
has a unique topology and biochemical composition. Should the antibody surface be 
complementary to the surface of a pathogen, then an interface is formed between the antibody 
and the pathogen (known as the antigen) facilitated by numerous molecular interactions. The 
residues in the antibody that interact with the antigen are called the paratope, and interact 
with corresponding residues on the antigen called the epitope.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Antigen recognition. (A) Cartoon depiction of the antibody variable region. VL (red) VH (grey), CDR 
loops at the apex of the region are solvent exposed and available to form interactions with an antigen, supported 
by a framework region formed from !-sheets. (B) Surface depiction of the full fragment antigen binding domain 
(Fab), highlighting the structural complementarity between antibody and antigen. The CDR and framework 
residues (FWR) both contribute to the formation of the binding site; the latter may also be a site for engineering 
new binding properties. Structure taken from PDB: 3wd5. 
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The immune system samples a huge structural diversity of antibodies in order to recognise in 
principle, any target. Antibodies can recognise large molecules and form interfaces with their 
target with large surface areas (400-1000 Å2) 24,25	and are able to discriminate single amino 
acid differences or post-translation modifications 6,7  The large surface area not only affords 
antibodies to be highly conformationally specific but allows them to facilitate high-affinity 
interactions through an extensive interaction network between the paratope and epitope.  
 
 
1.2.2. Framework residue effects on antigen binding 
The framework region (FWR) in the antibody variable region is located beneath the CDRs, 
composed of beta sheets and hairpin loops that support the CDR loops to facilitate binding. 
The importance of these FWR residues in binding was observed when engineering antibodies 
derived from mice for therapeutic use in humans.8 To be used as therapeutics in humans, 
mouse antibodies are usually engineered to contain a higher content of human sequence, to 
avoid being rejected by the human immune system. In these engineering efforts, framework 
residues in the mouse antibody were required to retain binding.27 As framework residues are 
located in the beta-sheets of the antibody variable domain, they rarely form the antibody 
paratope, and highlight the importance of residues outside the paratope in facilitating binding. 

The importance of the framework region has been further illustrated in the 
development of broadly neutralizing anti-HIV-1 antibodies.29–31 Broadly neutralizing HIV-1 
antibodies are subjected to prolonged somatic hypermutations in vivo from chronic exposure 
to HIV-1, and therefore have acquired rare mutations in the framework region beneficial for 
broad neutralization. Specifically, these rare mutations mainly occur in the VH-to-VL chain 
interface region within the framework, leading to a reconfiguration of the antibody paratope 
by changing the VH and VL orientation.9 This reconfiguration facilitates binding to conserved 
epitopes on the HIV-env protein. Further characterization of these antibodies by molecular 
dynamic simulations has been used to analyse the effect these mutations have on their 
conformational ensemble in solution. The effect associates the framework mutations in chain 
interface with an increase in flexibility, important for accommodating subtle structural 
differences in the HIV-1 envelope protein as it acquires mutations to escape the immune 
system. The importance of the antibody framework for binding suggests that it could be an 
engineerable feature in antibodies to alter their binding properties.  
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1.2.3. Antibody avidity  
Antibodies are able to bind multivalently. An antibody has two Fab arms, which bind to the 
antigen, and the Fc domain is composed of two heavy chains, affording interactions to two 
FcRs. Partaking in multivalent interactions enables IgGs to bind avidly to antigens and FcRs 
on immune cells. Avidity refers to the cumulative strength of multiple non-covalent 
interactions, which results in an increase in affinity by lowering the dissociation rate of a 
molecule (Fig. 6A).10 A slower dissociation rate is important for the activity of antibodies. 
For example, antibodies have a more sustained effect when blocking viral entry into cells, 
preventing infection, and staying bound to FcRs on immune cells for a sufficient amount of 
time to activate the immune cell. Secondly, in combination with antibody specificity, it gives 
conditionality to the antibody function, as the ability to bind bivalently is dependent on the 
target abundance. Therefore immune cells, for example, are only activated when a sufficient 
level of antibodies are bound to cluster their FcRs, avoiding off-target effects.20 Avidity can 
be enhanced by increasing the antibody valence, for example, by fusing binding domains to 
self-assembly proteins (Fig. 6B),21,22 or by adding binding domains as tandem repeats 
(Manuscript III).23 In this thesis the effect of valence on both binding and Fc domains is 
investigated. 
 
 
 

 
 

 
Figure 6. Avidity engineering. (A) Schematic of an IgG binding avidly to a cell surface receptor. The local 
concentration of the antibody is higher on the receptor when one arm of the antibody remains bound. If the on 
rate is faster than the off rate, the antibody can rebind and stay localized on the cell surface. (B) Avidity 
engineering by increasing valence, by using self-assembly proteins. The p53 tetramerization domain is used to 
assemble four monomeric building blocks and create various multivalent formats. BD stands for binding 
domain. 
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1.2.4. Antibody recycling  
In addition to being highly specific and binding avidly, antibodies have a prolonged duration 
of action due to their inherently long serum half-life relative to other proteins (except 
albumin).11 This is due to binding to the neonatal Fc receptor (FcRn), which prevents IgG 
isotype antibodies from entering the lysosomal degradation system during cellular 
recycling.12  

Antibodies naturally enter the cell through pinocytosis, and are transferred into the 
acidic environment of the endosome. Here, an Fc receptor called the neonatal Fc receptor, 
FcRn, binds to the Fc domain preventing the IgG from progressing to the lysosome. Through 
FcRn antibodies are recycled back to the cell surface, where a lower affinity to FcRn releases 
the IgG back into the extracellular space.33,34  The interaction between the IgG Fc and FcRn 
is strictly pH-dependent, enabling antibodies to be bound in the endosome and returned into 
the plasma (Fig. 6), giving IgGs a half-life of around 3 weeks.35 As a result, IgGs are the 
most prominent antibody isotype in the serum, providing intracellular and extracellular 
immunity in response to pathogens.32  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Antibody recycling. Antibodies enter a cell from the bloodstream through fluid-phase pinocytosis 
and enter into endosomes (1). In the low pH of the endosomes, IgG antibodies bind to FcRn (2) and are 
transported back to the cell surface (3) and are rescued from entering the lysosome and being degraded (4). At 
the higher pH on the cell surface, the antibody is released back into circulation. Figure modified from Tulika. 
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1.2.5. Recycling antibodies  
Even though antibodies have a naturally long half-life, certain targets can reduce their half-
life to just a few days, thereby reducing the pharmacodynamic effect of an antibody and 
requiring more frequent dosing. One of the causes of this is target-mediated degradation.13  
When an antibody binds to cell surface receptors, it can induce receptor internalization and be 
transported by the receptor to the lysosome.14 Similarly, some extracellular proteins can 
promote lysosomal degradation of IgGs, speculated to be a result of altered interactions of 
IgG with FcRn.36 To overcome this issue, antibodies can be engineered to release their target 
at the point in the endosome, where FcRn is present and can rescue the antibody and recycle 
is back into circulation. This causes the target, but not the antibody, to be degraded, and 
therefore the antibody is recycled unbound and able to bind to another target molecule (Fig. 
7, recycling antibody).37,38  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Recycling antibodies. (A) Antibodies with a low affinity for their antigen at acidic pH release their 
antigen following entry into the endosome (1) before being transported back to the cell surface unbound (2), 
whilst the antigen is degraded by the lysosome (3). (B) In contrast, antibodies that bind non-pH-dependently 
stay bound to their antigen, which is transported back to the cell surface with the antibody. Antibodies that bind 
with low affinity at endosomal acidic pH are recycled back unbound and are able to bind another antigen, and 
therefore have the potential to neutralize multiple antigens in their lifetime, called recycling antibodies. The rate 
of antibody recycling can be tuned by adjusting the affinity of IgG-Fc for FcRn, giving a customizable rate of 
antigen degradation.  
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Recycling antibodies, therefore, degrade the target and re-instate the IgG half-life by 
preventing target-mediated degradation. In certain indications, however, targets such as 
cytokines or toxins are produced chronically and require a sustained duration of degradation 
to treat with an antibody.15 To increase the duration of action of an antibody, Fc mutations 
are engineered into the IgG Fc domain to increase the affinity of IgG-Fc for FcRn at acidic 
pH. In this way, the IgG is more efficiently rescued from lysosomal degradation by FcRn and 
more antibody is returned to the bloodstream, extending the antibody half-life.16,17 
Combining such Fc modifications with pH-dependent antigen binding concomitantly extends 
the IgG half-life and the duration of antigen degradation, lowering the administration 
frequency of the antibody and prolonging the antibody pharmacology.39,40 

Lastly, tuning the affinity of IgG-Fc to FcRn at neutral pH gives a customizable rate 
of antibody recycling and target degradation by pH-dependent antibodies.18 Called 
‘sweeping’ antibodies, these antibodies bind with a higher affinity to FcRn at neutral pH, and 
therefore have a greater rate of cellular internalization by binding to FcRn at the cell surface. 
The antibodies are still released into circulation, but the balance between recycling and time 
in circulation is adjusted through the affinity and pH-dependent binding to FcRn to increase 
the recycling rate (Fig. 8).41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 8. Sweeping antibodies. In contrast to a recycling antibody, (A) sweeping antibodies are designed for 
an enhanced rate of antigen degradation by increasing the affinity for the FcRn receptor at pH 7.4 (B), which 
results in an increased cellular uptake and increased rate of recycling.   
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1.3. pH-dependent interactions  
Changes in environmental pH are sensed by proteins and are important for facilitating 
biological processes. For example, viral fusion proteins undergo structural re-arrangements in 
the endosome to mediate viral escape and infection,44–46 and antibodies are reliant on the 
formation of a pH-dependent interface with FcRn for their recycling.44 In relation to the Fc-
FcRn interaction, pH-dependent binding is conferred through complementary electrostatic 
interactions between positively charged, protonated histidine residues, and negatively 
charged acidic residues in the interaction interface.19,20 Upon entering the endosome, salt 
bridges are formed between protonated histidines and negatively charged acidic residues to 
facilitate binding, which is broken at neutral pH when histidine is deprotonated. Histidine is 
known to facilitate pH-dependent interactions in the pH range of biological systems due to 
having a pKa value of 6.0, which denotes the pH value at which the protonation of a 
compound is 50 percent (Equation 1). At the acidic pH of 5.5 in the endosome, histidine 
residues with a pKa value of 6.0 will predominantly be double protonated and charged, 
allowing for complementary charged electrostatics to facilitate pH-dependent interactions 
between FcRn and the Fc region of the antibody.47 
 
 
 
 

pH	=	pKa	
	

-log[H+]	=	-log[H+][A-]/[HA]	(1)	
	

[H+]	=	[H+][A-]/[HA]	(2)	
	

1	=	[A-]/[HA]	(3)	
	

[A-]	=	[HA]	(4)	
 
 
Equation 1. pH effects on protonation dissociation equilibrium. To illustrate that when the pKa value is 
equal to the pH of the solution 50% of the compound is protonated, we set pH equal to the pKa. The impact of 
pH on protonation dissociation equilibrium (pKa) can be explained by defining pH as the concentration of 
protons and pKa as the equilibrium position of ionizable forms of a compound in solution (1). Re-arranging the 
-log (2) and concentration of protons (3) results in the ratio of ionizable to non-ionizable forms being equal to 1. 
By rearranging equation 3, it becomes clear that the concentrations of both ionizable and non-ionized forms are 
equal only when the pH equals the pKa. As a result, when the pH value is equal to the pKa value of a 
compound, it is in a state of half protonation, and when the pH value is above the pKa, the compound is in a 
predominantly non-protonated form. 
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The protonation probability of amino acid residues is dependent on their surrounding 
environment, which includes other amino acids, metals, and is dynamic in proteins as they 
sample different conformational states.21 Antibodies for example have been associated with 
pH-dependent equilibriums during their characterization, attributed to the change in charge 
state of acidic residues in hydrophobic environments.22 However, because hisitidne has a pKa 
value of 6, this residue is chosen for engineering pH switches into antibodies to introduce the 
pH-dependent binding required for recycling and antigen-sweeping applications. Engineering 
pH-dependent antigen binding is presented in the Chapter 3 in the form of a review article. 
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2. Project Aims 
 
This thesis is split into two themes, pH-dependent antibody binding characterization and 
antibody engineering. Both themes are approached from the context of snakebite envenoming, 
using neutralizing antibodies to long-chain α-neurotoxins.  
 

1. The mechanisms by which antibodies bind pH-dependently to their antigen are rarely 
reported. The aim of this thesis was to investigate how antibodies can interact pH-
dependently with their antigen by structurally characterizing a pH-dependent antibody 
using X-ray crystallography.  

 
2. The discovery of pH-dependent antibodies directly from in vitro display libraries 

normally demands multiple follow-up engineering steps to optimize their binding 
affinity. The aim of this thesis was to improve the discovery of pH-dependent 
antibodies from in vitro display libraries by engineering a pH-sensitive antibody 
framework, to use as a scaffold to design phage display libraries with pH-dependent 
binding properties pre-determined into antibodies. This was approached by using phage 
display to introduce pH-dependent binding in a non-pH-dependent antibody selectively 
through the antibody framework region. 
 

3. Approaches to enhance both the neutralization capacity of nanobodies and their half-
life are typically centred around genetically fusing nanobodies to IgG scaffolds, which 
limits the neutralization potency that can be achieved. The aim of the thesis was to 
expand the valence and half-life of nanobodies by employing a self-assembly protein, 
p53. 
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3. Advances in antibody phage display technology  
 
This scientific review is a continuation of the thesis introduction and reviews the different 
aspects of phage display technology used to engineer and discover antibodies for different 
therapeutic applications. We begin by reviewing the different antibody formats used in phage 
display for antibody discovery and engineering, and review different antigen presentation and 
selection strategies and library designs.  
 
This article highlights the utility of phage display to discover antibodies with tailored antigen 
binding properties. As an example, antibodies can be selected for improved cross-reactivity by 
cross-panning between different antigens between phage display selection rounds. 
Additionally, libraries can be designed to favour antibodies with specific binding properties 
before conducting a phage display antibody discovery campaign, such as by enriching phage 
display libraries with the histidine amino acid residue to increase the potential of discovering 
antibodies that interact pH-dependently with their antigen. Alternatively, libraries can be 
designed to maximise antibody diversity to discover antibodies to a broad range of targets. 
These libraries can be produced by acquiring antibody sequences from the human immune 
system, and therefore utilize the immune system’s ability to recognise a diverse range of target 
classes. 
 
This scientific review is published in Drug Discovery Today: 
Line Ledsgaard, Anne Ljungars, Charlotte Rimbault, Christoffer V. Sørensen, Tulika Tulika, Jack 
Wade, Yessica Wouters, John McCafferty, Andreas H. Laustsen, Advances in antibody phage display 
technology, Drug Discovery Today, Volume 27, Issue 8, 2022, Pages 2151-2169, ISSN 1359-6446, 
https://doi.org/10.1016/j.drudis.2022.05.002. 
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Introduction
Phage display technology was first invented in 19851 for the dis-
play of peptides and, later, in 1990, the first antibody fragment
was displayed on phages.2 Since then, the technology has been
used successfully for the discovery of many hundreds of antibod-
ies for research, diagnostic, and therapeutic applications, includ-
ing more than 14 antibodies that are clinically approved.3 All
aspects of the phage display methodology have been refined
and advanced to enable the discovery of antibodies against chal-
lenging targets and antibodies with certain binding properties.
One of the advantages of phage display, compared with other
display technologies, such as ribosome,4,5 yeast,6 or mammalian
display,7,8 is that large libraries (diversity of > 1011 unique clones)
can be created and stored ready for selections, which allows for
high-affinity antibodies to be discovered against a wide range
of antigens. In this review, we address four major parameters that
can be optimized to improve the outcome of antibody discovery
campaigns: the choice of antibody display format, antigen pre-
sentation, selection strategy, and library construction.

Antibody formats used in phage display libraries
Phage display libraries can be designed using different bacterio-
phages, such as filamentous M13, fd, and f1 bacteriophages,9

to display a variety of different antibody formats. The two most
commonly used formats are single-chain variable fragments
(scFvs) and antigen-binding fragments (Fabs).10,11 ScFvs are small
(25–27 kDa) monovalent antibody fragments comprising VH and
VL domains connected by a short peptide linker.12 Fabs are
50 kDa in size13 and comprise VH, VL, CL, and CH1 domains.14

There is potential for loss of affinity on conversion of scFv to
the Fab/IgG format,11,15 which might be less of an issue for anti-
bodies discovered in the Fab format.11,15,16 However, Fabs gener-
ally do have lower expression yields than scFvs17 and typically
exhibit lower display levels on phages,18,19 making scFvs a more
robust format for libraries, particularly naïve libraries.

Other antibody formats have also been used for the construc-
tion of antibody phage display libraries, including human single-
domain antibodies (human VH) and camelid and shark single-
domain antibodies (VHH and VNAR, respectively). VHHs are small
(12–15 kDa13) and comprise the antigen-binding fragment from
heavy-chain-only antibodies. With conventional antibodies, the
interface that mediates pairing of VH and VL incorporates
hydrophobic residues that are buried in the interface. In VHHs,
these are substituted with more hydrophilic residues, which
results in increased water solubility and a decreased tendency
to form aggregates.20 The complementarity-determining region
3 (CDR3) loop in the VHH is often elongated compared with con-
ventional antibodies, which allows the VHH to bind antigens
that would be inaccessible for conventional antibodies, such as
catalytic clefts of enzymes or receptor domains.21,22 The VNAR

antibody fragments are similar to the VHH antibody fragments
in size, with the notable exception that they only have two
CDR loops because of a deletion of a large portion of the Fr2-
CDR2 region.23

Which of the antibody formats to choose for a phage display
campaign is dependent on the final application of the discovered
antibody. If the application is therapeutic and a long half-life is

beneficial or engagement of effector cells is needed, an scFv or
Fab library might be optimal, because they allow for easy refor-
matting to the commonly therapeutically used IgG format. For
research reagents and diagnostic applications, or when the cost
of large-scale manufacture is a major concern, a format such as
the VHH might be most optimal, although this format can also
be fused to an Fc-region to create a VHH-Fc molecule with similar
properties as an IgG in terms of half-life and effector cell engage-
ment. Taken together, it is vital to delineate the requirements for
the final antibody product to select the most suitable type of
library.

Antigen presentation strategies
For a successful phage display-based antibody discovery pro-
gram, it is crucial that the conformation of the included antigens
resembles the conformation that the antigens will have in the
final application. Otherwise, the discovered antibodies could
end up only recognizing the antigen in an altered conformation.
Therefore, an initial and critical step for a phage display cam-
paign is to determine the optimal strategy for antigen
presentation.24

Antigen presentation through direct or indirect immobilization
The most widely used antigen presentation strategy is to directly
or indirectly immobilize the antigen on a surface (Fig. 1a). In
direct immobilization, the antigen is coated on the surface using
passive adsorption. This strategy is by far the simplest for antigen
presentation; however, it is not well suited for many types of
antigen that alter their native conformation upon adsorption.25

It can be particularly more problematic for small antigens that
might not exhibit enough intermolecular attraction forces to
exert passive adsorption.26 For some of these antigens, indirect
immobilization can be used instead of direct immobilization.

Through indirect immobilization, the antigen is captured on
the surface using a capture molecule. The most popular tech-
nique exploits the strong binding between streptavidin/neutra-
vidin and biotin, whereby the surface is coated with
streptavidin/neutravidin, and the antigen is conjugated to biotin
via a linker or tag.27,28 This enables an indirect, yet stable, attach-
ment of the antigen to the surface.27,28 The antigen is more likely
to retain its native conformation through indirect immobiliza-
tion because the antigen is raised from the selection surface.
However, it is crucial not to overbiotinylate the antigen, because
this can obscure important epitopes or result in antigen
aggregation.29

Two different strategies for biotinylation exist: site-specific or
random biotinylation. Site-specific biotinylation can be achieved
using biotinylation acceptor peptides (BAPs) comprising an enzy-
matic biotinylation site.30,31 One of the most widely used BAPs is
the AviTag, which requires recombinant expression of the target
antigen fused to the 15-amino acid peptide tag.32 The AviTag
sequence is biotinylated at its lysine residue by the Escherichia coli
biotin ligase, BirA.33 The AviTagged antigen can be co-expressed
with BirA in bacterial cells, yeast, and mammalian cells to
achieve in vivo biotinylation.34,35 Alternatively, purified Avi-
Tagged antigen can be incubated with purified BirA and biotin
to achieve in vitro biotinylation.36 Biotinylation using BAPs
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results in site-specific addition of a single biotin per antigen, thus
controlling the antigen-to-biotin ratio and avoiding overbiotiny-
lation. Nevertheless, it might not be possible to use the AviTag
system in all cases, especially when it is difficult/unpractical to
express the target antigen recombinantly, or when the AviTag
would interfere with a potentially important (terminal) epitope
of the antigen.

As an alternative to BAP biotinylation, random chemical
biotinylation can be used. In this method, purified antigen and
biotinylation reagents, using a variety of possible reaction che-
mistries, are mixed to achieve a covalent linkage between the
antigen and biotin. A variety of linkers are available, making it
possible to biotinylate antigens at the primary amines (N termi-
nus or side chain of lysine residues37) or sulfhydryl and carboxyl
groups.38,39 Although faster and cheaper than enzymatic biotiny-
lation (by the E. coli biotin ligase), chemical biotinylation needs
titration to achieve the desired 1:1 antigen-to-biotin ratio.

Indirect immobilization of an antigen can also be used based
on different peptide tags and tag-specific capture molecules. This
requires the recombinant expression of the antigen in fusion

with a peptide tag and the selection surface to be coated with
the fusion tag-specific capture molecule. Binding between the
tag and the capture molecule results in immobilization of the
antigen. Although less popular than the biotin–streptavidin sys-
tem, His-tags and anti-His antibodies or other His-capturing
molecules have been exploited for antigen presentation in phage
display selections.40 Recently, a peptide–protein ligand pair,
known as SpyTag/SpyCatcher, derived from fibronectin-binding
protein in Streptococcus pyogenes, was used for antigen presenta-
tion in phage display selections.41,42 The binding between Spy-
Tag and SpyCatcher occurs via an isopeptide bond and has
been reported to be irreversible, specific, and robust to various
conditions, such as pH, temperature, and buffer.41.

Antigen presentation through whole-cell panning
Even though indirect immobilization is suitable for displaying
many antigens, it is often not optimal when it comes to present-
ing antigens such as membrane proteins. Membrane proteins
typically contain hydrophobic transmembrane regions and
might be a part of a multisubunit protein complex; as a result,

Drug Discovery Today

FIG. 1
Antigen presentation strategies. (a) Direct and indirect immobilization. (b) Antigen presentation on whole cells. (c) Antigen presentation on liposomes,
nanodiscs, and virus-like particles (VLPs).
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they lose their native conformation when isolated from their
natural environment.43 To conserve their conformation, mem-
brane proteins can be expressed on a cell membrane (Fig. 1b).
Mammalian cell lines, such as human embryonic kidney (HEK)
cells or Chinese hamster ovary (CHO) cells, can be either tran-
siently or stably transfected with a target protein to overexpress
it and obtain a high density on the cell surface, while retaining
the native conformation of the antigen.43–46 Although selections
are sometimes performed using cultured primary cells, it has
been shown that cultured cells can alter their protein expression
levels compared with primary cells47; to overcome this potential
issue,48 primary cells without culturing can be used for selec-
tion.49 Other cell expression systems, including E. coli, yeast,
and insect cells, can also be used to express and present mem-
brane proteins.50–52.

One problem with phage display selection on whole cells is
that the target antigen, whether endogenous or recombinantly
expressed, will represent only a small proportion of the total pro-
tein milieu presented to the library. To overcome this, deselec-
tion techniques can be used as described below. In addition,
when transfected cells are used, the host cell can be altered
between the selection rounds to focus selection on the recombi-
nant antigens present on both cells.43 Another challenge is that
phage particles can nonspecifically adsorb to the cell surface via
their coat protein (independently of their displayed antibody
fragment). To counteract this, washing using low pH can be
applied.43,53 Furthermore, some phages can bind nonspecifically
to dead cells and cell debris in the cell suspension used for pan-
ning. To reduce enrichment of such nonspecific binders, it is
important to ensure that most of the cells used for selection are
viable.43,54

Antigen presentation through liposomes, nanodiscs, and VLPs
Membrane proteins can also be presented on amphiphilic struc-
tures, such as liposomes, nanodiscs, and virus-like particles
(VPLs) (Fig. 1c). Liposomes are spherical vesicles comprising a
volume of aqueous solution enclosed by one or more lipid bilayer
membranes, usually composed of phospholipid molecules. The
phospholipid bilayer membrane mimics the environment of a
plasma membrane and creates a suitable platform to present
membrane proteins.55,56 Presenting antigens on liposomes
requires the formation of the liposomes, extraction of the anti-
gen from its native membrane environment (whether isolated
from natural source or recombinantly expressed), and finally
transferring the extracted antigen to the preformed liposomes.
When recombinantly expressed, the antigen can be fused with
a tag, which can be used later for purification.57

Membrane proteins can also be presented on nanodiscs,
which are nanometer-sized discoidal structures comprising phos-
pholipid bilayers encircled by two amphipathic helical protein
belts, termed ‘membrane scaffold proteins’ (MSPs).58 Purified
membrane protein can be mixed with phospholipids and MSPs
to obtain membrane protein-carrying nanodiscs59,60 (Fig. 1c).
The protein belts constrain the size of the bilayers, resulting in
a more monodispersed and consistent size distribution of nan-
odiscs compared with liposomes. Furthermore, nanodiscs pro-
vide a more stable environment for the membrane proteins

and can be stored for a longer period compared with lipo-
somes.61,62 Moreover, because of their discoidal structure, pro-
teins incorporated in the nanodiscs are accessible from both
sides of the membrane. This is beneficial when access to both
the extracellular and intracellular domains of membrane pro-
teins is required. Both liposomes and nanodiscs can be used to
present ion channels and multitransmembrane proteins, such
as ion channels and G-protein-coupled receptors, which have
until recently proved difficult to express/purify. However, both
liposomes and nanodiscs rely on detergents to extract membrane
proteins, which can alter the structure of the protein. As an alter-
native, a detergent-free approach, using styrene maleic acid
(SMA) copolymer, can solubilize membranes into lipid nan-
odiscs, which are nanometer-sized discoidal structures compris-
ing a phospholipid bilayer encircled by SMA copolymer
resulting in a structure called a ‘styrene maleic acid–lipid particle’
(SMALP).57,63,64 The detergent-free extracted protein can also
then be incorporated into liposomes for antigen presentation.57.

Cytotoxic proteins can cause growth retardation and toxicity
to the host cells when overexpressed, making them difficult to
express.65 Cytotoxic and membrane proteins can be synthesized
in a cell-free manner in a reaction comprising modified cell
lysates, which provide a suitable environment for the target pro-
tein expression,66 potentially combined with membrane-
mimicking structures, such as liposomes and nanodiscs, which
capture and present the newly synthesized proteins.67 Mem-
brane protein presentation on nanodiscs has been successfully
implemented for phage display.62,68.

VLPs are another alternative for presentation of membrane
proteins suitable for phage display.69 VLPs are non-infectious,
virus-like multiprotein structures that lack the viral genome,
but contain the viral capsid proteins.70,71 Target membrane pro-
teins can be transiently overexpressed on the surface of the
capsid-expressing host cell. The self-assembling viral capsid pro-
tein directs the budding of the plasma membrane, resulting in
the formation of VLPs studded with target antigens (Fig. 1c). It
is also possible to first synthesize the VLPs and then covalently
attach the target proteins to their surface.72 Compared with lipo-
somes, VLPs are more stable and can present antigens at higher
density. However, VLPs have a high cost, because commercially
available VLPs are expensive, and their production in the lab
can be laborious.72.

Advanced phage display selection strategies
An antibody discovery campaign using phage display selection
can be conducted using various strategies and protocols. These
strategies should be carefully selected to maximize the chance
of discovering an antibody with the desired characteristics. Here,
we present different strategies that can be used to discover anti-
bodies with binding characteristics, such as cross-reactivity, high
selectivity, or pH dependence.

Deselection strategies: Antigen tags and carrier material
During a selection process, binders will potentially be selected
against all antigens, including tags or fusion partners, as well
support matrices, such as streptavidin beads. To overcome this,
a deselection step using a nontarget is typically included to limit
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FIG. 2
Deselection strategies. (a) Deselection of antibodies against antigen tags or carrier material. (b) Deselection when presenting antigens on cells, liposomes,
nanodiscs, and virus-like particles (VLPs). (c) Depletion of phages when selecting on complex antigen mixtures. (d) Using antibodies for masking specific
epitopes.
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enrichment of antibodies against antigens other than the target.
For example, selection on a biotinylated protein using strepta-
vidin beads can be preceded by exposing the library to a biotiny-
lated nontarget protein coupled to streptavidin beads to reduce
the proportion of such unwanted binders progressing to the
selection step on the intended target73–75 (Fig. 2a).

Deselection strategies: Whole cells, liposomes, nanodiscs, and
VLPs
The same principle can be applied to more complex targets, such
as whole cells, liposomes, nanodiscs, or VLPs. When panning on
whole cells, a cell transfected to express e.g. a surface receptor of
interest is used to display the antigen, and antibodies specific to
the receptor can be enriched using a mock-transfected cell or pos-
sibly an untransfected cell for deselection.43,44,54 Moreover, for
discovery of antibodies against viral targets, selection can be per-
formed using an infected host cell as antigen and lysate of unin-
fected host cells for deselection.76 When cells with an
endogenous expression of the target are used, ideally, the same
cell knocked down or knocked out for the antigen of interest
can be used for deselection (Fig. 2b). For liposomes, nanodiscs,
and VLPs, a similar strategy can be used, in which deselection
is performed using the particle used for presentation without
the antigen embedded, before selection on the antigen-
displaying particle.77

A more complex scenario is when whole cells are used without
knowing the target a priori in a phenotypic discovery campaign
using mammalian49 or bacterial cells.78 Under such circum-
stances, deselection can be performed on a nontarget cell similar
to the target cell to avoid enrichment against common cell sur-
face antigens. However, the perfect match, as in the example
with transfected cells, is impossible.49,79 An example includes
deselection on T cells when the goal is to identify antibodies tar-
geting B cells.

Deselection strategies: Depletion for complex antigen mixtures
Deselection through depletion can be used for complex targets,
such as whole cells or impure protein samples, also when the tar-
get is unknown. An example is selection on whole cells without
knowing the target beforehand. In such cases, even though the
target antigen is unknown, the nontarget antigens might be
known, which allows for protein depletion to be performed. Dur-
ing protein depletion, the phage display library is incubated with
recombinant proteins corresponding to nontarget antigens
coated or captured on immunotubes or beads. Thereafter, the
unbound phages are transferred to the target antigen and used
for selection80–82 (Fig. 2c).

Deselection strategies: epitope-specific deselection
For therapeutic antibodies, it is often crucial which epitope of a
target antigen an antibody binds, because this can determine
whether the antibody is of therapeutic value. To direct antibody
binding to a specific part of the antigen, different techniques can
be applied. To find binders against the ligand-binding site of a
receptor, the elution step can be performed by adding high con-
centrations of the ligand, which will elute only antibodies com-
peting with the ligand for binding.83 However, a major drawback
with this strategy is that mainly low-affinity antibodies are

eluted, which makes it possible to use the method specifically
for the reduction of the amount of low-affinity binders.84 Anti-
body blocking,81 also called epitope masking,85–88 is another
strategy for directing antibodies against a specific part of an anti-
gen. During the selection, previously discovered antibodies bind-
ing undesirable epitopes of the antigen are included for blocking.
These antibodies bind and block certain epitopes of the antigen,
making some epitopes nonaccessible for new antibodies dis-
played on phages during the selection step. Thereby, antibodies
binding new epitopes can be enriched (Fig. 2d). In addition to
antibodies, receptor–ligand complexes can also be used in a sim-
ilar way to deselect binders that do not recognize the same site as
the receptor or ligand does.89

Selection with competition
In many cases, it is desirable to reduce binding to antigens that
are related to the target antigen. Thus, the goal is to focus selec-
tions on epitopes that are unique to the target antigen and
reduce the proportion of binders to epitopes shared with related
antigens. This is achieved by prior deselection on the related
antigen.74 However, deselection is not 100% efficient and is
related to the target concentration and the affinity of the binding
to the shared epitope. The binding between an antibody and an
antigen is an equilibrium reaction following the law of mass
action. Therefore, not all antibodies are bound to their antigens
at a given time point. Thus, in all deselection strategies, several
antibodies that have specificity for an antigen used for deselec-
tion will not be bound to the antigen at the time point at which
deselection is concluded. Consequently, these antibodies with
specificity to the antigen used for deselection will be carried
through to the selection phase and might bind the target antigen
here. To circumvent this, as an alternative to (or in combination
with) deselection, selections can be performed in the presence of
competing antigens (selection with competition).

In a selection with competition, target and nontarget antigens
are mixed with the antibody library, allowing for competition for
antibody binding between the target and nontarget. Use of a
large excess of the nontarget antigen drives binding to epitopes
shared between target and nontarget antigen, increasing the frac-
tion of recovered antibodies that bind target-specific epitopes.
Therefore, after the selection step, antibodies binding to the tar-
get antigen are enriched. Strategies to collect the target with
binding antibodies include labeling the target with, for example,
biotin, while leaving the nontarget unlabeled (Fig. 3a). This strat-
egy can be used both for whole cells and purified proteins.75

Another alternative is to present the target and nontarget anti-
gens in different ways, such as having the target antigen immo-
bilized or coated on a plastic surface and adding nontarget
antigen in solution90 (Fig. 3b). For whole-cell selections, the non-
target cells can also be presented as membrane particles, resulting
in different densities of target and nontarget antigens, which
allows for separation through centrifugation.91.

Antigens that are upregulated in diseased tissue, cells, and flu-
ids compared with healthy samples commonly serve as relevant
targets for therapy or diagnosis.92 An alternative for discovery of
both such targets and antibodies targeting these is to use pheno-
typic discovery. However, in this case, a classical deselection
strategy using healthy samples is suboptimal, because binders
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against all antigens present in the deselection step (on the
healthy sample) will be reduced. Instead, including a competi-
tion during selection allows for the discovery of antibodies
against these types of upregulated targets, not only the ones
uniquely expressed. By varying the amount of added nontarget
antigen for competition, the selection can be guided for the dis-
covery of antibodies against a target that is upregulated to a cer-
tain degree.93 Antibodies will compete for binding to the antigen
present on both target and nontarget antigens, and the expres-
sion levels will determine whether antibodies are mainly col-
lected and enriched or removed (Fig. 3c).

Strategies to generate cross-reactive antibodies
Antibodies are highly specific molecules, and selections are typi-
cally designed to find specific antibodies against one target anti-
gen and avoid any binding to other molecules. However, in
many circumstances, although the antibodies must be highly
specific for their target, they should preferably also bind homo-
logs or different mutated versions of the same target. For exam-

ple, preclinical studies of a therapeutic antibody binding a
human target will be significantly easier to conduct if the anti-
body also recognizes the murine and simian version of the anti-
gen. Other examples are infectious diseases and antivenom
development, where it is beneficial if broadly neutralizing anti-
bodies recognizing several different viruses, bacteria, or toxins
can be discovered.94

Cross-panning
A way to achieve cross-reactivity is to perform cross-panning, in
which antigens are alternated between the different rounds in
the selection process95 (Fig. 4a). This technique has been used
to find antibodies against conserved epitopes of HIV,96 Influenza
A strains,97 and against cytotoxins in snake venoms from multi-
ple species.98 Success depends on the degree of conservation
between related targets. A requirement for broad cross-
reactivity against orthologs or paralogs with low conservation
might result in finding low-affinity antibodies, nonspecific bin-
ders, or no antibodies.
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FIG. 3
Selection with competition. (a) Competitive selection using labeled target antigen and unlabeled nontarget antigen. (b) Competitive selection using
immobilized target antigen and non-immobilized nontarget antigen. (c) Selecting for upregulated disease markers using competitive selection.
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Antibody blocking and next-generation sequencing
For the discovery of cross-reactive antibodies when the same
antigen is used in repetitive selection rounds, selections can be
guided towards conserved epitopes of the antigen using antibody
blocking, as described above (Fig. 4b). Another alternative is to

evaluate the output from parallel pannings on different homolo-
gous proteins, with next-generation sequencing (NGS) to iden-
tify antibodies that are enriched and found in all output pools
(Fig. 4c). This has been used to identify binders against serum
albumin.99

Drug Discovery Today

FIG. 4
Strategies to generate cross-reactive antibodies. (a) Cross-panning. (b) Targeting conserved epitopes using blocking antibodies. (c) Using next-generation
sequencing (NGS) for identification of cross-reactive antibodies. (d) Consensus antigens.
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Consensus antigens
Another alternative to identify cross-reactive antibodies is to use
consensus antigens in the selections (Fig. 4d). A consensus anti-
gen is designed by sequence alignment of multiple homologous
antigens and construction of an ‘average’ consensus antigen,
containing the most abundant amino acid in each position. In
positions where multiple alternatives exist, different approaches
can be taken, such as selecting amino acids based on similar
chemical properties or the one with the greatest predicted
immunogenicity.100 Polyclonal broadly neutralizing antibodies
against short neurotoxins from various snakes have successfully
been generated using consensus toxins for immunization of
horses,101,102 and it has been hypothesized that the use of

consensus antigens might also be useful in phage-display-based
antibody discovery campaigns.103

Selection of environment-sensing antibodies
When administering therapeutic antibodies, the antibodies
remain in circulation until they are endocytosed by cells. After
endocytosis, the antibodies are directed to the lysosomes, where
they can be recycled to the circulation via binding to the neona-
tal Fc receptor (FcRn). This significantly increases the half-lives of
the antibodies.104 However, when an antibody is bound to an
antigen, the antigen–antibody complex is internalized and either
degraded in the lysosomal compartment or recycled. To avoid
recycling of the antigen as well as unnecessary antibody degrada-

Drug Discovery Today

FIG. 5
Environment-sensing antibodies. (a) Neonatal Fc receptor (FcRn)-mediated recycling mechanism shown with and without pH-dependent binding to antigen.
(b) Selection strategy for isolation of antibodies with pH-dependent binding.
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tion, antibodies can be engineered to dissociate from their anti-
gens within the acidic endosomes, allowing the antigen to be
degraded while the antibody is recycled105 (Fig. 5a). For a thera-
peutic antibody, this enables the antibody to be administered
less frequently and/or at a lower dose to the patient. Given that
the pH differs between circulation (pH 7.4) and inside endo-
somes (pH 5.8), antibodies binding their antigens with different
affinities at different pH are desirable when the antibody is to be
recycled without its cargo. It has been shown that the plasma
antigen concentration was decreased by using a pH-dependent
antibody, also engineered to have increased FcRn affinity, com-
pared with a conventional antibody.106,107 In addition, pH-
dependent binding can enhance the cytotoxicity of antibody–
drug conjugates108,109 and possibly promote antibody transcyto-
sis across the blood–brain barrier.109 For discovery of pH-
dependent antibodies, the phage selection protocol can be mod-
ified to enrich for this property. During the selection, binding is
allowed to occur at neutral pH, following elution of pH-
dependent binders by decreasing the pH to 5.4.110 To optimize
the chances of finding pH-dependent binders, libraries enriched
for histidines can be used, which are described in more detail
below.

Another strategy for increasing the half-life of antibodies is
to have antibodies with binding properties dependent on the
presence of ions. The calcium concentration differs between
the environments in the endosomes and the plasma. Therefore,
similar to pH dependence, calcium dependence can be used to
recycle antibodies from the endosomes. As an example, selec-
tions against IL-6R in a calcium-containing buffer, followed
by addition of EDTA to chelate Ca2+ and thereby elute
calcium-dependent antibodies, resulted in the discovery of an
antibody with accelerated clearance of the antigen from
plasma.111

Depending on the final use of the antibodies, enrichment for
additional requirements, such as improved stability, or slow off
rates, can be achieved during selection. One way to increase
the stability is to increase the temperature112 or add proteases113

during the selection step for enrichment of antibodies stable to
those conditions. For discovery of antibodies with slow off rates,
the antigen concentration is typically reduced in consecutive
selection rounds,114 and additional wash steps are added.115

In vivo phage display selection
As described previously, using whole cells as antigens for phage
display selection is a valid strategy that accommodates many
aspects, such as correct folding, post-translational modifications,
and functionality of an antigen. However, the complexity and
pharmacology of the antigen in a living organism remain lack-
ing. Similar cell types might have completely different expres-
sion profiles or post-translational modifications because of
variations in tissue microenvironments, both in healthy116 and
diseased tissues.117

To fully mimic the in vivo profile of the antigen, in vivo phage
display technology was developed.118 Here, a phage display
library is usually administered intravenously and allowed to cir-
culate, followed by intracardiac perfusion to remove unbound
phages. Finally, the phages are rescued from the harvested,

homogenized, or lysed target tissues and analyzed by sequenc-
ing. If the target of interest is known, the antibodies can be ana-
lyzed for binding before sequencing. Enrichment of phages is
determined by comparing sequences present in the target tissues

Drug Discovery Today

FIG. 6
In vivo phage display selection. (1) Phage display library is injected into the
mouse. (2) Intracardiac perfusion is performed before (3) harvesting the
organ in question. (4) Phages are isolated from the organ and the DNA is
sequenced. (5) Sequences are compared to sequences from phages isolated
from other organs or the input to identify enriched sequences.
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with sequences present in the input or irrelevant tissues, and
enriched sequences are selected for further characterization
(Fig. 6).

In the original study describing in vivo phage display selec-
tion, peptide-based phage display libraries were used for identifi-
cation of peptides that specifically bound to either brain or
kidney blood vessels.118 Antibodies in the form of scFvs119,120

and single-domain antibodies (sdAbs)121,122 have also been dis-
covered using this technology. In vivo phage display has mainly
been performed using mice or rats, although, a few studies also
describe the use of this technology in humans.123–125 However,
it is not possible to perform the intracardiac perfusion step in
humans because it leads to the death of the subject. To assign
sequences specifically targeting the tissue of interest, phages pre-
sent in the blood stream are analyzed and used for comparison.

Design of antibody phage display libraries
As described above, selections can be performed using different
selection strategies dependent on the final requirements for the
desired antibody. In addition to the selection methodologies
used, various phage display libraries can also be used to optimize
the chances of identifying an antibody with the desired charac-
teristics. Libraries can be based on different antibody formats,
on natural or synthetic antibody sequences, and can even be tai-
lored to contain antibodies with specific biophysical or binding
characteristics. Different cloning strategies, such as sequential
cloning of the light and heavy chain repertoires,126,127 splicing
by overlap extension PCR,128 or golden gate cloning,11,129 can
be conducted to link VH and VL during library construction.
Here, we describe some of the general library types, as well as
more advanced tailored library designs.

Overall, antibody phage display libraries are divided into two
main classes: natural and synthetic libraries, based on the origin
of the antibody sequences used for library construction. The
sequences are either obtained directly from B cells73,130,131 or
synthetically created using de novo synthetic technologies.131,132

Natural libraries
Natural libraries capture the antibody repertoire of a donor and
can be derived from specifically immunized or non-immunized
(‘naïve’) donors. The immune response following an antigen
challenge is accompanied by antibody class-switching from
naïve IgM to secreted IgG. Therefore, naïve libraries are typically
generated from the IgM repertoire of healthy donors to capture a
diverse population of antibodies. By contrast, the IgG repertoire,
reflecting the recent immune history of the donor, is used for
immune libraries. The immune response is further driven by
somatic hypermutations, resulting in improved affinity, expres-
sion levels, and antibody specificity.133 Therefore, on average,
antibodies discovered from an immune library have higher affin-
ity than do those directly isolated from naïve libraries. However,
antibody-engineering techniques enable optimization of anti-
bodies from naïve libraries to the same or even better perfor-
mance level compared with antibodies discovered directly from
immune libraries.134 Another difference is that immune libraries
are typically smaller in size and can only be effectively used for
discovery of antibodies against the antigen used for immuniza-

tion or closely related antigens, whereas naïve libraries have
broader application. For both naïve and immune natural
libraries, the diversity of the library goes beyond the natural
diversity,135 because heavy and light chains,73,127,136 as well as
sometimes CDR regions,137 are combined randomly without
consideration for the natural pairing.

Synthetic libraries
Synthetic libraries can be created de novo with multiple frame-
works and random CDRs138 or based on natural antibody
sequences with synthesis of specific regions of interest in an anti-
body, typically the CDR loops most likely to be involved in anti-
gen binding.139 Both synthetic and natural libraries have their
pros and cons for use in antibody discovery, some of which will
be highlighted below.

Antigen immunogenicity requirements
The creation of an immune library requires immunization with
the antigen in question. This requires that the antigen is
immunogenic, which is why immune libraries based on human
donors cannot be efficiently created against human antigens
unless B cells are taken from (naturally) infected patients.140,141

Therefore, the creation of useful immune libraries against human
antigens typically requires the use of orthologous species. For
therapeutic purposes, such heterologous antibodies must be ‘hu-
manized’142,143 following discovery. However, humanization can
lead to a trade-off with potency, because residues crucial for bind-
ing in the original antibody cannot be removed entirely. Alterna-
tively, fully human libraries for self-antigens can now be
constructed through immunization of human immunoglobulin
transgenic animals.134

Naïve libraries, alongside synthetically made libraries, have no
antigen immunogenicity requirements and can be used to dis-
cover antibodies against all types of antigens, including highly
conserved self antigens,144 as well as those that are toxic to the
host.98

Library design
Throughout the years, numerous therapeutic antibodies have
been discovered through phage display selection campaigns
using mainly natural naïve libraries.145,146 Requirements for a
therapeutic antibody include having high stability and a low
propensity to aggregate. These traits allow the antibody to be for-
mulated at high concentration, which is often required for
administration, and lower the risk of aggregate formation, which
is associated with immunogenicity.147–149 Collectively, biophys-
ical properties of an antibody, that can be used to predict how
easy it is to be developed into a therapeutic, are often referred
to as the ‘developability’ of the antibody.150

To an extent, the process of B cell maturation eliminates
poorly behaved antibodies, because B cell viability is maintained
by tonic signaling proportional to the level of surface-expressed B
cell receptors.151 However, the fact that an antibody is from an
immune source does not guarantee good developability. Nature
does not require individual antibodies to be produced in serum
to the level that might be required in antibody drug formulation,
where concentrations around 100 mg/ml are typically required.
Thus, irrespective of the origin of the antibody, biophysical lia-
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bilities sometimes emerge during preclinical/clinical develop-
ment when higher concentrations are required.30

During library construction, developability might be
increased through amplification of certain germlines from donor
lymphocytes based on the selected primers. However, primer
overlap with unfavorable germlines can still occur. In synthetic
libraries, developability can be improved by including clinically
validated scaffolds and well-paired VH-VL germlines.152 Addition-
ally, germline frameworks not conserved in all humans, such as
the VH4b153, can be omitted in the design.154

Finally, removal of sequence liabilities that might influence
the antibody homogeneity and downstream manufacturing can
be beneficial.155 Sequence liabilities include NXS glycosylation
sites; deamidation NG, NS, and NA motifs; DG isomerization;
and M/C oxidation sites.155 Naturally, the risk that a sequence
liability will be important for the binding and functionality of
an antibody increases with the number of sequence liabilities
that are contained within the antibody paratope. Site-specific
control of amino acids within synthetic libraries allow to mini-
mize the occurrence of these motifs relative to natural libraries,
which can save time on downstream engineering.

Library diversity
Central to the prospects of discovering a therapeutic antibody
against a desired epitope is maximizing the sequence diversity
captured within a phage display library. Immune libraries use
the natural diversity and affinity maturation process in vivo and
are enriched for binders specific to the antigen used for immu-
nization, but their use is limited to antibody discovery cam-
paigns directed against only that and closely related antigens.
By contrast, unbiased naïve and synthetic libraries can, if they
are large enough, be used for discovery of binders against any
antigen of interest.73

First-generation naïve libraries conventionally approached
maximizing diversity by increasing the number of donors used
as input into the library. The existence of public clones, antibody
sequences that are shared between humans,156 affects the true
diversity of such first-generation naïve libraries. Consequently,
the library size, determined by the number of unique sequences,
is orders of magnitudes lower than how phage display diversity is
measured conventionally (by counting the number of colonies
following library transformation).157 To increase the library size,
not only the number of donors used for library construction is of
importance, but also simply the amount of genetic starting mate-
rial used.158

When working with synthetic libraries, the researcher has
complete control over the input sequences, which means that
germlines known to present poorly on phages can be omitted.
Furthermore, the use of synthetic technologies can reduce clonal
dominance and result in a higher sequence diversity, typically
containing > 95% unique clones.132,154

Although synthetic libraries are better placed to fill the theo-
retical sequence space of a phage library with unique clones, it
is unknown whether they contain the same level of structural
diversity as natural libraries. In particular, the CDR-H3 loop,
the most complex and major determinant for antigen speci-
ficity,159 is typically fixed to a narrow loop length in synthetic
libraries,160 which can be a disadvantage for certain targets.

Therefore, the theoretical larger size of synthetic libraries might
not translate into a more functionally diverse antibody repertoire
than those obtained from naïve natural libraries.

Specialized antibody phage libraries
The choice of an appropriate library for a phage display selection
campaign is one of the most crucial steps for identifying optimal
antibody binders. Factors affecting the library choice include
application of the end product, nature of the antigen, and the
library availability in the laboratory. The emergence of new
molecular methods has allowed laboratories to construct their
own combinatorial antibody phage libraries to replicate the nat-
ural antibody repertoire offered by the immune system. Many of
these libraries are designed with structural and sequence diversity
with early-stage drug discovery in mind. However, some applica-
tions need libraries comprising antibodies with particular
structural- or sequence-based characteristics.

Bispecific antibody libraries
Compared with standard human antibodies, in which both bind-
ing sites are directed against the same epitope, bispecific antibod-
ies (bsAbs) are engineered with two binding sites directed to
different epitopes. These two binding sites can be directed to
the same antigen (biparatopic bsAbs) or two different antigens.
In the latter, one paratope could be used to target a specific
region or cell, whereas the other one could bind the antigen of
interest. The archetypical application of bsAb is T cell redirection
in cancer immunotherapy161 (i.e., the redirection of the cyto-
toxic activity of effector T cells to specifically eliminate tumor
cells), but other disease areas outside cancer are also being
explored, such as inflammatory disorders, diabetes, viral and bac-
terial infections, and Alzheimer’s disease.162

A huge variety of bispecific antibody formats exists, including
bispecific IgGs (bsIgGs), heterodivalent VHH dimeric constructs,
and BiTEs.162–165 However, some of these antibody formats are
not simple to manufacture, such as bsIgGs, which are challeng-
ing to produce in a single host cell because co-expression of
the heavy and light chains from two different antibodies results
in random pairing of the chains and a complex mixture of IgG
molecules. Ultimately, this reduces the overall yield of the bsIgG
of interest, and the relatively low concentration of the bsIgG
among the byproducts (including the incorrectly chain-paired
IgGs) results in the need for elaborate purification techniques.
To simplify the expression and purification processes, several
strategies for chain pairing have been developed, including spe-
cialized phage display libraries with common light or heavy
chains.166 This approach allows for the concomitant expression
of three different chains (instead of four) in the same cell and
results in a mixture containing only two monoclonal antibodies
(mAbs) and one bsAb (instead of ten different molecules)
(Fig. 7a–c). Moreover, libraries with common light or heavy
chains could also be used for the discovery of binding domains
that can be used as building blocks to create new antibody
formats.163,167

Chain pairing with common heavy chains
ScFv-based phage display libraries with a common heavy chain
(VH) and different repertoires of light-chain variable genes (VL)
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can be created and used to select antibodies against two different
antigens. The fixed VH could be chosen for its favorable proper-
ties for in vitro display technologies, its occurrence in natural
human antibody repertoires, or intrinsic stability. Alternatively,
the VH could be derived from an already existing mAb. The VL

sequences could either be isolated from circulating B cells from
healthy individuals or patients, or diversity could be generated
in vitro using advanced mutagenesis strategies.168 This allows
for the isolation of candidates with different target specificities
that share the same heavy chain but carry either j or k light
chains. Based on its structure, such a fully human bsIgG format,
carrying both a j and a k light chain, is referred to as a jk-
body.168 These specialized libraries have been successfully devel-
oped and used against several soluble and cell surface human

antigens, resulting in the discovery of high-affinity IgGj and
IgGk. This confirms that the light chain can be sufficient to drive
antibody specificity and has enabled the isolation of high-
affinity antibodies that can be used for construction of func-
tional bsIgG for several antigen combinations.168

Chain pairing with common light chains
The most common strategy of chain pairing relies on the use of
common light chains and distinct diversified heavy chains. This
takes advantage of the high diversity in CDR-H3, which tends to
dominate binding interactions in many cases.169,170 Although
the first scFv-based phage display libraries with common light
chains appeared during the 1990 s,171,172 subsequent use in bis-
pecifics is more complicated than the corresponding heavy-

Drug Discovery Today

FIG. 7
Production of bispecific antibodies. (a) From libraries with different heavy and light chains, resulting in one bispecific antibody and nine incorrect antibody
species. (b) From libraries with common heavy chains, resulting in one bispecific and only two incorrect antibody species. (c) From libraries with common
heavy chains, resulting in one bispecific and only two incorrect antibody species.
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light chain pairing with a common heavy chain. Indeed, modifi-
cation of the heavy chain in the Fc region is necessary to force
the heterodimerization of two different heavy chains (e.g.,
‘knobs-into-holes’ technology,156,172,173 use of opposite electro-
static charges,174–176 or grafting a heterodimeric interface onto
the homodimeric interface of the IgG177). However, this strategy
has been successfully applied with scFv and Fab libraries, with
common light chains extracted from naïve or immune reper-
toires, as well as from existing therapeutic antibodies.172,178,179

More recently, complexity has further increased with the gener-
ation of bispecific antibodies with histidine-enriched common
light chains, allowing the antibody to bind its targets in a pH-
dependent manner,180 as further described below.

Libraries focused on CDR-H3
The CDR3 of the immunoglobulin heavy and light chains are the
most important regions involved in antigen contacts in anti-
body–antigen complexes. In particular, CDR-H3 shows the lar-
gest diversity of the CDRs, both in terms of sequence and
length,169 and this diversity is often sufficient for driving the
specificity of an antibody.169,170,181 Therefore, small libraries
with relatively large structural diversity can be created by focus-
ing on diversity in the CDR-H3 residues alone.182

Researchers have shed light on structural differences in CDR-
H3s between antibodies from different species. For example, it
was found that the CDR-H3s in antibodies from galline, camelid,
and bovine species are longer than the corresponding loop of
human antibodies, although examples of long CDR-H3s in
humans exist.183 Galline antibodies contain a high proportion
of small amino acids that are associated with flexibility,184 and
high-affinity binding galline antibodies typically have an
increased cysteine content, which creates long loops with com-
plex, disulfide-constrained structures. Using yeast display tech-
nology,185 or immunization followed by sorting and NGS of
antigen binding B cells,186 bovine antibodies with CDR-H3s
specific against epidermal growth factor receptor (EGFR) and
complement component C5, respectively, have been discovered.
This highlights the likelihood that long loop binders can also be
discovered from bovine antibody libraries using phage display
technology. In camelids, the VHHs tend to bind with protruding
loops into concave cavities on the surface of the antigen,
whereas, in bovines, ultralong CDR-H3 regions form a ‘stalk
and knob’ independently folding mini domain, similar to a knot-
tin domain, which projects far out from the surface of the anti-
body and is diverse in both its sequence and disulfide
pattern.187 This ‘minifold’ has a general shape and dimension
similar to several small disulfide-bonded protein families, includ-
ing protease inhibitors, ion-channel blockers, venom toxins, and
G-protein-coupled receptor ligands.188–190 Thus, these atypical
paratopes could provide the ability to interact with different epi-
topes, particularly recessed or concave surfaces, as exist in many
enzymes, pores, and channels, compared with traditional anti-
bodies.191,192 As a proof of concept, an antibody format, ‘KnotBo-
dies’, which are similar to the peculiar bovine antibodies and
display knottin domains in place of the CDR2 loops,193 was
recently developed. These knottins, which are difficult to engi-
neer and have short in vivo half-lives on their own,194 benefit
from the increased stability and extended half-life of the anti-

body scaffold. Both the knottin and the antibody loop sequences
could be engineered and used in phage display selections to opti-
mize binding selectivity and, as an example, the blocking
potency of an antibody against an ion-channel.

Altogether, elucidation of other structural features of antibod-
ies from other species has revealed eccentricities that can be used
to bind new types of difficult-to-target epitopes, and new special-
ized phage display libraries with these features are coming to
light.195–198.

Side-and-loop libraries
SdAbs and antibody mimics typically bind antigen clefts via their
CDR loops.199,200 As a consequence, when the antigen epitope is
different (i.e., rather convex), it is less likely that an sdAb with a
convex paratope will be able to bind. Hence, researchers have
generated a new recognition surface on single
immunoglobulin-like scaffolds by tailoring the location of amino
acid diversity to residues outside the conventional loop
positions.

Koide et al. observed that an FN3 monobody (an antibody
mimic selected from a diversified library of the tenth FN3
domain of human fibronectin), was forming a binding surface
via the longest loop and the face of a b-sheet.201 Based on this
observation, they created a monobody ‘side-and-loop’ library,201

in which the longest loop and the adjacent b-sheet were carrying
diversity. This corresponds, by structural homology, to the CDR3
loop and the b-sheet of an immunoglobulin that mediates
heterodimerization between the variable domains of the heavy
and light chains. After a few rounds of phage and yeast display
selection, using a ‘side-and-loop’ and a ‘loop only’ library in par-
allel, it was demonstrated that the two libraries performed differ-
ently against different targets. Indeed, for one target (GFP), the
side library clones had higher affinity than the counterparts from
the loop library, whereas, for another target (hSUMO1), the trend
was the opposite. This demonstrated that alternative library
designs focused on the side-and-loop surface could be more effec-
tive than conventional loop-based strategies in recognizing epi-
topes with distinct topography.202–205

Histidine-enriched libraries
The pH dependence of antibody–antigen interactions has an
effect on subcellular trafficking dynamics and antibody recy-
cling,206 as described above. The literature has numerous exam-
ples of effective engineered antibodies with pH-sensitive
binding derived from existing antibodies.107,207–210 The principle
is relatively simple and relies on the incorporation of histidine
residues in the binding interface, which are ionizable at pH lower
than 6. Upon protonation of these residues in the acidic endo-
some, structural transitions, caused by altered electrostatic inter-
actions, account for a loss of binding to the antigen. Moreover,
the total number of ionizable histidine residues involved in anti-
gen binding impacts the degree of pH sensitivity.208

Whereas most examples of engineered antibodies with pH-
sensitive binding used histidine scanning alone or combinatorial
histidine scanning libraries derived from existing antibodies,
there are only a few attempts of de novo isolation of pH-
dependent antibodies from naïve libraries. The first example took
advantage of a synthetic scFv-based phage display library
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enriched in histidine residues to find pH-dependent binders to
the human chemokine CXCL10.110 The library was constructed
to be histidine enriched by alternating YAT and NHT codons
in 8–15 amino acid positions in the CDR-H3. However, after
three rounds of selection, the pH dependency of the best clone
was too low, and new libraries enriched for histidine in all the
CDRs from the light and heavy chains were created. These new
scFv-based libraries led to a final reformatted IgG clone with a
low nanomolar affinity at pH 7.2 and a 22-fold faster dissociation
rate at pH 6.0. Another recent study used a histidine-enriched
and CDR3-diversified VNAR domain yeast display library against
EpCAM, in which only one pH-dependent binder was found.211

The upfront selection of optimal conformations or sequences
rather than the re-engineering of an antibody that was not ini-
tially selected for pH-dependent binding properties appears an
attractive idea. Indeed, it is understandable that already existing
antibodies are not always amenable to transformation into pH-
dependent antibodies. However, the only two examples of de
novo isolation of pH-sensitive antibodies might be an indication
of the process difficulty, including the need to generate addi-
tional sublibraries for pH dependence and affinity maturation.
Furthermore, the histidine-mediated pH-dependent binding
restricts the number of suitable epitopes because they need to
have positively charged, or proton donating residues. In other
words, a negatively charged or proton-acceptor epitope is theo-
retically a difficult target for a pH-dependent binding antibody.

Concluding remarks
In this review, four major parameters that can be altered to tailor
an antibody discovery campaign using phage display selections
have been presented: antibody format, antigen presentation,
selection strategy, and design of phage display library. The infor-
mation provided in this review can be used individually or in

combination for designing an antibody discovery campaign,
dependent on the requirements of the desired antibodies.
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4. Development of broadly neutralizing anti-α-neurotoxin 
antibodies 
 
This research article presents a strategy for developing broadly neutralizing antibodies against 
long-chain α-neurotoxins through phage display and light chain shuffling. To improve cross-
reactivity, an antibody discovered against long-chain α-neurotoxin from N. kaouthia was 
affinity matured by diversifying the antibody light chain with a naïve repertoire of antibody 
light chains. The light chain shuffled library was cross-panned against long-chain α-
neurotoxins from N. kaouthia and D. polylepis elapids at reducing concentrations to select for 
clones with improved cross-reactivity and affinity. Affinity measurements of light chain 
shuffled antibodies using surface plasmon resonance demonstrated the success of this 
approach, with the light chain improving the affinity of antibodies by an order of magnitude 
against both neurotoxins used in the phage display selections. The improved affinity translated 
to enhanced in vitro neutralization potency, and antibodies also demonstrated cross-
neutralization to long-chain α-neurotoxin from B. multicinctus (α-bungarotoxin). The most 
cross-reactive antibody, 2554_01_D11, was then evaluated for its capacity to neutralize long-
chain α-neurotoxins in vivo with long-chain α-neurotoxin from different elapids. The results of 
which accumulated in demonstrating the broad-neutralization capacity of long-chain α-
neurotoxins by 2554_01_D11 in both a pre-incubation model (antibody is allowed to bind to 
neurotoxin before being administered) and in a rescue model when administered after mice 
were envenomed with whole venom from N. kaouthia.  
 
Overall, this research article describes an approach to improve both the neutralization capacity 
and cross-reactivity of antibodies by light chain shuffling, and highlights the potential of naïve 
antibody libraries to discover broadly neutralizing antibodies against snake venom toxins.  
 
The research article has been published in Nature Communications: 
Ledsgaard, L., Wade, J., Jenkins, T.P. et al. Discovery and optimization of a broadly-neutralizing 
human monoclonal antibody against long-chain α-neurotoxins from snakes.Nat Commun 14, 682 
(2023). https://doi.org/10.1038/s41467-023-36393-4 
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Discovery and optimization of a broadly-
neutralizing human monoclonal antibody
against long-chain α-neurotoxins from
snakes

Line Ledsgaard1, Jack Wade1, Timothy P. Jenkins1, Kim Boddum2,
Irina Oganesyan3, Julian A. Harrison3, Pedro Villar4, Rachael A. Leah4,
Renato Zenobi 3, Sanne Schoffelen1, Bjørn Voldborg1, Anne Ljungars 1,
John McCafferty 4, Bruno Lomonte 5, José M. Gutiérrez 5 ,
Andreas H. Laustsen 1 & Aneesh Karatt-Vellatt4

Snakebite envenoming continues to claim many lives across the globe,
necessitating the development of improved therapies. To this end,
broadly-neutralizing human monoclonal antibodies may possess advan-
tages over current plasma-derived antivenoms by offering superior safety
and high neutralization capacity. Here, we report the establishment of a
pipeline based on phage display technology for the discovery and opti-
mization of high affinity broadly-neutralizing human monoclonal anti-
bodies. This approach yielded a recombinant human antibody with
superior broadly-neutralizing capacities in vitro and in vivo against dif-
ferent long-chain α-neurotoxins from elapid snakes. This antibody pre-
vents lethality induced by Naja kaouthia whole venom at an
unprecedented lowmolar ratio of one antibody per toxin and prolongs the
survival of mice injected with Dendroaspis polylepis or Ophiophagus han-
nah whole venoms.

Each year, snakebite envenoming exacts a high death toll and leaves
hundreds of thousands of other victims maimed for life1. Antivenoms
basedonpolyclonal antibodies isolated from theplasmaof immunized
animals are currently the only specific treatment option against severe
envenomings2,3.While thesemedicines are essential and life-saving and
will remain a cornerstone in snakebite therapy for years to come, an
opportunity now exists to modernize treatment by exploiting the
benefits of recombinant DNA and antibody technology4. Indeed,
recombinant antibodies and antibody fragments have already been
generated against a variety of snake venom toxins5–8, as well as

multiple studies involving monoclonal antibodies derived using
hybridoma technology have been reported9–12 (see Laustsen et al.13 for
a comprehensive overview and Pucca et al.2 for an overview of the
historical context). Within this area of research, it has also been
demonstrated that monoclonal antibodies targeting snake venom
toxins can be developed using various platforms, such as phage dis-
play technology6, an in vitro methodology that can be used to actively
select for antibodies with high-affinity and cross-reactivity14,15. In
addition, the use of human antibody libraries in combination with
phage display technology allows for the discovery of fully human
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antibodies that are likely to have high treatment tolerability in
patients16.

It has been speculated that monoclonal antibodies developed by
thesemeans could be used to formulate recombinant antivenoms that
elicit fewer adverse reactions, are cost-competitive to existing therapy,
and can be fine-tuned to have superior efficacy16–20. Phage display
technology could be particularly valuable for discovering monoclonal
antibodies against highly potent toxins with low immunogenicity that
fail to elicit a strong antibody response in animals used for
immunization21,22. This is the case for low molecular mass neurotoxins
and cytotoxins of the three-finger toxin (3FTx) family, which are
abundant in Elapidae venoms, such as cobra and mamba venoms23–26.
These elapid venoms, unlike Viperidae venoms, typically consist of
neurotoxic and cytoxic components that elicit tissue damage aswell as
paralysis in bite victims1. However, antibodies derived directly from
naïve libraries often lack sufficiently high affinity to enable toxin
neutralization15. Affinity can be improved by further site-directed or
randommutagenesis of the antibody paratopes, which can also lead to
broadeningof theneutralizing capacity of naïve antibodies27. However,
in addition to mutation of the antibody binding regions, retaining the
heavy chains and exploring alternative light chains, a technique known
as light chain-shuffling, has shown significant promise aswell21,28. Here,
a phage display library is generated by pairing a heavy or light chain
from a specific antibody with a naïve repertoire of the partner chain
and performing a new selection campaign15. Nevertheless, until now it
remainedunknownwhether this technology could be used to generate
antibodies that possess high affinity while simultaneously having a
broad neutralization capacity, i.e., are able to neutralize several related
toxins from the venoms of different snake species.

Previously, using a naïve human scFv-based phage display
library15, we described the discovery and characterization of the
human monoclonal antibody, 368_01_C05, against α-cobratoxin
(P01391), a potent neurotoxin from the monocled cobra, Naja kaou-
thia. Notably, this antibody could prolong the survival ofmice injected
with lethal doses of α-cobratoxin, although it failed to prevent
lethality15. As a follow-up development, in the present study we con-
structed light-chain-shuffled antibody libraries based on this clone
with the aimof using aphagedisplay-based cross-panning campaign to
simultaneously improve the affinity and expand the neutralizing
capacity of the antibody against α-neurotoxins from the venoms of
several snake species. Cross-panning was carried out between α-
cobratoxin29 and α-elapitoxin30, a neurotoxin from the venom of the
black mamba, Dendroaspis polylepis25. These two α-neurotoxins share
70% sequence identity and both cause neuromuscular blockade by
binding to the nicotinic acetylcholine receptor (nAChR) in muscle
cells29,30.

In this work, we “cross-panned” the chain-shuffled scFv library on
these two toxins under stringent conditions to discover antibodies
with improved affinity and cross-reactivity in comparison to the parent
antibody. Using this strategy, we were able to generate an antibody
that not only has improved affinity to α-cobratoxin, but also sig-
nificantly broadened cross-neutralization capacity against other α-
neurotoxins from the venoms of elapid snakes from the genera Den-
droaspis, Ophiophagus, Bungarus, and Naja.

Results
Affinity maturation, cross-panning, and scFv characterization
Human light-chain-shuffled scFv-based phage display libraries were
created by pairing the heavy chain of antibody 368_01_C05with a naïve
repertoire of human light chains. Then, phage display cross-pannings
using two toxins with 70% sequence identity, α-cobratoxin from N.
kaouthia andα-elapitoxin fromD. polylepis, were conducted according
to the overview provided in Fig. 1a. Phage display selection outputs
from the third round were subcloned into the pSANG10-3F expression
vector, and 736 monoclonal scFvs were tested for their ability to bind

to α-cobratoxin, α-elapitoxin, and streptavidin in both direct
dissociation-enhanced lanthanide fluorescence immunoassays (DEL-
FIAs) and expression-normalized capture (ENC) DELFIAs. From here,
203 scFvs (all displaying binding to at least one of the two toxins with
negligible binding to streptavidin) were randomly selected for
sequencing. Of these, 67 scFvs were unique according to the sequence
of their light chain CDR3 region, 2 of them having kappa light chains
and the remaining 65 having lambda light chains. The top 62 clones,
based on sequence diversity and binding behavior, were reformatted
to the fully human IgG1 format. Following expression in HEK293 cells,
ENC DELFIAs were run using the crude expression supernatant to rank
the IgGbinding toα-cobratoxin,α-elapitoxin, a venom fraction fromN.
melanoleuca (Nm8) containing a long neurotoxin homologous to OH-
55 (Q53B58) and long neurotoxin 2 (P01388)31. In addition, streptavidin
was included as negative control. This revealed that more than half of
the cloneswere cross-reactive against all three toxins/venom fractions,
demonstrating significant improvement in both binding and cross-
reactivity when compared to the parental antibody.

To help guide the selection of lead candidates, the suitability of
the 62 clones for future antibody development was investigated by
characterizing biophysical properties that are indicative of their
“developability” profiles. To this end, we analyzed the purity and
nonspecific column interaction pattern of all IgGs using size-exclusion

Fig. 1 | Cross-panning selection strategy as well as assay and sequence data for
selected IgGs. a Selection strategy illustrating how cross-panning was performed,
including antigen concentrations.b ENCDELFIA showing cross-reactivity of the top
six-affinity matured IgGs (2551_01_A12, 2554_01_D11, 2558_02_G09, 2551_01_B11,
2555_01_A04, and 2555_01_A01) in comparison with parental IgG (368_01_C05) and
clone 2552_02_B02 from a previously published study15. c Comparison of CDR-L1,
CDR-L2, and CDR-L3 sequences for the top six chain-shuffled antibodies and the
parental antibody.
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chromatography (SEC). In addition, the propensity for self-
aggregation was evaluated in an AC-SINS assay, in which IgGs are
concentrated around gold nanoparticles pre-coated with anti-Fc anti-
bodies, where a reduced inter-particle distance (measured by
increased plasmon wavelengths) indicates that the immobilized IgGs
interact unspecifically32. For this analysis, we also included an IgG from
a previous study (2552_02_B02)15, that has been reported to neutralize
lethality induced by N. kaouthia whole venom in vivo, but had never
been characterized for cross-reactivity to other long-chain α-neuro-
toxins nor been analyzed for its “developability” properties. The SEC
data (% monomeric content and relative elution volumes—a metric for
assessing nonspecific interactionwith the SECcolumn), AC-SINS shifts,
binding data, expression yields (full dataset see Table S1), and light
chain germline diversity were used to select the top six antibody
candidates for further characterization. These antibodies were named
2551_01_A12, 2554_01_D11, 2558_02_G09, 2551_01_B11, 2555_01_A04, and
2555_01_A01 (Fig. 1b and Table 1). Additionally, the data showed that
the previously published IgG 2552_02_B02 had a poor developability
score, both judged by its late elution in the SEC analysis and its high
shift in theAC-SINS assay. In fact, this antibodyperformedat a similarly
poor level as the ‘poor developability’ control (bococizumab, AC-SINC
shift of 33 nm) that was used for comparison, whereas all antibodies
derived from the 368_01_C05 parental clone possessed developability
profiles similar to the ‘good developability’ control antibody (Alir-
icumab, AC-SINS shift of 3 nm). In addition, 2552_02_B02 showed no
cross-reactivity to any of the long-chain α-neurotoxins it was tested
against, clearly distinguishing its binding profile from the antibodies
derived from the 368_01_C05 parent (Fig. 1b).

Analysis of the antibody sequences revealed that the six affinity
matured antibodies had light chains belonging to two different
germlines, germline IGLV3-21 for 2551_01_B11, 2555_01_A01,
2555_01_A04, and 2558_02_G09 and germline IGLV6-57 for 2551_01_A12
and 2554_01_D11. The parental antibody had germline IGLV6-57,
meaning that twoof the six affinitymatured antibodies had light chains
belonging to the same germline as the parental antibody. From the
comparison of the three light chain CDR regions of the antibodies
presented in Fig. 1c, it could also be seen that for the two antibodies
maintaining the parental germline, the CDR-L2 was identical to the
parental, whereas the CDR-L1 and CDR-L3 had 2–3 amino acid differ-
ences. For the remaining four antibodies with different light chain
germline, all VL CDR sequences were significantly different from the
parent antibody sequence.

To evaluate whether the light-chain-shuffling campaign gener-
ated antibodies with improved affinity, surface plasmon resonance
(SPR) was used to determine the affinity of the top six antibodies as

well as the parental antibody. To this end, all antibodies were
reformatted to the monovalent Fab format to measure the 1:1
binding kinetics of each antibody against both α-cobratoxin and α-
elapitoxin (for SPR sensorgrams see Fig. S1). The data showed that
all six antibodies displayed higher affinity for both toxins than the
parental antibody (Table 2). The largest improvement was observed
for 2551_01_A12 and 2554_01_D11 (32 and 50-fold improvement of
binding to α-cobratoxin and 13 and 8-fold improvement of binding
to α-elapitoxin, respectively), providing both antibodies with low
single-digit nanomolar affinities to both toxins. Thus, a significant
improvement in both affinity and cross-reactivity was observed.
Antibodies 2551_01_A12 and 2554_01_D11 were selected for further
characterization based on affinity, cross-reactivity, expression
yield, and developability data.

Because the binding profiles of the cross-reactive antibodies
derived from antibody 368_01_C05 were significantly different from
antibody 2552_02_B02, SPR was used to determine if the antibodies
bound the same or overlapping epitopes on α-cobratoxin (see Fig. S2).
Using 2554_01_D11 as a representative of the cross-reactive antibodies,
this study revealed that neither of the two antibodies 2552_02_B02 or
2554_01_D11 could bind α-cobratoxin if the other antibody was already
bound to the toxin, suggesting that the antibodies recognized the
same or overlapping epitopes.

Native mass spectrometry reveals cross-reactivity to several
toxins from elapid snakes of three different genera
To further explore the cross-reactivity of the discovered antibodies,
IgG 2554_01_D11 was tested for its binding to toxins in five whole
venoms, including N. kaouthia, N. melanoleuca, N. naja, Ophiophagus
hannah, and D. polylepsis. These venoms from African (D. polylepsis
and N. melanoleuca) and Asian (N. kaouthia, N. naja and O. hannah)
snakes all possess a relatively high content of long-chain α-neurotox-
ins, ranging from 13.2% for D. polylepsis25 to 55% for N. kaouthia24,
except N. naja, which has been reported to have a long-chain α-neu-
rotoxin content of approximately 2–5%33. For this purpose, nativemass
spectrometry (MS), was used to investigate the interactions between
the antibody and toxins from the four snake venoms.

Prior to native mass spectrometry analysis, the venoms and IgG
were fractionated using SEC (Fig. S3). IgG was mixed with each of the
SEC-generated toxin fractions before analysis using native MS to
determine binding (Fig. S3). This analysis revealed that 2554_01_D11
only bound toxins of masses in the range expected for the group of
three-finger toxins (3FTx) to which all α-neurotoxins belong. To
identify the toxins, the toxin:antibody complexes were isolated using
MS/MS and subjected to collisional dissociation to eject the toxins
from the antibody, allowing their intact mass to be determined. The
primary dissociation products from these experiments were proteins
of masses between 7800 and 8200Da, corresponding to typical
masses of long-chain α-neurotoxins (Fig. 2).

The sequences of the toxins bound by 2554_01_D11 were investi-
gated via top-down proteomics to confirm the identities of these
toxins. For these experiments, the toxin:antibody complexes were
purified using SEC. Toxins were dissociated from the antibody by
applying a high cone voltage. This is a focusing voltage applied to the
cone, which is located in the source region of the instrument.
Increasing this voltage leads to harsh conditions that can dissociate
noncovalent complexes. Since this dissociation occurs before the
quadrupole, the most prominent charge state of each ejected toxin
could then be isolated using MS/MS for top-down sequencing. This
isolation is important, as it ensures that the peptide fragmentation
peaks only correspond to the toxin of interest. For the toxins with
masses between 7800 and 8200Da, only one readily discernible
peptide fragment series was detected for each precursor ion. The
limited amount of sequence data obtained from these experiments is
attributed to the presence of disulfide bonds present in snake venom

Table 1 | AC-SINS shift, SEC analysis results (% monomer
content and relative elution volume), and transient expres-
sion yields for the top six light chain-shuffled IgGs
(2551_01_A12, 2554_01_D11, 2558_02_G09, 2551_01_B11,
2555_01_A04, and 2555_01_A01) in comparison with the
parental IgG (368_01_C05)

AC-SINS SEC analysis Production

Antibody ID Shift (nm) Monomer (%) Elution (mL) Yield (mg/L)

2551_01_A12 3 100.0 1.48 18.1

2554_01_D11 1 94.8 1.48 47.1

2558_02_G09 1 95.6 1.48 38.5

2551_01_B11 1 96.2 1.50 30.4

2555_01_A04 1 100.0 1.47 25.8

2555_01_A01 1 96.7 1.47 45.4

368_01_C05 0 97.5 1.45 30.0

2552_02_B02* 32 100.0 1.82 22.6

*IgG 2552_02_B02 from a previous study was also included.
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toxins, which cannot be broken using this fragmentation
technique34–36.

A BLAST search against all available elapid protein sequences
revealed that the peptide sequences obtained by top-down analysis
were unique to long-chain α-neurotoxins and that each peptide only
had one complete match to long-chain α-neurotoxin homologs from
the investigated venom. Sequence data combined with the detected
masses of the toxins revealed that 2554_01_D11 was capable of binding
to long-chain α-neurotoxin-containing SEC fractions across all tested
venoms. This suggested that this antibody is cross-reactive against
long-chain α-neurotoxins present in all five tested venoms, further
highlighting the broadly cross-reactive behavior of 2554_01_D11.

The toxin homologs specifically identified to be bound by
2554_01_D11 were long neurotoxin 2 (A8N285) from O. hannah, α-
cobratoxin (P01391) from N. kaouthia, long neurotoxin 2 (P01388) and
long neurotoxin (P0DQQ2) from N. melanoleuca, long neurotoxin 4
(P25672) from N. naja, and α-elapitoxin (P01396) from D. polylepis. In
addition, the antibody was shown to bind α-bungarotoxin (P60615)
from B. multicinctus using SPR (Fig. S4). The average sequence simi-
larity of the seven toxins was 62% (stdev: 9.9%), with an identity of 38%
across all toxins; a total of 28 amino acidpositions (primarily located at
the active site) were identical across all toxins (Fig. 3a). The highest
identity was observed between α-cobratoxin and long neurotoxin 2
from N. melanoleuca (83%), and the lowest identity was observed
between long neurotoxin 2 from N. melanoleuca and α-bungarotoxin
(51%). Additionally, a structural comparison was performed via root-
mean-square deviation (RMSD) and revealed a mean pruned/total
similarity of 0.81 Å/3.1 Å (stdev: 0.26 Å/1.23 Å), respectively; the best
match appeared to be between long neurotoxin and long neurotoxin 2
from N. melanoleuca (0.23 Å/0.23 Å) and the poorest match appeared
to be between long neurotoxin 2 from O. hannah and α-cobratoxin
(pruned: 1.18 Å) and α-elapitoxin and α-bungarotoxin (total: 4.5 Å;
Fig. 3b). For α-cobratoxin, the amino acid residues involved in binding
to the nicotinic acetylcholine receptor have been highlighted both in
the sequence (Fig. 3a) and in the structure on the toxin (Fig. 3c).
Additionally, the residues that, through a high-density peptide
microarray-based study37, have been identified to be involved in the
binding between antivenom-derived antibodies and α-elapitoxin and
long neurotoxin 2 from N. melanoleuca, have been highlighted in the
toxin sequence in Fig. 3a and in the toxin structure in Figs. 3d, e.

Increased in vitro neutralization potency and broadening of
cross-neutralization
After having established the broadly cross-reactive nature of oneof the
top two chain-shuffled antibodies (2554_01_D11), automated patch-
clamp technology was applied to assess whether binding translated
into functional neutralization in vitro for 2551_01_A12 and 2554_01_D11,
as well as for the parental clone, 368_01_C05. Here, a human derived
cell line endogenously expressing nAChR was used to measure the
acetylcholine-dependent current. α-cobratoxin inhibited this current

in a concentration-dependentmanner, and the IC80 value for the toxin
was determined. Thereafter, the concentration-dependent neutraliza-
tion of the current-inhibiting effect of α-cobratoxin by the three anti-
bodies was determined. The results demonstrated that all three
antibodies were able to fully neutralize the effects of α-cobratoxin,
whereas an irrelevant isotype control antibody (recognizing a den-
drotoxin) had no effect (Fig. 4a). The parental antibody, 368_01_C05
neutralized α-cobratoxin-mediated inhibition of acetylcholine-
dependent currents with an EC50 value of 4.9 nM and a relatively
shallow concentration-response curve slope. In contrast, the opti-
mized antibodies, 2551_01_A12 and 2554_01_D11 exhibited improved
EC50 values of 2.6 and 1.7 nM, respectively, with steeper slopes for the
concentration-response curves. These EC50 values translate into tox-
in:antibody molar ratios of 1:1.23 for 368_01_C05, 1:0.65 for
2551_01_A12, and 1:0.43 for 2554_01_D11. Since each IgGhas twobinding
sites, the theoretically lowest amount of IgG needed to neutralize the
effect of one toxin would be 0.5 IgGs.

To determine if the increased cross-reactivity to other α-
neurotoxins translated into cross-neutralization, a single concentra-
tion antibody screen was set up using the Qube 384 system. Here, the
three antibodies (368_01_C05, 2551_01_A12, and 2554_01_D11) were
tested against α-cobratoxin from N. kaouthia, α-elapitoxin from D.
polylepis, and Nm8 from N. melanoleuca, which all were toxins that
2554_01_D11 had been shown to bind through nativeMS. In addition,α-
bungarotoxin was included, as it has 58% sequence identity to α-
cobratoxin, is commercially available, and is an important toxin to
neutralize in the venom of B. multicinctus. As a control, Nm3, a venom
fraction from N. melanoleuca containing a short-chain α-neurotoxin
that also binds to the nAChR but is not bound by any of the three
antibodies, was included. This automated patch-clamp screening
revealed thatα-cobratoxin andα-elapitoxin could be neutralized by all
three antibodies in this assay (Fig. 4b). Additionally, the chain-shuffled
clones were able to neutralize α-bungarotoxin and partially neutralize
the α-neurotoxins present Nm8, none of which was achieved by the
parental clone. Collectively, the results of the in vitro neutralization
assays using automated patch-clamp demonstrated that the chain-
shuffled antibodies were bothmore potent in their neutralization of α-
cobratoxin, as well as more broadly neutralizing than the parental
antibody, inhibiting the effect of α-neurotoxins from snakes of three
different genera inhabiting both Asia and Africa. Based on binding,
developability, affinity, expression, and in vitro neutralization data,
2554_01_D11 was selected as the top candidate for in vivo testing.

In vitro neutralization data translate to complete or partial
in vivo neutralization of snake venoms from different genera
and continents
To verify that the in vitro cross-neutralization potential of 2554_01_D11
translated into in vivo cross-neutralization, animal experiments were
set up to evaluate the ability of the antibody to prevent or delay
venom-induced lethality. First, we evaluated the neutralization of α-

Table 2 | Affinity measurements between antibodies and toxins using Surface Plasmon Resonance (SPR)

α-cobratoxin α-elapitoxin

Antibody ID KD (nM) kon (M·s) koff (s−1) KD (nM) kon (M·s) koff (s−1)

2551_01_A12 2.79 1.80 × 105 5.02 × 10−4 1.12 1.25 × 105 1.40 × 10−4

2554_01_D11 1.78 1.28 × 105 2.29 × 10−4 1.69 1.05 × 105 1.77 × 10−4

2558_02_G09 2.77 2.14 × 105 5.94 × 10−4 3.04 1.39 × 105 4.22 × 10−4

2551_01_B11 4.27 1.17 × 105 5.00 × 10−4 2.87 6.37 × 105 1.83 × 10−4

2555_01_A04 7.46 2.22 × 105 1.65 × 10−3 2.21 9.26 × 105 2.05 × 10−4

2555_01_A01 8.41 2.02 × 105 1.70 × 10−3 1.81 1.00 × 105 1.81 × 10−4

368_01_C05 89.6 1.83 × 104 1.64 × 10−2 14.3 6.47 × 104 9.25 × 10−4

SPR was used to measure the affinity of the top six chain-shuffled antibodies (2551_01_A12, 2554_01_D11, 2558_02_G09, 2551_01_B11, 2555_01_A04, and 2555_01_A01) and the parental antibody
(368_01_C05) in the Fab format to both α-cobratoxin and α-elapitoxin. The dissociation constants, on-rates, and off-rates are provided. For sensorgrams, see Fig. S1.
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cobratoxin. Two LD50s of this neurotoxin were incubated with
2554_01_D11 in a 1:1 or 1:2 toxin:antibody molar ratio, and the toxicity
was tested i.v. in mice. Animals receiving the toxin alone died within
30min of injection with evident signs of neurotoxic paralysis, whereas
all mice receiving the toxin incubated with the antibody, at the two
molar ratios tested, survived without showing signs of intoxica-
tion (Fig. 5).

Then, snake venoms from three different species belonging to
three genera, one from Africa, i.e., D. polylepis, and two from Asia, i.e.,
N. kaouthia and O. hannah, were included. Notably, each of these
venoms contains a substantial amount of long-chain α-neurotoxins (a
relative abundance of 13.2%25, 55%24, and ∼20%38, respectively). Two
LD50s of each venom were preincubated with 2554_01_D11 in a 1:1 and
1:2 toxin:antibody molar ratio for N. kaouthia (Fig. 6a) and O. hannah
(Fig. 6b) or a 1:3 toxin:antibody molar ratio for D. polylepis (Fig. 6c)
before being administered i.v. to the mice. As controls, mice were
injected with venom alone, venom preincubated with commercial
antivenoms of known efficacy against the venoms (except in the case
of O. hannah, where no antivenom was available), or venom pre-
incubated with an antibody isotype control.

The results of the studies demonstrated that all mice in the
venom-only control group, as well as the mice receiving venom pre-
incubated with the isotype control antibody, died within the first hour
after the challenge, with evident signs of limb paralysis and respiratory
difficulty. As expected, mice receiving N. kaouthia or D. polylepis
venoms preincubated with commercially available antivenoms sur-
vived for the entire observation period, and no signs of neurotoxicity
were observed. In experiments wheremice were injected with venoms
incubatedwith 2554_01_D11, results varied depending on the venom. In
the case of N. kaouthia venom, complete neutralization was observed
at both toxin:antibodymolar ratios, sincemice survived during the 48-
hour observation time. Moreover, the mice showed no signs of neu-
rotoxicity, i.e., limb paralysis or respiratory difficulty during the whole
period. In the case of O. hannah, there was a dose-dependent delay in
the time of death compared to controls receiving venom alone
(Fig. 6b). Likewise, a delay in the timeof deathwas observed in the case
of D. polylepis venom (Fig. 6c).

Next, the ability of the antibody to abrogate the lethality of N.
kaouthia venom in rescue-type experiments was assessed. For this, the
subcutaneous (s.c.) route of venom injection was used tomore closely
reproduce the actual circumstances of envenoming. The LD50 esti-
mated by the s.c. route was 10.3 µg (95% confidence interval:
5.0–16.8 µg). Mice were challenged by the s.c. route with a dose of
venom corresponding to 2 LD50s, i.e., 20.6 µg, followed by the i.v.
administration of the 2554_01_D11 antibody in a volume of 100 µL at a
molar ratioof 1:2.5 or 1:2.0 (toxin:antibody). Controlmice injectedwith
venom-only died within 40–60min, with evident signs of limb and
respiratory paralysis. When the antibody was administered immedi-
ately after venom injection, all mice survived the 24 h observation
period and showed no evidence of limb or respiratory paralysis. When
the antibody was provided 10min after venom injection, two out of
four mice died, but there was a delay in the time of death (150 and
180min). The other two mice survived the 24 h observation time and
did not show signs of paralysis (Fig. 6d).

Discussion
Here,wedemonstrate that an antibodydiscovered fromanaïve human
librarywith limited cross-reactivity to otherα-neurotoxins andwithout
the ability to prevent lethality induced by α-cobratoxin in mice can be

Fig. 2 | Intact masses and top-down sequence analysis of toxins bound by
2554_01_D11. Names above the mass spectra have been color-coded for each
species as follows: O. hannah (red), N. naja (orange), N. kaouthia (blue), N. mela-
noleuca (purple) andD. polylepis (green). The spectraon the left-hand side show the
charge state distribution for the toxins ejected from the antibody complex by
applying a high cone voltage, where themasses of the identified toxins are given in
Daltons. The top-down sequence spectra for the most prominent charge state of
each toxin are shown on the right-hand side. The difference inm/z is outlined via
dotted lines on top andmatches the specific amino acid or peptide. The full amino
acid sequence for the proposed identity of the toxins is given below each spectrum,
with the matching peptides found during the top-down analysis colored and
underlined. Cysteines in the sequence are colored pink.
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improved by light chain-shuffling, resulting in enhanced affinity,
potency, and cross-neutralization capacity.

Themost promising antibody we discovered, 2554_01_D11, bound
seven long-chain α-neurotoxins deriving from five snakes of four
genera distributed across both Asia and Africa. Notably, cross-reactive
binding was detected despite sequence alignment of the seven α-
neurotoxins revealing substantial differences in sequence identity,
with an overall identity of only 31%. This is likely because, despite the
low overall identity, a total of 29 positions in the toxin sequences
contain identical amino acid residues across all seven α-neurotoxins,
including most of the residues previously identified as playing a sig-
nificant role in the binding between α-cobratoxin/α-bungarotoxin and
the nAChR39. Specifically, these amino acid residues include Trp25,
Cys26, Asp27, Ala28, Phe29, Cys30, Arg33, Lys35, and Arg36/Val39 (α-
cobratoxin/α-bungarotoxin) on loop II and Phe65/Val39 (α-cobra-
toxin/α-bungarotoxin) on the C-terminus, where a single mutation of
one of these residues has been shown to cause a more than five-fold
decrease in affinity to the nAChR40. Furthermore, high-density peptide
microarray analysis previously suggested that positions 22–27 and
36–46 represent linear B-cell epitopes for antibodies to long neuro-
toxin 2 from N. melanoleuca, recognized by one of the most effective
antivenoms available (SAIMR, produced by SAVP), like positions
24–30, 32, and 39–50 do for α-elapitoxin37. This emphasizes the
potential importanceof Trp25, Cys26, Asp27, Ala28, Phe29, Cys30, and
Arg36 for the ability of antibodies to recognize this toxin. Together,
these findings present a plausible explanation for the broad cross-
reactivityweobserved for 2554_01_D11 and indicates the importance of

epitope similarity (as opposed to overall sequence identity) in the
pursuit of cross-reactive antibodies4. However, the boundaries of the
cross-reactivity of 2554_01_D11 have not been established in this study,
as all long-chain α-neurotoxins investigated were recognized by the
antibody. Future work aiming to investigate the boundaries of cross-
reactivity could include testing the antibody for binding to long-chain
α-neurotoxins from other snakes, such as B. candidus41, B. fasciatus41,
or N. haje legionis42. Such studies could potentially provide general
cues to how antibody cross-reactivity can be optimized for antibodies
targeting toxins and similar antigens.

In addition to cross-reactive binding, we also demonstrated the
broad neutralizing potential of 2554_01_D11. In vivo studies showed
that lethality induced by three snake venoms of different genera dis-
tributed across both Asia and Africa was either prevented or delayed
by the antibody, 2554_01_D11. ForN. kaouthia venom, the antibodywas
able to completely prevent lethality in envenomed mice with no signs
of neurotoxicity even at the lowest tested toxin:antibodymolar ratio of
1:1. Moreover, this antibody was able to neutralize lethality induced by
the venom of N. kaouthia in rescue-type experiments, which more
closely resemble the actual circumstances of envenoming43. Complete
neutralization was achieved when the antibody was administered
immediately after the venom challenge, and even after a delay of
10min between venom and antibody administration, 2 out of 4 mice
survived and death was delayed in the other two.

Despite the antibody 2554_01_D11 possessing very similar in vitro
affinities to α-cobratoxin and α-elapitoxin from D. polylepis, the anti-
body was unable to prevent in vivo lethality induced by D. polylepis

Fig. 3 | Alignment and epitope identification of all investigated long-chain α-
neurotoxins, i.e., α-cobratoxin (P01391/1CTX) from N. kaouthia, α-elapitoxin
(P01396/AF-P01396) fromD. polylepis, α-bungarotoxin (P60615/1HC9) from B.
multicinctus, long neurotoxin 2 (A8N285/AF-A8N285) from O. hannah, and
long neurotoxin (P0DQQ2), long neurotoxin 4 from N. naja (P25672/AF-
P25672), and long neurotoxin 2 (P01388/AF-P01388) from N. melanoleuca.
a Sequence alignment using ClustalOmegawith boxes indicating residues involved
in binding to the nicotinic acetylcholine receptor (orange) or bound by antivenom
antibodies (yellow). b Structural alignment in ChimeraX with the following colors

representing each toxin: orange (long neurotoxin 2 from N. melanoleuca), beige
(long neurotoxin 2 from O. hannah), purple (α-bungarotoxin), green (α-elapitoxin
from D. polylepis), blue (long neurotoxin 4 from N. naja), and gray (α-cobratoxin
from N. kaouthia). c Amino acid residues on α-cobratoxin known to be involved in
binding to its native target, i.e., the nicotinic acetylcholine receptor39 (orange).
d Amino acid residues in α-elapitoxin suggested to be bound by antivenom anti-
bodies based on high-density peptide microarray analysis37 (yellow). e Amino acid
residues in long neurotoxin 2 from N. melanoleuca suggested to be bound by
antivenomantibodies basedon high-density peptidemicroarray analysis37 (yellow).
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venom, even at the tested toxin:antibody molar ratio of 1:3. Survival
was, however, prolonged by several hours, suggesting that the anti-
body provided partial neutralization of the venom. These results are
perhaps not surprising, as the venom of D. polylepis is more complex
than that ofN. kaouthia, and it iswell-established that toxins other than
long-chain α-neurotoxins (i.e., short-chain α-neurotoxins and den-
drotoxins) play important roles in the toxicity of D. polylepis venom25.
Where lethality of N. kaouthia venom is mainly attributed to the high
content of long-chain α-neurotoxins, the short-chain α-neurotoxins
present in D. polylepis venom have been estimated to contribute
approximately one-third of the toxicity of the venom25. Thus, even if all
long-chain α-neurotoxins were neutralized in the venom, neutraliza-
tion of short-chain α-neurotoxins and possibly even dendrotoxins
could still be necessary to prevent venom-induced lethality. As the

affinity of the antibody toα-elapitoxinwas almost identical to thatofα-
cobratoxin, we speculate that the antibody, 2554_01_D11,might be able
to neutralize the effects of the long-chain α-neurotoxins from D.
polylepis but that the mice eventually die due to lethality induced by
short-chain α-neurotoxins and possibly dendrotoxins. Similarly, the
lethal effects of the venom of O. hannah were only delayed, probably
since this venom also consists of a mixture of both long and short-
chain α-neurotoxins.

In this study, monoclonal IgG antibodies with broad cross-
reactivity to different long-chain α-neurotoxins were discovered, and
an epitope binning study revealed that the cross-reactive antibody
2554_01_D11 bound the same or an overlapping epitope to the pre-
viously reported antibody 2552_02_B02, which only recognizes α-
cobratoxin15. In the future, determination of the structure of the two
antibodies in complex withα-cobratoxinmight provide further insight
into how two antibodies binding to the same or overlapping epitope
with similar affinity can display such different levels of cross-reactivity.

When comparing the neutralizing capacities of the two anti-
bodies, 2554_01_D11 and 2552_02_B02, another noteworthy observa-
tion emerges. Antibody 2554_01_D11 possessed significantly higher
efficacy in neutralizing N. kaouthia venom in vivo than what was
reported for 2552_02_B0215. Whereas 2554_01_D11 neutralized all signs
of neurotoxicity at the lowest testeddoseof 1:1 toxin to antibodymolar
ratio, 2552_02_B02 only prevented lethality induced by N. kaouthia
venom in 3 out of 4 mice at a 1:4 molar ratio, with mice showing clear
signs of neurotoxicity. These results were especially remarkable, as the
two antibodies performed similarly both in electrophysiological
in vitro neutralization assays and had similar affinities to α-cobratoxin
(490 pM for 2552_02_B02 and 1.78 nM for 2554_01_D11). Except for the
difference in cross-reactivity profiles, the only significant difference
between the two antibodies was in their developability profiles. In
these developability assessment assays, 2554_01_D11 performed simi-
larly to Aliricumab (control for good developability), whereas
2552_02_B02 performed comparably to Bococizumab (control for
poor developability)44. It is thus possible that this difference in self-
association and interaction with the SEC column seen in these assays
may correlate with different pharmacokinetic or pharmacodynamic
properties of the two antibodies, which could explain their contrasting
performance in vivo. This suggests that detailed developability char-
acterization should be included as part of early discovery to maximize

Fig. 4 | Electrophysiological determination of the in vitro cross-neutralizing
potential of 2551_01_A12, 2554_01_D11, and 368_01_C05. Automated patch-clamp
experiments were performed to determine the ability of the antibodies to prevent
the current-inhibiting effect that α-neurotoxins exert on the nAChR.
a Concentration-response curves illustrating how increasing concentrations of the
three antibodies prevent nAChR blocking by α-cobratoxin (SD shown, each data-
point based on at least n = 4 independent experiments, one experiment equals 10
cells). b Single concentration plot outlining the cross-neutralizing potential of the

antibodies against α-cobratoxin fromN. kaouthia, α-elapitoxin fromD. polylepis, α-
bungarotoxin from B. multicinctus, and Nm8 from N. melanoleuca (SD shown, n = 6
independent experiments, of which each equals 10 cells). In addition, a negative
control Nm3, a fraction from N. melanoleuca venom containing a short α-neuro-
toxin, was included. The toxin to antibody molar ratios used were 1:22 for α-
cobratoxin, 1:40 for α-elapitoxin, 1:5 for α-bungarotoxin, 1:2.3 for Nm8, and 1:3.2
for Nm3.

Fig. 5 | Kaplan–Meier survival curves for mice challenged with α-cobratoxin
preincubated with or without the antibody 2554_01_D11. Two LD50s of α-
cobratoxin (N. kaouthia) were preincubated with the antibody, 2554_01_D11, at
various neurotoxin:antibody ratios and then administered i.v. into groups of four
mice. Controls included mice receiving α-cobratoxin alone (see Materials and
Methods for details). Signs of toxicitywere observed, and deathswere recorded for
a maximum period of 48h.
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the in vivo efficacy and clinical success of recombinant antivenoms.
Furthermore, whilst this study focuses on α-neurotoxins, we hypo-
thesize that similar in vitro strategies for affinity maturation and
increased cross-reactivity could find utility for other classes of toxins
comprising clusters of similar isoforms (e.g., phospholipase A2s).

In conclusion, this study demonstrates the utility of combining
cross-panning strategies in phage display with affinity maturation
using chain-shuffling for the development of high-affinity human
monoclonal IgG antibodies that show broadly-neutralizing effects
against neurotoxic elapid snake venoms in vitro and in vivo. Such
antibodiesmight be useful for designing future envenoming therapies,
but more importantly, the pipeline presented here could also be
exploited for the development of broadly-neutralizing antibodies
against other targets of medical importance. These targets could
include toxins from venomous animals other than snakes, but also
hypervariable andmutating antigens from infectious bacteria, viruses,
and parasites, or even neoepitopes in noninfectious diseases.

Methods
Protocols for in vivo experiments were approved by the Institutional
Committee for the Use and Care of Animals (CICUA), University of
Costa Rica (approval number CICUA 82–08).

Toxin preparation
α-cobratoxin (L8114), α-bungarotoxin (L8115), andwhole venoms from
N. kaouthia (L1323),N.melanoleuca (L1318),D. polylepis (L1309), andO.
hannah (L1357) were obtained from Latoxan SAS, France. Venom
fractions containing long α-neurotoxins (Dp7 from D. polylepis and
Nm8 from N. melanoleuca) were isolated from crude venom by

fractionation using RP-HPLC (Agilent 1200). Venomswere fractionated
using a C18 column (250 × 4.6mm, 5 μm particle; Teknokroma), and
elution was carried out at 1mL/min using Solution A (water supple-
mented with 0.1% TFA) and a gradient towards solution B (acetonitrile
supplemented with 0.1% TFA): 0% B for 5min, 0–15% B over 10min,
15–45%B over 60min, 45–70%B over 10min, and 70%Bover 9min25,31.
Fractions were collected manually and evaporated using a vacuum
centrifuge. Toxins were dissolved in phosphate buffered saline (PBS:
137mMNaCl, 3mMKCl, 8mMNa2HPO4.2H2O, 1.4mMKH2PO4, pH7.4)
and biotinylated by amine coupling using a 1:1 molar ratio of α-
cobratoxin:EZ-Link™ NHS-PEG4-Biotin reagent (Thermo Scientific,
A39259). For the remaining toxins, a 1:1.5 toxin:biotin molar ratio was
used. Free biotin was removed using 4 K MWCO ultracentrifugation
membranes (AmiconUltra-4, UFC8000324) in accordancewith the de-
salting protocol in the manufacturers guidelines. Following purifica-
tion, the degree of biotinylation was determined using MALDI-TOF in
an Ultraflex II TOF/TOF spectrometer (Bruker Daltonics).

Library generation using chain-shuffling
Light chain-shuffled libraries containing the heavy chain variable
domain of the 368_01_C05, diversified with a naïve repertoire of light
variable domains, were created by subcloning the 368_01_C05 heavy
chain variable domain into pSANG4 phage display vectors containing
naïve kappa and lambda light chain germlines. The heavy chain was
prepared by PCR amplification from the pSANG10-3F expression vec-
tor using the Platinum SuperFi Green polymerase (Thermo Fisher
Scientific, 12359010), and sub-cloned into the phagemid vectors using
XhoI (NEB, R0146S) and NcoI (NEB, R3193L) restriction enzymes.
Ligations were performed overnight at 16 °C using 500ng of light

Fig. 6 | Kaplan–Meier survival curves for envenomed mice treated with the
antibody 2554_01_D11. a–c Mixtures containing 2 LD50s of venom of either N.
kaouthia, O. hannah, or D. polylepis were preincubated with the antibody,
2554_01_D11, at various neurotoxin:antibody ratios and then administered i.v. into
groups of four mice. Controls included mice receiving venom alone, or venom
incubated with either an irrelevant isotype antibody control or commercial horse-
derived antivenoms (see Materials and Methods for details). Signs of toxicity were
observed, and deaths were recorded for a maximum period of 48 h. d N. kaouthia

venom at 2 LD50s was administered s.c. following by i.v. administration of IgG
2554_01_D11 either immediately or 10min following venom injection. As controls,
mice received either venoms.c. or venom s.c. followedbyPBS i.v. immediately after
envenoming. Signs of toxicity were observed, and deaths were recorded for 24h.
Mice receiving antibody immediately followingvenomadministration hadadoseof
1:2.5 toxin to antibody molar ratio, while mice receiving antibody 10min post
venom administration had an antibody dose of 1:2 toxin to antibody molar ratio.
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chain vector and a 4-fold excess of heavy chain. Each library was pur-
ified using a MiniElute purification kit (Qiagen, 28006), eluted in 10 µL
nuclease free water (Thermo Scientific, 10977035), and transformed
into one aliquot electrocompetent TG1 cells (Lucigen, 605022) using a
0.2 cm Gene Pulser Cuvette (BioRad, 1652086). The library was
immediately transferred into pre-warmed recovery medium (Corning,
354253) and incubated for 1 h at 37 °C, 220 rpm. Cellswere pelleted, re-
suspended in 500 µL of recovery media, plated on 2TYGA (2TY, 2%
glucose, 50 µg/mL ampicillin), and incubated overnight at 30 °C. The
library size was estimated based on counting the number of individual
colonies from adilution series of the library. The kappa library size was
estimated to 1.67 × 108 and the lambda library to 1.01 × 108 individual
transformats respectively. Colony PCR revealed that 96% of the
transformants had successful insert of the heavy chain. The librarywas
re-suspended in 2TYGA media containing 25% glycerol and left to
homogenize for one hour with end over end rotation at room tem-
perature before being stored at −80 °C.

Library rescue, solution-based phage display selection, and
polyclonal DELFIA
Phages were rescued from the light chain-shuffled libraries by first
diluting the cells to anOD600 of 0.1 in 50mLof pre-warmed2TYGA and
incubating at 37 °C, 280 rpm. This equated to enough cells to obtain a
10-fold coverage of the library size. Once the cells had reached
OD600 = 0.5, a 10-fold excess of proteolytic sensitive helper phage45

was added for 1 h at 37 °C, 150 rpm to allow for infection. Cultureswere
centrifuged at 3,200 rpm for 2min, the supernatant discarded, and
cells were re-suspended in 2TYKA (2TY, 50 µg/mL kanamycin, 100 µg/
mL ampicillin) media and the phages propagated overnight at 25 °C,
280 rpm. A TG1 colony was picked from a pre-prepared plate and used
to inoculate 5mL of 2TY media and incubated overnight at 30 °C,
280 rpm. The next day, the supernatant was obtained by centrifuging
the overnight culture for 10min, 10,500 × g at 4 °C, and a 1mL volume
of supernatant, sufficient for both the selection with antigen and a no-
antigen reference, was spun under the same conditions to remove any
residual cells and used for selection. At this point, 125 µL of each kappa
and lambda library was combined into a 250 µL volume and blocked in
a final concentration of 3% MPBS (PBS + 3% w/v milk: VWR,
A0830.1000), in parallel with 80 µL streptavidin-coated Dynabeads
(Fisher Scientific, M-280), for one hour with end over end rotation.
Streptavidin-specific phages were de-selected by adding 80 µL of the
blocked streptavidin beads to the blocked library for one hour with
end over end rotation. The library with streptavidin beads was placed
on a magnetic rack, and the supernatant containing non-streptavidin
specificphageswas transferred to a clean Eppendorf tube. Biotinylated
long neurotoxin, diluted in 3% MPBS, was added to the de-selected
library at a final concentration of 10 nM and incubated as described for
previous steps followed by addition of streptavidin beads. Therafter, a
KingFisher Flex (Thermo Scientific, 711-82573) system was used to
wash the beads with biotinylated toxin and bound phages 3 times with
PBST (PBS + 0.1% tween) and PBS before elution using 200 µL, 1mg/mL
trypsin (Sigma-Aldrich, T9201-500MG) prepared in 50mM Tris, 1mM
CaCl2, pH 8.0 buffer. 200 µL of the eluted phages was used to infect
5mL of TG1 cells grown to an OD600 of 0.5, for 1 h at 37 °C, 150 rpm.
Cells were subsequently spun for 10min at 2000 g and re-suspended
in 200 µL of media before plating. In addition, dilution plates ranging
from 5–500,000-fold dilution of the supernatant were plated to
determine the background and enrichment of antigen specific phages.
The next day, colonies on the output plate were scraped and resus-
pended in 2TYGA supplemented with 25 % glycerol and the cells were
homogenized with end-over end rotation for several hours. OD600 was
measured, and the cells were stored at −80 °C until subsequent rescue
and further rounds of selection. Two consecutive rounds to enrich for
cross-reactivity were performed by cross-panning between α-
cobratoxin and α-elapitoxin. The lead 2554_01_D11 clone originated

from a selection strategy using 1 nM and 100 pM of antigen in
the second and third round respectively.

To assess the polyclonal output of the individual selections, the
bindingwasmeasured to biotinylatedα-cobratoxin andbiotinylatedα-
elapitoxin (both 60 µL, 5 µg/mL) captured on coated streptavidin (60
µL, 10 µg/mL). MPBS and streptavidin were included as negative con-
trols. Black MaxiSorp plates (Nunc) were used and coating was per-
formed overnight at 4 °C. The generation of phages from each
selection round was performed as previously described for phage
display. The prepared phage supernatants were diluted 100-fold in 3%
MPBS and blocked alongside the immobilized antigen for 1 h at room
temperature. With three washes in PBST and PBS between each incu-
bation step, 60 µL of phages were first incubated for 1 h to allow for
binding. Thereafter, bound phages were detected by the addition of
60 µL, 1 µg/mL, of anti-M13 mouse antibody (GE Healthcare) prepared
in 3% MPBS. Finally, anti-M13 was detected using 0.5 µg/mL of an anti-
mouse antibody conjugated to europium (Perkin Elmer) diluted in 3%
MPBS), incubated for 30min, followed by 100 µL of DELFIA enhance-
ment solution (Perkin Elmer). The signal readout was performed by
time resolved fluorescence (TRF) with 320nm excitation and 615 nm
emission wavelengths.

Subcloning, screening, and sequencing of scFvs
The genes encoding the scFvs from five of the obtained selection
outputs (representing different cross-panning strategies) were PCR
amplified using M13leadseq (AAATTATTATTCGCAATTCCTTTGGTTG
TTCCT) andNotmycseq (GGCCCCATTCAGATCCTCTTCTGAGATGAG)
primers and subcloned into the pSANG10-3F expression vector using
the NcoI and NotI restriction enzymes. Following transformation into
the E. coli strain BL21 (DE3) (New England Biolabs), 184 individual
colonies were picked from each selection and used for expression of
soluble scFv. Cells were first grown at 30 °C, 200 rpm, overnight in
150 µL of 2TYKA media containing 2% glucose. Expression was then
induced in 96 well polypropylene microtiter plates (Greiner Bio-One)
containing 150 µL of autoinduction media and incubated overnight at
30 °C, 800 rpmwith 80%humidity. Binding of the scFv was assessed in
both a direct and an expression-normalized DELFIA. For direct bind-
ing, MaxiSorp plates were coated overnight with streptavidin (60 µL,
10 µg/mL). The next day, following washing, biotinylated α-cobra-
toxin andα-elapitoxin (60 µL, 5 µg/mL) diluted in 3%MPBSwere added
and incubated for one hour. To assess scFv binding, 25 µL supernatant
from the harvested overnight cultures was transferred to each well
containing an equal volume of 6% MPBS for one hour to permit
binding. Bound scFv was detected with an anti-FLAG M2 antibody
(Sigma-Aldrich) conjugatedwith europium (PerkinElmer), produced in
house according to the manufacturers guidelines, in the steps descri-
bed above for the polyclonal DELFIA. In addition, an expression-
normalized DELFIA was run. Here, black MaxiSorp plates were coated
overnight with anti-FLAG (Sigma) (60 µL, 2.5 µg/mL). The next day,
following washing, 25 µL supernatant mixed with 25 µL 6% MPBS was
incubated for one hour at room temperature. After washing, 60 µL of
10 nM biotinylated α-cobratoxin and α-elapitoxin diluted in 3% MPBS
was left to bind for one hour. Bound antigen was finally detected using
0.2 ng/µL of europium-conjugated streptavidin diluted inDELFIA assay
buffer (Perkin Elmer), followed by enhancement solution and record-
ing of emission as described above. Based on the signal intensity, the
top 203 clones were cherry-picked and sequenced (Eurofins Genomics
sequencing service) using the S10b primer (GGCTTTGTTAGCAGCCGG
ATCTCA). The antibody frameworks and the CDR regions of the light
chains were annotated using Geneious Biologics (Biomatters), and 67
clones were identified as unique based on light chain CDR3 regions.

Reformatting and screening of IgG and Fab formats
A total of 62 clones were selected for reformatting into human IgG1
and Fab format. The VH and VL domains were subcloned into a pINT12
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vector for Fab expression and pINT3 vector for IgG expression. Each
vector had the respective heavy chain constant domains and light
chain constant domain pre-cloned for each format. The individual
variable domainswerePCRamplified from thepSANG10-3F expression
vector using pSang10_pelB (CGCTGCCCAGCCGGCCATGG) and
HLINK3_R (CTGAACCGCCTCCACCACTCGA) for the VH and LLINK2_F
(CTCTGGCGGTGGCGCTAGC) and 2097_R (GATGGTGATGATG
ATGTGCGGATGCG) for the VL. The PCR amplicons were prepared by
digestion with NcoI and XhoI (VH digestion) and NheI and NotI (VL

digestion) endonucleases. A four-part ligation including both variable
domains, either the pINT3 or pINT12 vector containing the respective
heavy chain constant domains, and a stuffer region containing the CL

andCMVpromoter cutwithNcoI andNotI, was performedwith T4DNA
ligase (Roche, 10481220001). Each of the respective Fab and IgG for-
mats were produced for screening at a 700 µL scale by transient
mammalian expression using Expi293TM cells (Thermo). After trans-
fection using a ratio of 1 µg DNA/mL of Expi293TM cells with Expi-
FectamineTM 293 (ThermoFisher, A14525) as per the manufacturers
guidelines, transfected cells were incubated for 4 days in an orbital
shaker at 37 °C, 5% CO2, 70% humidity with 1000 rpm shaking. Cells
were harvested, and supernatants containing IgGs were purified with
protein A usingMabSelect SuRe (Neo Biotech, NB-45-00036-100), and
Fabs using anti-CH1 resin (Thermo Scientific, 194320010). A volume of
10 × PBS sufficient to give a 1 × PBS final concentration was added to
each well of supernatant. For IgG containing supernatants, 100 µL of
protein A diluted 4-fold in PBS was added to each well and incubated
overnight at 4 °C. Likewise, Fab supernatant was incubated overnight
with 100 µL of anti-CH1 resin diluted 5-fold in PBS. Supernatants were
transferred to a Unifilter membrane (GE Healthcare, 7700-2804) and
loaded onto a 96 deep well microplate. In centrifugation intervals of
1min, 1000 × g, the flow through was removed, then the resin was
washed twice with 500 µL PBS, and antibody was eluted with 75 µL,
0.2M Glycine, pH 2.6 into a new plate containing 25 µL of 2M Tris pH
8.0 neutralization buffer. Antibodies were desalted using Zeba Spin
Desalting plates (Thermo Scientific, 89808) into PBS.

Produced clones were selected for further developability char-
acterization by assessing their binding strength as full length IgGs and
Fabs to a one-spot concentration of α-cobratoxin, α-elapitoxin, and
Nm8, by a capture DELFIA assay. Black Maxisorp plates (Nunc) were
coated with 50 µL, 2.5 µg/mL anti-CH1 antibody (Hybridoma Reagent
Laboratory, HP6046P) or anti-hIgG (Jackson ImmunoResearch, 109-
005-098) and incubated overnight at 4 °C. The next day, after washing
the plates three times in PBS and blocking for an hour in 3% MPBS,
50 µLof supernatants diluted 4-fold in 4%MPBSwas added to eachwell
and incubated for 1 h at room temperature. After three washes in PBS
and PBST, antigen (50 µL, 1 nM) prepared in 3%MPBSwas added to test
wells. As a control, a 1:500 dilution of streptavidin conjugated with
europium inDELFIA assay buffer was added. After 1 hour, the testwells
were washed, and streptavidin conjugated europium was added as for
the control wells for 30min. After a final wash, 50 µL of DELFIA
enhancement solution was added, plates were placed on a shaker for
5min, and binding was detected by time resolved fluorescence mea-
sured on a PHERAstar FSX (BMG, Labtech) system using excitation and
emission wavelengths of 320 and 615 nm.

Six antibodies (2551_01_A12, 2554_01_D11, 2558_02_G09,
2551_01_B11, 2555_01_A04, and 2555_01_A01) and nivolumab were
selected for further in vitro characterization and produced as IgGs at
either a 300mL or 500mL scale. The production conditions and
sample preparation for purification were the same as for the small-
scale production, with the exception that the supernatants were first
filtered using a 0.45 µm filter and purified using an Äkta Pure system
(Cytiva) with a HiTrapTM 5mL MabSelectTM Prism A column (Cytiva,
GE17549854). Antibodies were eluted with 1.6mL, 0.1M citrate buffer,
pH 3.0 into 300 µL, 2M Tris pH 8.0 neutralizing solution. The eluate
was buffer exchanged into 222mM sucrose, 6.44 mM L-Histidine,

4.77 mM L-Histidine HCl, 0.0003% polysorbate 80 using P50 gel fil-
tration columns (CentriPure, CP-0113-Z010.0-001). Antibodies were
concentrated to 4–8mg/mL using pre-rinsed Amicon® Ultra-4 Cen-
trifugal Filter Unitswith a 50KDa cutoff (Millipore, UFC8050) and flash
frozen in liquid nitrogen for long term storage at −80 °C.

Developability characterization
To aid in the selection of the top antibody candidates for further
characterization, the biophysical behavior of the 62 reformatted
clones in the IgG format was characterized using HPLC-SEC and AC-
SINS. For HPLC-SEC, the purified antibodies were loaded onto a
Superdex 200 Increase 5/150 column at a flow rate of 0.25mL/min
using an Agilent 1100 HPLC instrument. AC-SINS was performed to
measure the self-propensity of antibodies. Gold nanoparticles were
coatedwith a0.4mg/mL, 20mMNaAc,pH4.3 solution containing a 4:1
ratio of anti-human IgG Fc capture:non-capture antibodies. The anti-
body coating solution was mixed with the gold nanoparticles in a 1:9
volume ratio at room temperature for 1 h and the remaining sites
blocked with a 0.1 µM final concentration of thiolated PEG. After fil-
tering through a 0.22 µm PVDF membrane (Millex-GV, 13 nm, Milli-
pore), the gold nanoparticles were present in the retentate, and were
eluted in 1/10th the volume of PBS. The prepared gold nanoparticles
(10 µL) were mixed with test antibody (100μL, >50 ug/ml in PBS) at
room temperature for 2 h in a polypropylene plate, after which they
were transferred to a polystyrene UV transparent plate, centrifuged
briefly, and data collected by measuring the absorbance from 510 to
570 nm in increments of 2 nm. The self-association propensity was
calculated by importing and processing the raw absorbance as
described perviously32.

Surface plasmon resonance
The binding affinity of the corresponding Fab versions of the top six
affinity matured antibodies as well as the parental clone to α-
cobratoxin and α-elapitoxin was determined using surface plasmon
resonance (SPR; BIAcore T100, GE Healthcare). α-elapitoxin and α-
cobratoxin were immobilized to a target level of 20 response units
(RU) by amine coupling to carboxymethylated dextran on a CM5 bio-
sensor chip (Cytiva, BR100530). The biosensor surface was activated
using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide followed by an injection of 5 µg/mL of α-
neurotoxin prepared in 10mM NaOAc pH 4. A no antigen flow cell
was allocated as a reference. After immobilization the surface was
washed and de-activated using ethanolamine. Antibody Fab fragments
were prepared in running buffer: 10mM HEPES, 150mM NaCl, and
3mMEDTA, 0.05%P20 (HEPES), adjusted to pH 7.4, in a 3-fold dilution
series from 81 to 390 pM. A flow rate of 40 µL/min was used
throughout the experiment with an association time of 120 s and a
dissociation time of 450 s for each Fab. The biosensor surface was
regenerated using two consecutive 30 s injections of 10mM Glycine,
4M sodium chloride pH 2.0. Measurements were conducted using 5–7
analyte concentrations for each antibody and included a no antibody
blank. The blank and reference flow cell backgrounds were subtracted
in the BIAcore T100 Evaluation Software, a 1:1 Langmuir bindingmodel
and a global model was used for fitting of the data and calculations of
kinetic parameters.

Epitope binning experiments were performed using a sandwich
setup, whereby one antibody was immobilized on a CM5 sensor chip
using amine coupling, prior to flowing α-cobratoxin with a competing
antibody. The 2554_01_D11 Fab (10 µg/mL, 10mM sodium acetate pH
5.0) was immobilized to a level of 450 RU, and 20nM α-cobratoxin
prepared in HEPES buffer (10mM, HEPES, 150mM NaCl, 50mM MES,
0.05% P20, pH 7.4) was incubated with 200 nM of either test
2552_02_B02 Fab or control Fab. Dual binding was then measured by
injecting the α-cobratoxin and Fab solution over the immobilized
2554_01_D11 flow cell for 120 s. The immobilized 2554_01_D11 Fab flow
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cell was used to measure the affinity to α-bungaratoxin, prepared in a
3-fold titration series from (2.1 µM to 9 nM) in HEPES buffer and
regenerated as decribed above. The background subtraction and data
processing was performed as described for α-elapitoxin and
α-cobratoxin.

Determining cross-reactivity using native mass spectrometry
Samplepreparation. Venoms andantibody sampleswere fractionated
and exchanged into 200mM ammonium acetate by size exclusion
chromatography (SEC). Briefly, 2–5mg of whole venom was dissolved
in 200mM ammonium acetate46,47. Size exclusion was then performed
on this whole venom solution using a Superdex Increase 200 10/300
GL column (Cytiva, Massachusetts, United States) pre-equilibrated
with 200mM ammonium acetate. Samples were collected and stored
at 4 °C until use. Prior to analysis, aliquots of the venom and IgG
2554_01_D11 SEC fractions were mixed in a 1:1 ratio (v/v). The final
concentration of the antibody was approximately 3 μM after mixing.
The concentration of toxins in the SEC fractions was not adjusted prior
to mixing with the antibody.

Native mass spectrometry. All mass spectrometry (MS) experiments
were performed on a SELECT SERIES cyclic IMS mass spectrometer
(Waters, Manchester, U.K.) which was fitted with a 32,000m/z quad-
rupole, aswell as an electron capture dissociation (ECD) cell (MSvision,
Almere, Netherlands), the latter of which was situated in the transfer
region of this mass spectrometer. Approximately 4 μL of sample was
nanosprayed from borosilicate capillaries (prepared in-house) fitted
with a platinumwire. Spectra were acquired in positivemode, with the
m/z range set to 50–8,000. Acquisitions were performed for five
minutes at a rate of 1 scan per second. The operating parameters for
the MS experiments were as follows, unless otherwise stated: capillary
voltage, 1.2–1.5 kV; sampling cone, 20V; source offset, 30 V; source
temperature, 28 °C; trap collision energy, 5 V; transfer collision energy,
5 V; and ion guide RF, 700 V. This instrument was calibrated with a
50:50 acetonitrile:water solution containing 20 μM cesium iodide
(99.999%, analytical standard for HR-MS, Fluka, Buchs, Switzerland)
each day prior to measurements.

Top-down proteomics of toxins bound by 2554_01_D11. The tox-
in:antibody complexes were purified using SEC using the methods
described above. Toxins were ejected from the protein complex dur-
ing the MS experiments by setting the cone voltage to 160V. The 5+

ions (most abundant charge state) of the ejected toxins were selected
by tandemMS (MS/MS) and subjected to fragmentation by applying a
trap voltage between 80 and 100V as well as a transfer voltage
between 20 and 50V. Peptide sequence assignmentwasperformed for
1+ fragmentation ions using the BioLynx package, which is a part of the
MassLynx v4.1 software.

Sequence alignment
Sequence alignment was performed in Clustal Omega48 and visualized
in Jalview49 using α-cobratoxin (P01391) fromN. kaouthia, α-elapitoxin
(P01396) from D. polylepis, α-bungarotoxin (P60615) from B. multi-
cinctus, long neurotoxin 2 (A8N285) from O. hannah, and long neu-
rotoxin (P0DQQ2) and long neurotoxin 2 (P01388) from N.
melanoleuca. Structures for each toxin were retrieved prioritizing
high-resolution X-ray resolved structures and included the following:
P01391 = 1CTX (2.8 Å, X-ray), P01388 = AF-P01388-F1 (AlphaFold2 pre-
dicted), P01396 =AF-P01396-F1 (AlphaFold2 predicted),
P60615 = 1HC9 (1.8 Å, X-ray), A8N285 =AF-A8N285-F1 (AlphaFold2
predicted), and P0DQQ2=AF-P0DQQ2-F1 (AlphaFold2 predicted).
Structural alignment and root-mean-square deviation (RMSD) analysis
were performed in ChimeraX50. Epitopes of P01388 and P01396 were
identified using the STAB Profiles tool37 (https://venom.shinyapps.io/
stab_profiles/).

In vitro neutralization using electrophysiology (QPatch)
To determine the ability and potency with which the affinity matured
clones 2551_01_A12 and 2554_01_D11, as well as the parental antibody
368_01_C05, were able to neutralize the effects ofα-cobratoxin, whole-
cell patch-clamp experiments were conducted using rhabdomyo-
sarcoma cells (CCL-136, ATCC):

Planar whole-cell patch-clamp experiments were carried out on a
QPatch II automated electrophysiology platform (Sophion
Bioscience), where 48-channel patch chips with 10 parallel patch holes
per channel (patch hole diameter ∼1μm, resistance 2.00 ±0.02MΩ)
were used.

The human derived Rhabdomyosarcoma RD cell line endogen-
ously expresses the muscle-type nicotinic acetylcholine receptors
(nAChR), composed of the α1, β1, δ, γ and ε subunits. The cells were
cultured according to the manufacturer’s guideline and on the day of
the experiment, enzymatically detached from the culture flask and
brought into suspension.

For patching, the extracellular solution contained (in mM): 145
NaCl, 10 HEPES, 4 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose, pH adjusted to
7.4 andosmolality adjusted to 296mOsmand the intracellular solution
contained (in mM): 140 CsF, 10 HEPES, 10 NaCl, 10 EGTA, pH adjusted
to 7.3 and osmolality adjusted to 290mOsm.

In the experiments, a nAChR mediated current was elicited by
70 µM acetylcholine (ACh, Sigma-Aldrich), approximately the EC80

value, and after compound wash-out, 2 U acetylcholinesterase (Sigma-
Aldrich) was added to ensure complete ACh removal. The ACh
response was allowed to stabilize over 3 ACh additions, before the 4th
addition was used to evaluate the effect of α-cobratoxin (4nM α-
cobratoxin, reducing the ACh response by 80%), in combination with
varying concentrations of IgG. α-cobratoxin and IgGs were co-
incubated at least 30min before application, and the patched cells
were preincubatedwithα-cobratoxin and IgG for 5min prior to the 4th
ACh addition.

The inhibitory effect of α-cobratoxin was normalized to the full
ACh response (4th response normalized to 3rd response), plotted in a
non-cumulative concentration-response plot and a Hill fit was used to
obtain EC50 values for each IgG. The data analysis was performed in
Sophion Analyzer (Sophion Bioscience) and GraphPad Prism (Graph-
Pad Software).

In vitro cross-neutralization using electrophysiology (Qube 384)
To determine the broader cross-neutralizing potential of the top two
affinitymatured antibodies and the parent antibody, automatedpatch-
clamp experiments using the Qube 384 electrophysiology platform
(Sophion Bioscience) were conducted:

Planar whole-cell patch-clamp experiments were carried out on a
Qube 384 automated electrophysiology platform (Sophion
Bioscience), where 384-channel patch chips with 10 parallel patch
holes per channel (patch hole diameter ∼1μm, resistance
2.00 ± 0.02MΩ) were used.

Both the RD cell line, the extracellular solution and the intracel-
lular solutionwere similar towhatwasused in theQPatchexperiments.
Again, a nAChR mediated current was elicit by 70 µM ACh, and after
compound wash-out, 2 U acetylcholinesterase was added to ensure
complete ACh removal.

In the Qube 384 experiments, a 2nd ACh addition was used to
evaluate the toxin effect (in nM: α-cobratoxin 1.47 nM, α-elapitoxin
0.81, nM 8 14, nM3 10.30) in combination of varying concentrations of
IgG. α-cobratoxin and IgGs were co-incubated at least 30min before
application, and the patched cells were preincubated with
α-cobratoxin and IgG for 5min prior to the 2nd ACh addition.

The inhibitory effect of the toxins was normalized to the full ACh
response and averaged in the group. The data analysis was
performed in Sophion Analyzer (Sophion Bioscience) and Excel
(Microsoft).
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Production of IgG for in vivo experiments
The variable chains (VL andVH)were PCR-amplified from thepSANG10-
3F vector and cloned into a single expression vector using the NEB-
uilder® cloning technique. The expression vector contained the con-
stant domain sequences of the respective human IgGheavy chain (with
LALA51 and YTE52 mutation) and human lambda light chain. After
cloning and sequence verification the plasmid was purified using
NucleoBond Xtra Midi EF (Macherey-Nagel) according to the manu-
facturer’s instructions.

A CHO-S cell line with pre-established landing pad (isoCHO-EP53)
was cultivated in CD CHO medium, supplemented with 8 mM
L-Glutamine and 2 μL/mL anticlumping agent at 37 °C, 5% CO2 at
120 rpm (shaking diameter 25mm). The cell line was transfected with
IgG expression vector and Cre-recombinase vector in 3:1 ratio (w:w) at
a concentration of 106 cells/mL using FreeStyle MAX transfection
reagent (Thermo Fischer Scientific) according to the manufacturer’s
recommendation. Stable cell pools were generated by adding 5 µg/mL
blasticidin five days post-transfection, and after recovery (>95% via-
bility), cells were single cell sorted using a fluorescence activated cell
sorter. After expansion, the IgG producing cell line was seeded at 106

cells/mL in 2 L complete culture medium and cultured for 144 h.
Thereafter, cell cultures were harvested by centrifugation. The clear
supernatant was loaded on a 25mLMabSelect PrismA column (Cytiva)
equilibratedwith 20mMsodiumphosphate and 150mMNaCl (pH7.2).
Elution was performed with 0.1M sodium citrate (pH 3). Elution frac-
tions were neutralized with 1M Tris (pH 9), using 2mL per 10mL of
elution fraction followed a buffer exchange to Dulbecco’s PBS using a
HiPrep 26/10 desalting column. IgG was concentrated using an Ami-
con® Ultra-15 centrifugal filter unit (30 kDa NMWL), sterile filtered.

Animals
Animal experiments were conducted in CD-1 mice of both sexes
weighing 18–20 g (corresponding to 4–5 weeks old). Mice were sup-
plied by Instituto Clodomiro Picado and experiments were conducted
following protocols approved by the Institutional Committee for the
Use and Care of Animals (CICUA), University of Costa Rica (approval
number CICUA 82-08). Mice were provided food and water ad libitum
and housed in Tecniplast Eurostandard Type II 1264C cages (L25.0 cm
× W40.0 cm × H14.0 cm) in groups of 4 mice per cage. Animals were
maintained at 18–24 °C, 60–65% relative humidity and 12:12 light-
dark cycle.

In vivo preincubation neutralization experiments
The in vivo neutralizing potential of 2554_01_D11 against α-cobratoxin
and whole venoms of N. kaouthia, D. polylepis, and O. hannah was
assessed by i.v. injection of IgG preincubated with toxin or venoms
using groups of four mice per treatment. Mixtures of a constant
amount of toxin or venom and various amounts of antibody were
prepared and incubated for 30min at 37 °C. Then, aliquots of the
mixtures containing 2 LD50s of toxin or venoms (for α-cobratoxin
4.0 µg; for N. kaouthia, 9.12 µg; for D. polylepis, 25.8 µg; and for O.
hannah, 40 µg) were injected into the caudal vein of mice using an
injection volumeof 150–200 µL.Controlmicewere injectedwith either
toxin alone, venomalone, venompreincubatedwith an isotype control
IgG or, in the cases of N. kaouthia and D. polylepis venoms, they were
also preincubated with commercial horse-derived antivenoms known
to be effective against these venoms. For N. kaouthia Snake Venom
Antiserum from VINS Bioproducts Limited (batch number:
01AS13100), at a proportion of 0.2mg venom per mL antivenom was
used. ForD. polylepis, Premium Serum and Vaccines antivenom (batch
number: 062003), at a proportion of 0.12mg venom per mL anti-
venom was used. These proportions were selected based on infor-
mation on neutralization provided in the prospects of these products.
In the case of O. hannah venom, no effective commercial antivenom
was available and, therefore, this control group was not included.

IgG was injected using 1:1 and 1:2 α-neurotoxin:IgG molar ratios
forα-cobratoxin,N. kaouthia venom andO. hannah venomand a 1:3α-
neurotoxin:IgG molar ratio for D. polylepis venom. In the case of
venoms, for calculating molar ratios, based on toxicovenomic studies,
it was estimated that 55% of N. kaouthia venom24, 13.2% of D. polylepis
venom25, and 40% of O. hannah venom consisted of α-neurotoxins54.
Following injection, animals were observed for signs of neurotoxicity,
and survival was monitored for 48 h. The results are presented in
Kaplan–Meier plots, generated with Prism v.9.4.1.

In vivo rescue neutralization experiments
To assess whether the antibody was capable of neutralizing the venom
of N. kaouthia in an experimental setting that more closely resembles
the actual circumstances of envenoming, a rescue-type experiment
was designed. For this, the s.c. route was used for injection of venom,
while the antibody was administered i.v. First, the s.c., LD50 of N.
kaouthia venom was estimated by injecting various doses of venom,
diluted in 100 µL of PBS, into groups of four mice. Animals were
observed for 24 h, deaths were recorded, and the LD50 was estimated
by probits55. For neutralization experiments, groups of four mice first
received a challenge dose of 20.6 µg of venom by the s.c. route, dis-
solved in 100 µL of PBS, corresponding to 2 LD50s. Then, antibody
2554_01_D11 was administered i.v. in the caudal vein, in a volume of
100 µL, either immediately or 10min following venom administration.
The amount of antibody administered was 535 µg (immediately) and
412 µg (10min), corresponding to neurotoxin: antibodymolar ratios of
1:2.5 and 1:2.0, respectively. Mice were observed for 24 h for the onset
of neurotoxic manifestations, and times of death were recorded and
presented in Kaplan-Meier plots, generated with Prism v.9.4.1.

Statistics and reproducibility
No statistical method was used to predetermine the sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment. All in vitro
data was performed at least 4 times independently. Data were exclu-
ded for analysis basedon the followingqualityfilters (per site, each site
records from 10 cells): Current minimum 500 pA and seal resistance
minimum 50 XX.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that supports the findings of this study are available from the
corresponding authors upon reasonable request.
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5. Structural characterization of cross-reactive pH-
dependent antibodies 
 
This scientific manuscript delves into the mechanisms underlying cross-reactivity and pH-
dependent binding of the antibodies developed in Chapter 4. Given the significant effect that 
light chain shuffling had on antibody cross-reactivity and neutralization, we wondered whether 
the optimized light chains for these antibodies could also introduce pH-dependent antigen 
binding. The pool of antibodies in Chapter 4 was first screened for pH-dependent binding 
properties to different long-chain α-neurotoxins using biolayer interferometry, which identified 
one antibody able to bind pH-dependently to all long-chain α-neurotoxins tested. To investigate 
the mechanism for the pH-dependent binding properties of this antibody, X-ray crystallography 
was chosen to determine whether pH-dependent binding was facilitated by the antibody 
paratope or epitope.  
 
Determining the structure of the antibody bound to α-cobratoxin revealed the molecular basis 
for the cross-reactivity of this lineage of antibodies, by which the antibody mimics the receptor 
residues targeted by conserved residues in long-chain α-neurotoxins. However, the antibody 
paratope and epitope were shared with other antibodies that were non-pH-dependent, indicating 
that the pH-dependent binding mechanism for this antibody resided outside the paratope and 
epitope, and pre-empted further structural studies. Determining structures of the antibody 
bound at high resolution at different pH identified a network of residues located in the heavy-
light chain interface region that responded to low pH, indicating that the chain interface 
environment was the stage for the broad pH-dependent binding behaviour for this antibody.  
 
We conclude by describing a mechanism for the light chain-driven introduction of pH-
dependent binding for this antibody. We have not yet been able to perform a proof of concept 
experiment to confirm this mechanism, and so the manuscript is in preparation and presented 
in the form of a draft. 
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Abstract  
Antibodies can recognize distinct epitopes and protein folds on pathogens, making them a 
valuable resource for therapeutic antibody discovery across different indications. One of the 
intrinsic functions of antibodies is to bind with high affinity to specific epitopes on pathogens 
through their variable domain, thereby neutralizing their targets. By introducing histidine 
mutations to the CDRs of antibodies, the antibody affinity can be engineered to be pH-
dependent, resulting in the development of antibodies capable of neutralizing multiple antigens. 
This allows antibodies to release antigens during their recycling pathway to the lysosome 
degradation system, improving the pharmacology of the antibody by allowing for multiple 
antigen-binding cycles. However, the mechanisms behind how antibodies can accommodate pH-
dependent antigen binding are not well understood and could inform antibody engineering and 
design. In this study, we analysed how cross-reactive antibodies against long-chain α-
neurotoxins can accommodate both antibody function and pH-dependent binding properties. We 
show that specificity was primarily determined by the paratope which interacted with the 
neurotoxin in a manner that mimicked the acetylcholine receptor- neurotoxin interface. This led 
to broad reactivity against multiple-antigens via binding trough the CDRH3 loop of the 
antiboody. In contrast, determinants of pH-dependent binding are located away from the toxin 
interface. The pH-dependent antibodies are functional, and can neutralize long-chain alpha-
neurotoxin in vivo. Notably, the fold difference in pH-dependent binding allows for the release of 
long-chain α-neurotoxins within the duration of the antibody recycling pathway. 
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Introduction  
Monoclonal antibodies are typically characterized by their specific binding to a target 

antigen. However, in many cases, cross-reactivity can be an important feature of therapeutic 
monoclonal antibodies. For example, defined cross-reactivity between shared antigens from 
different species can facilitate the evaluation of antibody safety and efficacy as therapeutic 
candidates in relevant animal models1. Another example is in the treatment of rapidly evolving 
pathogens, where cross-reactive antibodies are crucial for enforcing therapeutic robustness2. 
Cross-reactive antibodies are also required for the treatment of snakebite envenoming, where the 
use of antibodies that neutralize homologous toxins found across different snake species may be 
sufficient to allow broad-spectrum usage3. Traditionally, polyvalent antivenoms derived from 
immunized animals are used for treatment. Although these antivenoms have saved many lives, 
their usage can lead to severe immunogenicity-related side effects, and they have a low content of 
neutralizing antibodies with high production costs. Therefore, the discovery of human antibodies 
of known sequence to enable recombinant production has gained increased focus.4–7 

One toxin class that has been identified as paramount to developing broadly neutralizing 
antibodies is the long-chain α-neurotoxins. Long-chain α-neurotoxins contribute to the 
neurotoxicity of snake venoms by targeting the cholinergic system, specifically by inhibiting two 
types of nicotinic acetylcholine receptors (nAChR), the muscle and the neuronal α7 
homopentameric nAChR.8 Two long-chain α-neurotoxins, α-Bungaratoxin (α-bgtx) from the 
banded krait B. multicinctus and α-Cobratoxin (α-cbtx), from the N. siamensis cobra, have been 
the subject of extensive studies and have been used to define the molecular mechanism by which 
long-chain α-neurotoxins exert their inhibitory effects on the nervous system.9–11 Structural 
characterization of these long-chain α-neurotoxins bound to different AChR homologs by 
crystallography and cryo-EM has revealed the molecular determinants of their interaction with the 
nAChR, and how the structure of long-chain α-neurotoxins relates to their function.9,9,10As part of  
the three-finger protein family, long-chain α-neurotoxins are small, 8 kDa proteins that have three 
fingers stabilized by 4 intramolecular disulfide bridges. Their structure is ridged and has a high 
level of structural complementarity to the nAChR, causing them to bind with an exceptionally high 
affinity (sub nM KD values) and inhibit the nAChR with high potency. All three fingers are 
implicated in the interaction with the nAChR, but central to their nAChR receptor inhibition is the 
finger II, which protrudes into the acetylcholine ligand binding pocket situated at the α-γ and α-δ 
nAChR receptor subunit interfaces. Highly conserved arginine residues located at the apex of 
finger II insert the acetylcholine binding pocket, forming cation-π interactions with the aromatic 
residues in the nAChR interface responsible for coordinating acetylcholine, therefore inhibiting 
acetylcholine binding and nAChR signalling.  

The finger II region of long-chain α-neurotoxins has been identified as a potential epitope 
for cross-reactive, neutralizing antibodies in polyvalent antivenom by searching for linear antibody 
epitopes using high-density peptide microarrays.12 Even with sufficient affinity and cross-
reactivity, however, one antibody molecule can conventionally only neutralize one antigen 
molecule, presenting a limitation to how low an antibody can be dosed. Therefore, in addition to 
cross-reactivity, monoclonal antibodies have been engineered to possess the ability to be reused 
and neutralize multiple antigens. This has been achieved by engineering the antibodies’ antigen 
binding affinity to be pH-dependent, allowing the antibody, but not the antigen, to be recycled 
through the neonatal Fc receptor (FcRn)10. Once an antibody is internalized into a cell, either by 
pinocytosis or mediated by Fc receptors,11 it enters into acidified endosomes where it binds to the 
neonatal Fc receptor (FcRn) in a pH-dependent manner. Binding to FcRn rescues the antibody 
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from lysosomal degradation and subsequently releases it back into circulation.10 By carefully fine-
tuning the antibody affinity to have weaker antigen binding at acidic pH, the antibody will release 
its cargo in the endosome, sending the antigen to the lysosome for degradation, whilst the antibody 
itself is recycled back into circulation, ready to target more antigens. The engineering of pH-
sensitive binding in the antibody variable domains is typically achieved by either introducing 
histidine mutations sequentially into CDR loops (histidine walking) or combinatorial histidine-
scanning approaches using in vitro display technologies.10,12–14 Understanding how antibody 
binding can be affected by changes in pH could expand the possibilities for engineering pH-
dependent antibodies, in particular for pH-determinants located outside the epitope, which may be 
beneficial in cases where the number of epitope residues is restricted, such as conserved epitopes 
bound by cross-reactive antibodies; or when pH-dependent interactions are not able to be 
accommodated in the antibody paratope without a significant loss of antibody function. 
 We have recently shown that cross-reactive human antibodies, discovered using phage 
display, were able to neutralize diverse long-chain α-neurotoxins in vitro.6 These antibodies were 
discovered using phage display from a naïve antibody phage display library against a long-chain 
α-neurotoxin from the monocled cobra (Naja kaouthia).7 By using an affinity maturation technique 
known as light chain shuffling, and cross-panning between N. kaouthia and D. polylepis long-
chain α-neurotoxins during phage display selections, we succeeded in expanding the neutralization 
capacity of antibodies in vitro. One light chain shuffled antibody, 2554_01_D11, demonstrated 
broad neutralization of long-chain α-neurotoxins in vivo, prolonging the survival of mice 
challenged with whole venom from N. kaouthia, O. hannah, and D. polylepis elapids.6 However, 
we did not define the molecular basis for cross-reactivity, as well as explore any pH-dependent 
antigen binding. In this study, we investigated the molecular basis for antibody neutralization and 
the relationship between the antibody paratope, epitope, and paratope independent factors on pH-
dependent antigen binding in a panel of light chain shuffled cross-reactive antibodies specific to 
long-chain α-neurotoxins. Structural studies revealed that cross-reactivity was achieved by 
exploiting a conserved functional constraint in long-chain α-neurotoxins required for their 
inhibition of the nAChR, determined by the antibody heavy chain paratope. In addition to being 
cross-reactive, one light chain shuffled antibody, 2555_01_A01, was able to bind pH-dependently 
to all long-chain α-neurotoxins tested. Structural characterization of 2555_01_A01 bound to α-
cbtx at different pH suggest that broad pH-dependent binding was conferred away from the 
paratope-epitope interface, in the light-heavy chain interface.  
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Results 
 
Profiling cross-reactivity and pH-dependent binding for light chain shuffled antibodies 
To determine whether cross-reactivity and pH-sensitivity could be coupled, a panel of antibodies 
were screened for pH-sensitive binding to three long-chain α -neurotoxins: N. kaouthia (α-cbtx), 
D. polylepis (α-eptx) and B. multicinctus (α-bgtx) using biolayer interferometry (BLI). The parent 
antibody was discovered from a naïve antibody phage display library against α-cbtx, and had been 
affinity matured by light chain shuffling using α-cbtx and α-eptx antigens to improve cross-
reactivity.1 In total, 7 affinity matured, light chain shuffled clones were chosen for further 
characterization based on their binding signals to α-cbtx and α-eptx (Table. S2) and their light 
chain CDR sequence diversity. Clones were grouped into two light chain germlines, IGVL3-23: 
2558_02_G09, 2555_01_A01, 2555_01_A04, 2551_01_B11 and IGLV6-57: 2554_01_D11, 
2554_01_E01, 2551_01_A12 and the parent antibody. Clones from the same germline had similar 
CDR sequences, and all clones had the same CDRL3 and CDRL2 loop length. The LCDR1 loop 
varied most both in terms of length and sequence diversity between the germlines (Fig. 1A). 

The affinities of antibodies to α-cbtx and α-eptx were in agreement with the previously 
reported SPR values. Values ranged between 33.8 - 2.9 nM for α-cbtx, and clones displayed 
slightly higher affinities to a-eptx ranging from 0.89 – 0.44 nM (Table. S1&2). To assess whether 
light chain shuffling yielded improvements in cross-reactivity, α-bgtx was included due to not 
being used in the discovery process and having a low sequence identity to α-cbtx (58%). All clones 
bound with substantially lower affinity to α-bgtx, with KD values ranging from 3µM – 122 nM 
(Fig. 1C, Table. S3&S4). The effect of the light chain on cross-reactivity was most pronounced 
for the light chain shuffled clones from the IGLV6-57 germline, which exhibited an order of 
magnitude higher binding affinity to α-bgtx in comparison to both the parent antibody and clones 
from the IGVL3-23 germline (Fig. 1B). This suggests that affinity-matured clones bearing light 
chains from the IGLV6-57 germline had improved interactions with conserved regions of long-
chain α-neurotoxins, possibly to the conserved finger II region, which is central in their inhibition 
of the nAChR.  

Antibodies classified as being pH-dependent typically have a minimum of 4-fold difference 
in affinity or dissociation rate between pH 7.4 and pH < 6.0.13,14 Based on this, one antibody 
originating from the IGVL3-23 germline, 2555_01_A01, exhibited pH-dependent binding against 
all three long-chain α-neurotoxins (Fig. 1C-E). 2555_01_A01 was most pH-sensitive to α-cbtx, 
having an average of 19-fold difference in dissociation rate between pH 7.4 and pH 5.5, followed 
by α-bgtx (11.7-fold) and α-eptx (7.90). By contrast, the parent antibody and the remaining affinity 
matured clones were only moderately pH-sensitive to each of the long-chain alpha neurotoxins, 
ranging in pH-sensitivity from 1.82 – 4.94 fold. The least pH-dependent antibodies originated from 
the IGVL6-57 germline,  but were also the more cross-reactive, highlighted most clearly for the 
broadly neutralizing 2554_01_D11 antibody which had a pH-dependent binding fold-difference 
of 1.82 - 3.35 between pH 5.5 and pH 7.4, but had the highest affinity to α-bgtx. To verify that the 
most pH-sensitive antibody, 2555_01_A01, was able to neutralize long-chain α-neurotoxins, a pre-
incubation in vivo experiment was conducted with 2555_01_A01 and α-cbtx. 2555_01_A01 
provided protection to α-cbtx up to the traditional 24 hour observation window (Fig. 1F), however, 
mice were observed dead at 48 hours. To investigate the basis for the broad cross-reactivity of this 
lineage of antibodies, and the role of the light chain in facilitating pH-dependent binding, the 
2555_01_A01 was chosen for structural characterization by X-ray crystallography.  
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Figure 1 Binding characterization and in vivo neutralization of long-chain α-neurotoxins.  
(A) Light chain complementary determining region loop sequences for the antibodies used in the study, 
numbered according to the Kabat scheme. The properties of amino acid residues are coloured and 

described beneath the sequences. (B) Affinity of anti-long chain neurotoxin clones to α-bgtx at pH 7.4, 

data points are coloured according to the antibody light chain germline. (C-E) pH-sensitive binding fold 

differences of anti-long chain neurotoxin clones to α-cbtx, α-eptx and α-bgtx. The fold difference for the 

IGVL! and parent clones binding to to α-bgtx was measured as a product of their affinity difference 

under steady-state conditions at pH 5.5 and pH 7.4, all other fold differences were measured as the change 
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in dissociate rate between pH 5.5 and 7.4. (F) Kaplan-Meier survival curves for the 2555_01_A01 
antibody pre-incubated with α-cbtx.   

 
 
 
Overall structure  
To first understand the structural basis for the broad recognition of long chain α-neurotoxins by 
2555_01_A01 and related clones, we determined the crystal structure of the 2555_01_A01 
antibody in scFv format bound to α-cbtx at 1.6 Å resolution (Fig. 2A, Table 1). Two scFv 
molecules and two α-cbtx molecules were present in the asymmetric unit and exhibited P212121 
space group symmetry. Each α-cbtx molecule was bound by two scFv molecules, forming an 
interface with the heavy chain from one scFv and the light chain from the other in a 1:2 (α-
cbtx:scFv) stoichiometry. We observed a clear preference for a 1:1 stoichiometry during the 
preparation of the complex by gel filtration (Fig. 2B), indicating that one of these interfaces was a 
crystallographic-driven interface. To assess whether either the heavy chain or light chain interfaces 
were crystallographic-driven interfaces, the Complexation Significance Scores (CSS) for the 
heavy chain and light chain- α-cbtx interfaces were compared in PISA. The light chain α-cbtx CSS 
score was 0, which meant that this interface was not significant in forming the complex, and 0.41 
for the heavy chain interface. Accordingly, the α-cbtx molecule forming an interface with the 
heavy chain was treated as the principal molecule involved in the interaction for that scFv, and 
was chosen to characterize the interaction.  

We were able to observe paratope-epitope interactions between the 2555_01_A01 scFv 
and α-cbtx at high resolution, which revealed the recognition of a highly conserved epitope by the 
antibody CDRH3 loop. At 24 residues long, the CDRH3 was stabilized by an intramolecular 
disulfide bridge and extended between finger I and II of α-cbtx, recognizing a conformational 
epitope in the three-finger neurotoxin fold. The complex revealed a tight interface, resulting in a 
total buried surface area of 952.4 Å2, 864 Å2 contributed by the CDRH3, and 87.8 Å2 by the 
CDRL3 loop.  
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Table 1: Data collection and refinement statistics for 2555_01_A01 bound to α-cbtx   
pH 6.0 pH 5.5 pH 4.5 

Wavelength 
(Å) 

0.95 0.95 0.98 

Resolution 
range (Å) 

60.57  - 1.90 (1.96  
- 1.9) 

41.58  - 1.60 (1.66  
- 1.6) 

42.52  - 1.55 (1.61  
- 1.55) 

Space group P 21 21 21 P 21 21 21 P 21 21 21 
Unit cell (Å) 
(°) 

76.95 82.65 98.19 
90 90 90 

76.87 83.15 98.34 
90 90 90 

76.86 83.86 98.65 
90 90 90 

Total 
reflections 

99496 (9810) 419481 (28766) 486522 (47473) 

Unique 
reflections 

49774 (4905) 83281 (8097) 92830 (9113) 

Multiplicity 2.0 (2.0) 5.0 (3.6) 5.2 (5.2) 
Completeness 
(%) 

99.25 (99.15) 99.36 (98.42) 99.65 (98.86) 

Mean 
I/sigma(I) 

12.62 (2.75) 10.90 (1.38) 10.86 (1.20) 

R-work 0.19 (0.30) 0.18 (0.38) 0.20 (0.42) 
R-free 0.25 (0.36) 0.23 (0.40) 0.22 (0.45) 
  ligands 64 131 65 
  solvent 502 554 519 
Protein 
residues 

634 634 634 
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Figure 2. 2555_01_A01 antibody bound to α-cobratoxin . (A) 2555_01_A01 scFv bound to α-cbtx. The 

antibody heavy chain (blue) recognizes the Finger II of α-cbtx (pale yellow) through the CDRH3, 
conformationally stabilized by an intramolecular disulfide bridge (yellow). The antibody light chain is 

colored in green. (B) SEC chromatogram overlay of 2555_01_A01 unbound and in complex with α-cbtx. 
 
 
Heavy chain CDR3 contains determinants for cross-reactivity.  
Long chain α-neurotoxins induce paralysis by inhibiting nicotinic acetylcholine receptor 
(nAChR)-acetylcholine interaction. A loop in the nAChR, loop C, is a key responsive element 
required for neurotransmitter binding and is targeted by R33 and R36 residues on the tip of 
finger II on long chain α-neurotoxins. Both arginine residues engage aromatic residues on loop 
C, which coordinate with the acetylcholine molecule. A structural alignment of the Torpedo 
AChR15 and bound 2555_01_A01 structures revealed that aromatic Y190nAChR and Y198nAChR 
residues on loop C were superimposable with Y99HC and Y100eHC on the CDRH3 of 
2555_01_A01, engaging R33cbtx and R36cbtx on α-cbtx (Fig. 3A). The CDRH3 loop registers 11 
hydrogen bonds and a salt bridge to R33cbtx, R36cbtx, and D26cbtx residues, in addition to forming 
numerous hydrophobic interactions and hydrogen bonds to the backbone of α-cbtx (Fig. 3B). The 
hydroxyl group of Y100eHC on CDHR3 forms a hydrogen bond to D26cbtx and is oriented 
between R36cbtx and R33cbtx residues, forming cation-π interactions to both R33cbtx and R36cbtx. 
The guanidinium group of R33cbtx is engaged in further cation-π interactions with Y99HC, and a 
salt-bridge to D95HC on CDRH3, forming the core of the interaction. The interaction with R36cbtx 
is supported by 2 hydrogen bonds from S100cHC residue on CDRH3. As R36 is a valine in α-
bgtx, the reduced capacity of α-bgtx to form hydrogen bonds and cation-π interactions with 
Y100eHC and S100cHC may explain the lower affinity of all antibodies to α-bgtx. 

Facing the C-terminal side of α-cbtx (Fig. 3C) reveals the contribution of the light chain 
to the interaction. D95aLC on CDRL3 forms a salt bridge to R70cbtx and a hydrogen bond with 
Y100fHC, buttressing the cation-π interaction between Y100fHC and R70cbtx. Position 95aLC on 
CDRL3 was variant in all the affinity matured light chains and may explain the increase in 
affinity of 2555_01_A01 and related antibodies to α-cbtx compared to the parent antibody, 
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which has glycine at this position. Overall, the CDRH3 loop in 2555_01_A01 and related clones 
engages long-chain α-neurotoxins through receptor mimicry to achieve cross-reactivity, and as a 
result, neutralize long-chain α-neurotoxins by inhibiting key residues important for their 
inhibition of nAChRs. Although these results rationalise the cross-reactivity of 2555_01_A01 
and related clones through the CDRH3 interaction, it does not explain the broad pH-dependent 
binding of 2555_01_A01, as the paratope of 2555_01_A01 is shared with clones that bind pH-
independently. Therefore, the pH sensitivity of 2555_01_A01 must lie outside the paratope-
epitope interface. 
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Figure 3. Neutralization of α-cobratoxin by 2555_01_A01 antibody. (A) From left to right: Structure 

of the Torpedo nAChR bound to α-bgtx (6uwz). Finger II of α-bgtx (pale yellow) is bound at the interface 

between the beta (grey) and alpha (pink) domains of nAChR, R33 on finger II is shown in stick format. 

The key response element loop C (orange) is depicted on the alpha domain of the nAChR. An overlay of 
tyrosine residues on loop C and CDRH3 (blue) coordinating to R33 and R36 on long-chain α-neurotoxins, 

illustrating mimicry of interactions between nAChR and 2555_01_A01. Right: 2555_01_A01 bound to α-

cbtx. (B) Core interactions between the CDRH3 and Finger II of α-cbtx, targeting conserved residues in 
long-chain α-neurotoxins (R33, R36, D26). (C) Opposing view of interactions to the backbone and C-

Terminal of α-cbtx by CDRH3 and CDRL3 loops.  
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Broad pH-sensitivity determinants located at the light chain interface  
As the light chain was the variable component between each antibody, we investigated the role of 
the light chain in the observed pH-dependent binding of 2555_01_A01. A crystallography 
optimization screen enabled us to generate crystals and determine structures of 2555_01_A01 
bound to α-cbtx at different pH levels (Table 1). The space group and asymmetric unit were the 
same across all three structures, with no apparent differences in crystal packing, allowing us to 
identify potential determinants for pH-dependent binding. We initially focused on charged 
residues in the 2555_01_A01 light chain and identified two charged residues, G95aLCD and 
S95bLCH, that had been introduced into the CDRL3 loop following light chain shuffling. 
Analyzing their role in binding, we observed that H95bLC forms a hydrogen bond to S95LC, located 
near the apex of the β-hairpin loop in CDRL3, which positions D95aLC to interact with R70cbtx on 
α-cbtx (Fig. 4A). Comparing the conformation of H95bLC in structures determined at pH 6.0 and 
pH 4.5 showed that H95bLC was pH-responsive, exhibiting a change in rotamer position and 
hydrogen bond network at pH 4.5 (Fig. 4B). At pH 4.5 the H95bLC indole ring hydrogen bond was 
also remodelled, switching from the S95LC  main chain to the D95aLC main chain, destabilizing the 
interaction between D95aLC and  R70cbtx, lowering the affinity to α-cbtx. The effect of H95bLC and 
D95aLC (which may also be protonated) on the interaction to α-cbtx was tested by the double 
mutation, D95aLCH and H95bLCE (2555_01_A01-HE), as these were the residues observed in the 
equivalent positions of the non-pH-dependent 2554_01_D11 antibody. This resulted in a 2-3 fold 
reduction in pH-dependent binding to α-cbtx (Fig. 4C) and explained the elevated level of pH-
dependent binding that 2555_01_A01 has to α-cbtx in comparison to α-bgtx and α-eptx long-chain 
α -neurotoxins. The α-bgtx and α-eptx long-chain α-neurotoxins feature a P70 as opposed to an 
R70 seen in α-cbtx, and would not be able to form a salt bridge with D95aLC to lower the affinity 
of the 2555_01_A01 antibody to these long-chain α-neurotoxins through the CDRL3 loop. 
However, this did not fully account for the pH-dependent binding of 2555_01_A01, as 
2555_01_A01-HE was still 10-fold more pH-sensitive than the non-pH-dependent 2554_01_D11 
antibody (Fig. 4C). 2555_01_A01 was also more pH-sensitive than antibodies that had both the 
D95ALC and H95bLC residues (Fig. 1A). Therefore, H95bLC and D95aLC residues alone do not 
explain the broad pH-dependent binding behavior of 2555_01_A01.  

The 2555_01_A01 antibody contains another histidine residue, H34LC, which is located in 
the CDRL1 loop and conserved between all antibodies (Fig. 1A). We speculated that despite being 
conserved, the surrounding amino acid residue environment of this histidine may be unique to 
2555_01_A01 and contribute to its broad pH-dependent binding. To investigate this, we compared 
the structures of 2555_01_A01 bound to α-cbtx at pH 5.5 and pH 4.5, which were nearly identical 
in resolution limits and statistics, to identify any differences in the environment of H34LC. Analysis 
of the structure of 2555_01_A01 bound to α-cbtx at pH 5.5 revealed that H34LC is solvent-exposed 
and forms side chain-mediated hydrogen bonds to a water molecule and the main chain of S50LC 
on CDRL2. H34LC is located at the interface between the heavy chain and light chain, packed 
beneath Y100lHC in CDRH3, where it forms π-π interactions (Fig. 4D). At pH 5.5, Y100lHC 
occupies a pocket at the interface above H34LC, with the phenol ring of Y100lHC positioned towards 
the LCDR2 loop and the Y100lHC main chain towards the CDRH3 loop. The Y100lHC main chain 
forms a hydrogen bond with the side chain carboxyl group of D95HC in CDRH3, stabilizing the 
interaction between D95HC and R33cbtx on α-cbtx (Fig. 4D). At pH 4.5, the Y100LHC side chain 
forms a new hydrogen bond to S50LC, and S50LC forms weaker intramolecular and intermolecular 
hydrogen bonds to itself and H34LC to accommodate the new hydrogen bond to Y100lHC, (Fig. 
4E). The error associated with these hydrogen bonds was checked in the web server 
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(http://cluster.physics.iisc.ernet.in/dpi/), which confirmed the hydrogen bond differences between 
pH 5.5 and pH 4.5 were greater than the associated error, and the lengths had changed between the 
two pH. Next, we compared differences in electron density in these residues by subtracting the X-
ray crystal diffraction patterns between the pH 5.5 and pH 4.5 data sets, which is more sensitive 
to detecting changes in the co-ordinate position of atoms than when using the refined models and 
removes model bias. This revealed positive electron density above the plane of the phenol ring of 
Y100lHC, meaning that the phenol ring had moved downwards towards H34LC at pH 4.5 due to a 
more favourable cation-π interaction with the positively charged H34LC (Fig. 4F). Positive electron 
density was also observed along the main chain of Y100lHC and above the side chain carboxyl 
group of D95HC, indicating that the change in position of Y100lHC had translated through to the 
interaction between D95HC and R33cbtx. The electron density of S50 had also changed, as expected 
due to the change in the hydrogen bond network already observed for this residue. Other electron 
density map differences were mainly observed in cysteine bridges, possibly due to radiation 
damage during data collection. Collectively, these findings indicate that S50, Y100lHC and D95HC 
all responded to the change in pH between pH 5.5 and pH 4.5, possibly as a consequence of H34 
protonation. This may affect the interaction between D95HC and R33cbtx by shifting the Y100lHC 
residue position and weakening the hydrogen bond Y100lHC makes with D95HC, destabilizing the 
interaction between D95HC and R33cbtx. Because R33cbtx is highly conserved, this explains why 
pH-dependent binding is observed to all long-chain α-neurotoxins. Notably, although all the non-
pH-dependent antibodies have D95HC, Y100lHC and H34LC residues, they differ at position S50LC, 
containing either a D, E or H (Fig. 1A) residue at this site. S50LC does not form a hydrogen bond 
to Y100lHC at pH 5.5 (or pH 6.0, data not shown), but does form a new hydrogen bond to Y100lHC 
at pH 4.5. This may indicate a more flexible interface between Y100lHC and S50LC. In contrast, the 
D, E and H residues have hydrogen bonding capability and have a longer side chain than S50LC, 
which may stabilize Y100LHC at the chain interface by forming a stable hydrogen bond to Y100lHC 
at both neutral and acidic pH, thus preventing any effects of H34LC protonation. Hence, we describe 
a model where the hydrogen bonding network around H34LC, as opposed to the protonation of 
H34LC itself, allows H34LC  to affect binding by modulating the position of residues on the CDRH3 
important for the interactions with conserved residues on long-chain α-neurotoxins. 
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Figure 4. Light chain effects on pH-sensitive binding for 2555_01_A01 antibody. (A) Rear view of the 

CDRL3 (green) interface with α-cbtx (pale yellow) at pH 6.0. Hydrogen bonds shown in yellow. (B) 

Remodeled H95b hydrogen bond following rotamer change at pH 4.5 indicated by the black arrow. (C) 

Effect of D95a and H95b on pH-dependent binding by a double mutation into a non-pH dependent HE 
motif seen in the non-pH-dependent 2554_01_D11 antibody. (D) Proposed residue network involved in 

pH-dependent binding for 2555_01_A01 as seen in the pH 4.5 model. (E) Fo-Fo subtraction of proposed 

residues using refined pH 5.5 and pH 4.5 data sets. The pH 4.5 model is shown and highlights the electron 
density above the phenyl ring at pH 5.5. Heavy chain and associated residues are shown in blue, light chain 

green and α-cbtx pale yellow, respectively. Fourier maps contoured at 3 σ. 
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Discussion  
Here, we report on the neutralization mechanism of a lineage of cross-reactive, light chain-shuffled 
human monoclonal antibodies discovered through phage display technology, targeting long-chain 
α-neurotoxins. We also provide insights into the pH-dependent binding mechanism of one 
neutralizing antibody, 2555_01_A01, which displayed both pH-dependent binding and cross-
reactivity, thus showcasing that these two therapeutically relevant properties are not mutually 
exclusive. 

By determining the bound structure of 2555_01_A01 to α-cbtx, we found that the antibody 
utilized conserved functional constraints in long-chain α-neurotoxins that are required for their 
inhibition of the nAChR, by mimicking the conserved interactions that long-chain α-neurotoxins 
make with the nAChR through receptor mimicry. This mechanism of neutralization may be useful 
in optimizing this and other antibodies for improved cross-reactivity, e.g., through structure-guided 
engineering to present residues in the antibody paratope to further mimic the nAChR and form 
interactions with other conserved residues on long-chain α-neurotoxins important for function. 

When testing the in vivo neutralization capacity of 2555_01_A01 against α-cbtx using a 
pre-incubation model, whereby mice were injected with antibody pre-incubated with α-cbtx, 
2555_01_A01 was able to prevent lethality in mice during the traditional 24-hour assay period. 
However, 2555_01_A01 was unable to provide complete protection, as mice were observed to be 
dead at 48 hours. These findings are surprising, as we previously demonstrated that a related 
antibody, 2554_01_D11, which shares the same heavy chain, biophysical properties, and 
neutralizing epitope as 2555_01_A01, was able to confer full protection6. We also previously 
observed this delayed lethality in mice that were challenged with a preincubated mixture of α-cbtx 
and a recombinant monospecific anti-α-cbtx IgG, 2552_02_B027. We attributed the delayed 
lethality observed for the 2552_02_B02 antibody to its sub-optimal biophysical properties, as 
2552_02_B02 binds with higher affinity than 2554_01_D11 and competes with the same 
neutralizing epitope, and we would therefore expect to have a similar level of functionality. In 
addition to developability aspects, we here propose another parameter that might influence the 
ability of these antibodies to neutralize long-chain α-neurotoxins, namely the dissociation rate of 
the antibody as opposed to the overall affinity. This hypothesis is supported by a comparison of 
the dissociation rates of the three antibodies to α-cbtx. In contrast to the slow dissociation rate of 
2554_01_D11 (2.18 × 10-4/s) from α-cbtx, both the 2555_01_A01 and 2552_02_B02 antibodies 
have faster dissociation rates of 4.86 × 10-4/s, 6.26 × 10-4/s (2555_01_A01, duplicate 
measurements) and 5.5 × 10-4/s (2552_02_B02, single measurement), respectively. These faster 
dissociation rates may allow α-cbtx to be released from the α-cbtx-antibody complex over time 
and accumulate in the neuromuscular junction, even when the affinity is higher as determined for 
2552_02_B02. It is conceivable that once α-cbtx accumulates in the neuromuscular junctions, it 
will bind strongly to nAChRs, from which it does not dissociate, causing complete neuromuscular 
blockage, leading to the observed delayed lethality. These observations and this hypothesis 
highlight the relevance of extending the observation period of monoclonal IgGs during in vivo 
assessment to discriminate between antibody candidates. 

In relation to the origin of the pH-dependent antigen binding properties observed for 
2555_01_A01, we found that the light chain is responsible for equipping the antibody with these 
properties, independently of the antibody paratope. Fully elucidating the basis of the paratope-
independent, pH-dependent antigen binding mechanisms would be useful for engineering 
purposes, which currently rely heavily on the single use of histidine residues16,17. Moreover, in 
antibodies, many more amino acid residues are present outside the paratope (i.e., in the framework 
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region and any CDRs not interacting with the antigen), and these constitute a larger sequence space 
for engineering pH-dependent binding properties than that of the paratope. Engineering pH-
dependent antigen binding properties outside the antibody paratope may thus be advantageous for 
some antibody-antigen interfaces, where engineering the paratope might be detrimental to the 
specificity and function of the antibody. 

In this work, we discovered that a paratope-independent mechanism was robust in 
facilitating pH-dependent binding to a range of long-chain α-neurotoxins, consistently delivering 
nearly an order of magnitude difference in affinity between pH of pH 5.5 and pH 7.4. We propose 
that the chain interface environment is the stage for this paratope-independent, pH-dependent 
binding mechanism for the 2555_01_A01 antibody, specifically conferred by the histidine residue 
in the CDRL1 loop of the antibody. In a similar setting, Kolmar et al. also identified histidine 
residues in the CDRL1 and CDRL3 loops that were important in conferring paratope-independent, 
pH-dependent antigen binding properties to the carcinoembryonic antigen-related cell adhesion 5 
molecule18. The light chain in their approach was chosen because it was precluded from the binding 
interaction to enable pairing with two different heavy chains in a bispecific antibody format, 
without affecting their binding, called "common light chain technology." The identified histidine 
mutations that conferred pH-dependent antigen binding properties by the common light chain 
accumulated in the anchoring position of the CDR1 and CDR3 loops, in comparable sites to the 
histidine residues located in the 2555_01_A01 light chain. As the light chain employed in the 
bispecific antibody developed by Kolmar et al. was not involved in the interaction with the antigen, 
the introduction of pH-dependent antigen binding properties by the common light chain was, like 
2555_01_A01, also independent of the paratope. This observation suggests that a similar pH-
dependent binding mechanism was introduced to the antibody paratope by both sets of antibody 
light chains, which was conferred to heavy chains that had very different target specificities.  

However, in their study, Kolmar et al. did not elucidate the mechanism of the light chain 
in conferring pH-dependent binding. In this study, we observed structural changes in residues 
located at the chain interface, surrounding the histidine residue located in the 2555_01_A01 
CDRL1 loop between structures determined at pH 5.5 and pH 4.5. We hypothesize that these 
residues are important in facilitating the pH-dependent antigen binding properties of 2555_01_A01 
by affecting the CDRH3 loop structure and paratope. However, this histidine residue was 
conserved among all the antibodies in this study, suggesting that either the local environment 
around this histidine residue may be unique to the 2555_01_A01 antibody, allowing histidine to 
confer pH-dependent binding, or that there is a histidine-independent pH-sensitive determinant in 
the 2555_01_A01 light chain. We hypothesize that the hydrogen bond network in the 
2555_01_A01 enables this antibody to bind pH-dependently by allowing histidine to affect the 
antibody CDRH3 loop structure and binding. In the future, point mutations or determining the 
structure of a non-pH-dependent antibody, such as the 2554_01_D11 antibody, could guide the 
investigation into whether the histidine residue conserved in the LCDR1 loop of 2555_01_A01 
was crucial for the pH-dependent antigen binding. 

We have not yet established the limits of a paratope-independent approach in conferring 
pH-dependent antigen binding properties. Antibodies that can release antigens for lysosomal 
degradation during antibody recycling in vivo have dissociation rates between 10-2-10-3/s at pH ≤ 
6.0 and are characterized by slow dissociation rates at neutral pH, typically ≤ 10-4/s 1,2. We have 
verified that 2555_01_A01 was able to release α-cbtx in a human FcRn cellular antibody recycling 
assay within the duration of the recycling pathway, as no bound 2555_01_A01 antibody was 
detected following recycling (Tulika Ph.D thesis, chapter 5). This was in contrast to the non-pH-
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dependent 2554_01_D11 antibody, which remained complexed to α-cbtx upon recycling, 
indicating that 2555_01_A01 may have kinetics amenable to facilitating the antibody-mediated 
lysosomal degradation of α-cbtx. Although the fold-difference in dissociation rate between pH 7.4 
and pH 5.5 was sufficient for 2555_01_A01 to release α-cbtx in this assay, a greater fold difference 
would be required for antibodies that have slower dissociation rates than 2555_01_A01, and may 
necessitate the introduction of pH-dependent determinants in the paratope-epitope interface. 
Nevertheless, we show that a pH-dependent antigen binding mechanism driven independently of 
the antibody paratope was accommodated in a cross-neutralizing antibody against long-chain α-
neurotoxins. pH-dependent antigen binding via this mechanism did not negatively affect any 
parameters important for the antibody function and could thus be a useful approach to engineer 
this property into antibodies without detriment to antibody specificity. 
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Conclusion 
The structure we present here outlines the mechanism for the broad cross-reactivity and 
neutralization of antibodies discovered using phage display from a naïve antibody repertoire, 
which will guide engineering for improved neutralization potency. For instance, the antibody could 
be engineered to further mimic conserved interactions between nAChR and long-chain α-
neurotoxins important for function. Lastly, we provide evidence for an allosteric pH-sensitive 
binding mechanism for the broad pH-dependent binding of 2555_01_A01, conferred by the 
antibody light chain, and enabled pH-sensitivity to be coupled with cross-reactivity.  
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Materials and methods  
 
SuperTEV expression 
SuperTEV endoprotease was expressed using the pET39-mCherry-superTEV expression vector in 
BL21(DE3) cells (New England Biolabs, NEB-C2527H) as described previously (Rimbault et al, 
submitted).  
 
Expression of antibody formats 
Full-length human IgGs were produced using mammalian expression as described previously20. 
Fabs were produced in two batches, the first by Human Embryonic Kidney cells, the second by 
Chinese Hamster Ovary cells6.  
 
To produce scFv for crystallography, C-term TEV-His-tagged scFv was produced in BL21(DE3) 
cells (New England Biolabs, NEB-C2527H) and purified by Nickel affinity purification as 
described previously,18 with the exception that Tunair™ shake flasks were used to increase 
expression. Following Nickel affinity purification, the scFv was buffer-exchanged into 20 mM 
Tris, 50 mM NaCl, 5 mM EDTA, pH 8.0 buffer using PD-10 columns (Merck, GE17-0851-01), 
and up-concentrated to 10 mg/mL using 10 kDa MWCO membranes (Fisher Scientific, 
10781543). The C-terminal tag was removed by incubation with the superTEV endoprotease 
overnight at 4 °C using a 1:20 molar ratio of superTEV:scFv.  
 
Once the C-terminal tag was removed, monomeric scFv was purified by size exclusion 
chromatography using an NGC Quest™ 10 Plus Chromatography system and a Superdex 75 10/60 
HiLoad column (Cytiva, 28989333), which was run using 5 mM Tris, 20 mM NaCl, pH 8.0 buffer 
at 4 °C as eluent. The concentration of scFv was estimated based on the predicted A280 absorbance 
of 1 mg/mL of protein using the Expasy ProtParam tool.  
 
Octet screening of pH-sensitive antibodies  
An Octet RED96 system (ForteBio) was used to characterise the affinities and pH-sensitivity of 
antibody Fab fragments. All reagents were transferred into black 96-well plates (Greiner Bio-One, 
655209) before starting the assay, which was run at 24 °C using a 1000 rpm shake speed. 
Streptavidin biosensor tips (Sartorius, 18-5136) were equilibrated in kinetics buffer (Sartorius, 18-
1105), prepared in PBS (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4.2H2O, 1.4 mM KH2PO4, pH 
7.4) for 10 min in the dark before the start of the assay. The long chain α-neurotoxin was 
biotinylated as described previously6 and diluted in kinetics buffer to a concentration of 0.4 μg/mL. 
Equilibrated biosensors were dipped into biotinylated long chain α-neurotoxin wells for 120 s to 
allow for sufficient loading, and a no-toxin coated biosensor was used as a reference. Biosensors 
were then transferred into HEPES-MES (10 mM HEPES 50 mM MES-NaCl 0.05% P20, pH 7.4) 
running buffer and equilibrated for 30 s before being primed in 10 mM glycine, 2 M NaCl, pH 2.0 
regeneration buffer for 3 cycles. Each cycle consisted of 10 s of regeneration and 10 s of 
neutralization in kinetics buffer. Primed biosensors were transferred into running buffer for 60 s 
to obtain a stable baseline before being transferred into Fab-containing wells for 120 s. The 
antibody Fab fragments were prepared in running buffer in a 3-fold titration series in a 
concentration range spanning from 10-fold lower to 10-fold higher than the expected KD. 
Dissociation of bound Fab in running buffer was given 1000 s for sufficient dissociation for high-
affinity interactions. In the case of affinities and dissociation rates measured at acidic pH, the 
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running buffer was adjusted to pH 5.5. Data was processed in the Octet evaluation software 
(version 12.2.2.4). The reference was subtracted from the binding curves, and a 1:1 binding model 
with a global fit was used to fit all curves. The KD values were determined either by a product of 
the kinetic rates (kd/ka) or by steady-state analysis. Flow cells were regenerated by 5 × 10 s cycles 
of regeneration solution followed by neutralization.  
 
Crystallography: Sample preparation, data collection, and model building 
Lyophilized long chain α-neurotoxin α-cbtx (Latoxan) was re-suspended in Tris-NaCl (5 mM Tris, 
20 mM NaCl, pH 8.0) buffer at a concentration between 5-10 mg/mL. Freshly prepared scFv was 
added in a 1:3 molar ratio of scFv:α-cbtx and incubated overnight at 4 °C to allow binding. The 
complex was purified using an NGC QuestTM 10 Plus Chromatography system and a Superdex 75 
10/300GL column (Cytiva), which was run at 4 °C using Tris-NaCl (5 mM Tris, 20 mM NaCl, pH 
8.0) buffer as the eluent. The scFv-α-cbtx complex was up-concentrated to 14 mg/mL using 3.0 
kDa MWCO ultracentrifugation units (Fisher Scientific) prior to plating.   
 
Crystallization was performed using the sitting drop vapor diffusion method at 21 °C. Drops were 
set up either at a 1:1 or 1:2 molar ratio of reservoir to protein in a total volume of 0.3 μL in a 96-
well drop format on SWISSCI MRC 2 Well Crystallization Plates (JENA). The wells were sealed 
with crystal clear tape and equilibrated against 50 μL of reservoir solution at 21 °C. Small crystals 
appeared in the 1:2 condition (0.1 M Bis-Tris, 0.2 M ammonium sulfate, 25% PEG3350, pH 6.5) 
in under a week. An optimization screen was performed around this condition in 1.2 μL drops and 
100 μL reservoir. Crystals developed after two weeks and were harvested using mounted 
CryoLoops (Hampton Research) with cryoprotection performed by adding glycerol to a neighbour 
drop with no crystals to a final concentration of 20%. A 300 μm loop was used to fish several 
crystals. The loop edge was kept in contact with the cryosolution for approx. 5 s to equilibrate 
before flash freezing the crystal in liquid nitrogen and shipping these to the beamline for remote 
data collection. 
 
Diffraction data collection was carried out at the P13 beamline (PETRAIII, EMBL, Germany) 
(PMID: 28009574). The beamline features a 6M PILATUS detector. Data were collected at 100 
K for a full sweep of 360° with an oscillation degree of 0.1°, with 0.050 s exposure time, at 12700 
eV. The complete data set was processed from 360° (3600 images) with the x-ray beam reduced 
to 50% intensity. 
 
The structure of 2555_01_A01 bound to α-cbtx was determined by molecular replacement with 
Phaser-MR (PMID: 17164524) using an AlphaFold2 (PMID: 34265844) model of the expected 
scFv structure and the toxin PDB ID 4AEA as a search model. Model building and refinement 
were performed with phenix.refine (PMID: 20124702) and Coot (PMID: 20383002). Data 
collection and refinement statistics are summarized in Table 1. Molecular graphics were presented 
with PyMOL Molecular Graphics System (Version 2.2r7pre, Schrödinger, LLC).  
 
Animals 
In vivo assays were conducted in CD-1 mice of both sexes of 18–20 g body weight, supplied by 
Instituto Clodomiro Picado, following protocols approved by the Institutional Committee for the 
Use and Care of Animals (CICUA), University of Costa Rica (approval number CICUA 82–08). 
Mice were housed in cages in groups of 4 and were provided food and water ad libitum. 
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In vivo preincubation experiments 
The in vivo neutralizing potential of antibody 2555_01_A01 against α-cbtx from the venom of N. 
kaouthia was assessed. The antibody was incubated with α-cbtx at toxin:antibody molar ratios of 
1:1 and 1:2. Controls included α-cbtx incubated with either 0.12 M NaCl, 0.04 M phosphates, pH 
7.2 (PBS) or with an isotype control IgG. After incubation, aliquots of 100 µL, containing 4 µg α-
cbtx, corresponding to 2 Median Lethal Doses (LD50), were injected intravenously, in the caudal 
vein, to groups of four mice. Following injection, animals were observed for signs of neurotoxicity, 
and survival was monitored for 48 hours. Deaths were recorded, and Kaplan–Meier curves were 
used to represent mouse survival along time. 
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Supporting information  
 
 Table S1: Affinity kinetics of antibodies binding to α-cobratoxin 

 
 
 
 
Table S2: Affinity kinetics of antibodies binding to α-elapitoxin 

 
 
 
 
 
 
 

Antibody KD pH7.4 (M) ka pH7.4 (1/Ms) kdis pH7.4 (1/s) 
 
kdis pH 5.5 (1/s) kdis (5.5/7.4) 

Parent 8.96E-08 1.83E+04 1.64E-02  N/D  N/D 

2551_01_A12 4.19E-09 9.19E+04 3.85E-04 7.07E-04 1.84 

2554_01_D11 2.91E-09 7.48E+04 2.18E-04 3.96E-04 1.82 

2554_01_E01 7.75E-09 3.50E+04 2.71E-04 9.65E-04 3.56 

2555_01_A04 3.19E-08 1.55E+04 4.92E-04 2.43E-03 4.94 

2555_01_A01 3.38E-08 1.44E+04 4.86E-04 6.18E-03 12.70 

2551_01_B11 6.85E-09 6.76E+04 4.62E-04 1.71E-03 3.71 

2558_02_G09  3.41E-09 1.10E+05 3.73E-04 1.35E-03 3.62 

A01-HE 5.40E-08   2.36E-03 2.20E-02 9.32 

2555_01_A01 (n=2) 1.46E-08 4.27E+04 6.26E-04 1.68E-02 26.83 

2554_01_D11 (n=2) 2.90E-09  1.6E-04 3.27E-04 2.04 

 Antibody KD pH 7.4 (M) ka pH 7.4 (1/Ms) kdis pH 7.4 (1/s) kdis pH 5.5 (1/s) kdis (5.5/7.4) 
Parent 1.43E-08 6.47E+04 9.25E-04     

2551_01_A12 5.58E-10 2.15E+05 1.20E-04 1.91E-04 1.59 

2554_01_D11 7.83E-10 1.81E+05 1.42E-04 3.37E-04 2.37 

2554_01_E01 8.90E-10 1.75E+05 1.56E-04 4.18E-04 2.68 

2555_01_A04 4.38E-10 2.64E+05 1.15E-04 2.48E-04 2.15 

2555_01_A01 8.94E-10 2.35E+05 2.10E-04 1.66E-03 7.90 

2551_01_B11     1.95E-04 8.00E-04 4.10 

2558_02_G09  6.20E-10 2.34E+05 1.45E-04 4.76E-04 3.28 
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Table S3: Affinity kinetics of antibodies binding to α-bungaratoxin 

 
 
 
 
Table S4: Steady state kinetics of antibodies binding to α-bungaratoxin 

 
 
 
  

 Antibody KD pH 7.4 (M) Ka  7.4 (1/Ms) Kdis pH 7.4 (1/s) Kdis ph 5.5 (1/s) Kdis (5.5/7.4) 
2551_01_A12 2.108E-07 1.504E04 3.171E-03 7.333E-03 2.31 

2554_01_D11 1.22401E-07 9.46E+03 1.16E-03 3.88E-03 3.35 

Antibody KD pH 7.4 (M) KD pH 5.5 (M) KD (5.5/7.4) 
Parent 2.93E-06 9.65E-06 3.29 

2555_01_A04 1.35E-06  N/D  N/D 

2555_01_A01 2.99E-06 3.50E-05 11.69 

2551_01_B11 3.585E+09  N/D  N/D 

2558_02_G09  2.39E-06  N/D  N/D 
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6. Antibody framework engineering for modular discovery 
of pH-dependent antibodies 
 
In this Chapter, we build on the findings in Chapter 5 to create a phage display library designed 
to confer broad pH-dependent antigen binding properties to antibodies, to improve the 
discovery of pH-dependent antibodies against different targets using in vitro display 
technology. We conceptualize an approach to introduce a generic pH-switch into the antibody 
variable domain by conferring pH-dependent binding properties through the antibody 
framework region. Specifically, through the heavy-light chain framework interface region. In 
the first step towards this aim, a phage display library diversifying select positions within the 
framework chain interface has been created and validated.   
 
 
The results are presented in the form of a manuscript draft as further data is needed to conclude 
this study. 
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Abstract  
Antibody-mediated target degradation is an attractive strategy to neutralize antigens due to the 
possibilities of achieving therapeutic efficacy at very low doses and modulating the function of a 
target without binding to an inhibitory epitope. A classical, antibody-based approach to degrade 
extracellular proteins using non-stoichiometric drug:target ratios is via the antibody recycling 
neonatal Fc receptor, FcRn. This requires pH-dependent target engagement to selectively release 
the target for lysosomal degradation during the FcRn-mediated antibody recycling pathway. 
Recycled in its unbound state back into circulation, the antibody is thus available to bind other 
target antigens. However, the discovery of antibodies with pH-dependent antigen binding 
properties is laborious and typically requires further optimization of pH-sensitive interactions in a 
low-throughput manner. Here, we describe an approach to engineer pH-dependent antigen binding 
properties directly into antibodies by targeting the antibody framework region.  
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Introduction  

Antibodies are an attractive class of therapeutics due to their typically high specificity and affinity 
for their target, together with the ability to engage effector functions.1 Multiple mechanisms exist 
for therapeutic antibodies to exert their efficacy, one of them being to neutralize their target antigen 
by binding to an inhibitory epitope. However, when targets require multi-epitope coverage to be 
fully neutralized, or evolve rapidly to resist inhibition, the use of specific antibodies may be 
challenged.  

An alternative route to neutralizing targets is to remove them entirely by promoting their 
degradation by cellular pathways.2 This was first achieved by developing small, heterobifunctional 
molecules named ProTACs (proteolysis targeting chimers) that bridge intracellular targets with an 
E3 ubiquitin ligase to form ternary complexes. The induced proximity between the enzyme and its 
target within the complex leads to target-ubiquitinylation and degradation by the 26S proteosome.3 
Antibodies naturally use cytosolic E3 ubiquitin ligase TRIM214,5 for proteosomal degradation of 
extracellular targets, such as viruses, that have entered the cell through host cell receptors and 
escaped the lysosome degradation system.  

To facilitate the degradation of extracellular targets prior to cellular entry, modular 
technologies have been developed to target bound antibodies to different endogenous cell surface 
lysosome trafficking receptors. These receptors constitutively internalize their ligands at the cell 
surface and release them into pre-lysosomal compartments for transfer and degradation in the 
lysosomes.6–8 Antibodies engineered either chemically with glycans or genetically with cytokines 
have been successful in co-opting glycan-sensing receptors9,10 and cytokine decoy receptors11 to 
degrade a range of cell surface and extracellular proteins.9–11  

Alternatively, the antibody recycling neonatal Fc receptor (FcRn), which binds pH-
dependently to the antibody Fc domain, has been employed for degrading plasma antigens.12 FcRn 
naturally has a high affinity for the Fc domain at acidic pH and low affinity at neutral pH. This 
allows the antibody to bind FcRn in the acidic endosome and be rescued from lysosomal transfer 
and degradation. Upon being returned to the cell surface, lower affinity at neutral pH subsequently 
causes the antibody to be released from FcRn into the plasma. Antibodies that have low affinity 
for their target at endosomal acidic pH selectively release the target for lysosomal degradation 
during recycling, whereas the antibody itself is returned back to the plasma unbound.13 This allows 
the antibody to neutralize multiple target molecules (non-stoichiometric neutralization) and 
theoretically be administered at a lower dose than a conventional antibody.12–14 By engineering the 
antibody Fc domain to interact with a higher affinity to FcRn at neutral pH, the internalization rate, 
and therefore the antigen degradation rate of recycling antibodies, is increased.15 As the effect of 
the affinity between antibody and FcRn at either endosomal acidic or plasma neutral pH on 
antibody half-life has been characterized, this provides an opportunity for finetuning the 
degradation rate of the antigen and the antibody half-life to the biology of the target.14,16  

Although Fc variants with differential pH dependencies to FcRn have been developed, the 
engineering of pH-dependent antigen binding properties is extensive and typically performed on a 
case-by-case basis. As histidine residues exhibit a change in charge within the physiological pH 
range of the antibody recycling pathway, these have successfully been introduced into the 
complementarity-determining regions (CDRs) of antibodies to engineer pH-switches into non-pH-
dependent antibodies based on computational design or by using in vitro display technologies. 
13,17–20 In an effort to discover antibodies with pH-dependent antigen binding properties a priori 
using phage display, histidine-doped libraries have been created in which the CDRs of the 
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antibodies have been enriched with histidine residues. However, the discovered antibodies 
typically require further tuning of pH-dependent affinities.21,22 

Here, we investigate the hypothesis that reducing the sequence space required for encoding 
pH-dependent antigen binding properties, by using a minimal set of mutations unaffected by 
antigen binding within the antibody framework, could provide a consistent means of discovering 
pH-dependent antibodies in a single discovery campaign. A framework library was produced and 
validated, on route to this aim. 
 

Results 

Framework region library design and validation 
In order to engineer a conserved pH-dependent determinant into the antibody, we hypothesized 
that a structural change located at the centre of the antibody variable region, within the light-heavy 
chain framework interface, could provide a robust means of lowering binding affinity at acidic pH 
independent of the antigen identity. To identify framework mutations that could confer such pH-
sensitive antigen binding properties, we chose a light chain shuffled, anti-long chain a-neurotoxin 
IgG, 2554_01_D11, previously discovered using phage display selection23. The affinity of 
2554_01_D11 to α-cobratoxin was high at both pH 7.4 and pH 5.1, with dissociation constant (KD) 
values of 2.3 nM and 10.4 nM, respectively (Fig.1 A and B). The dissociation rate was two orders 
of magnitude lower than previously reported pH-sensitive clones discovered using in vitro display 
technologies,24,25 and were therefore chosen for framework engineering. 

For the creation of a binding framework interface library based on the single-chain variable 
fragment (scFv) format, we chose residues located at homologous positions in the heavy and light 
chains, as residues in this region have led to structural changes important for neutralization for 
antibodies generated using in vivo discovery approaches (Fig. 1C&D).26 We also took precedence 
to avoid residues located in the framework interface region that remove light chain pairing, such 
as those found in single-domain antibodies.27 In total, 8 residues were selected for randomization 
with the NNK codon, 4 heavy chain: Q39, G44, V89, Q105, and 4 light chain: Q38, A43, D85, and 
G100 . The library size was estimated to have a diversity of 4.5´1010 unique clones based on the 
number of individual transformants and approached the theoretical size of the library. Colony PCR 
screening showed that 56/57 inserts (98%) were full-length (Fig. S2). Sequencing 27 colonies 
revealed that 19 (70%) had an open reading frame, were unique, and possessed mutations observed 
at each position. A parsimonious approach was used to maintain wild-type residues in each clone 
during the creation of the library using Golden Gate assembly. This was approached by spiking 
competing wild-type assembly fragments to lower the mutational level of each clone. In 
accordance with this approach, there were no clones that contained mutations in all 8 positions 
chosen in the library design, with the number of mutations ranging from  2 and 7 for each clone.  
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Fig 1. Binding characterization of the 2554_01_D11 antibody by SPR and framework library 
design. (A) Sensorgrams for the monovalent 2554_01_D11 Fab binding to immobilized a-
cobratoxin measured at pH 7.4 and (B) pH 5.1. (C) Library design highlighting sites selected for 
library creation (cyan), numbered using the Kabat scheme. (D) The location of the residues is 
shown on the variable domain of the 2555_01_A01 antibody (grey), which is a light chain variant 
of 2554_01_D11 (2555_01_A01) clone. 
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Selection of framework mutations providing universal pH-sensitive antigen binding 
properties to scFvs using phage display  
To validate the utility of the library, two rounds of phage display selection were performed using 
50 nM of α-cobratoxin for both rounds, upon which selected clones were sent for DNA sequencing. 
The concentration of α-cobratoxin was kept the same for both rounds to minimize selection bias 
for the parent antibody, which has a KD of  2 nM (Fig. 1A), which could have been favoured if 
stringent selection conditions (lowering of the concentration of α-cobratoxin) had been employed.  
 Enrichment of phages was observed between both rounds (Fig. 2). Sequencing 10 clones 
confirmed that these clones were a full-length variable domain and unique, and that full coverage 
of each position in the library had been achieved (Table. S2). There were no wild-type sequences, 
and most clones had 2-3 mutations. Off-site mutations were also observed, and the binding 
capability of these individual clones has not yet been verified.  
 
 

 

 

 

 

 
 
 
 
 

Fig 2. Enrichment of phages from two rounds of selection using the binding framework interface 
library. Enrichment was calculated by fold-difference between test and no-antigen control 
selections.  
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Discussion  
Recycling IgG antibodies bind their cognate antigen with high affinity at neutral pH (7.4) and low 
affinity at acidic pH (< 6.0), allowing for the release of the antigen in the endosome, and 
subsequent lysosomal degradation of the antigen, whilst the antibody is rescued by FcRn-mediated 
pathways.12 The process of engineering antibodies with pH-dependent antigen binding properties 
typically requires multiple rounds of discovery and cumbersome design and analysis of individual 
mutants to selectively lower affinity at pH < 6.0. Many of these approaches have focused on the 
use of histidine residues due to the change in the charge state of this amino acid at endosomal 
acidic pH. Histidine residues can either be introduced into the CDRs of antibodies in a low-
throughput fashion by creating rationally designed panels of antibody mutants that can be tested 
on-by-one,12 or they can be introduced semi-randomly at scale into the CDRs of synthetic antibody 
libraries allowing for higher throughput discovery18,19,21,28, e.g., via phage display selection.29 

As an alternative strategy, we hypothesised that pH-dependent binding conferred by the 
antibody framework itself, specifically mediated by amino acid residues located in the light-heavy 
chain interface, could serve as a modular antibody scaffold for discovering pH-dependent 
antibodies. An important benefit of this approach is speculated to be that pH-dependent antigen 
binding could, in theory, be less dependent of the CDRs, thereby dramatically expanding the range 
of compatible paratopes for recycling antibodies. In turn, this strategy could improve the rapidity 
and precision of discovery campaigns seeking to find pH-dependent antibodies against different 
targets. The underlying rationale for this hypothesis is that the framework interface facilitates 
antibody-antigen binding by modulating the orientation of the heavy and light chains.30–33 If the 
heavy-light chain orientation can be engineered to conformationally change dependent on the pH, 
then this could serve as a generic mechanism to lower binding affinity at a given pH and enable 
the design of in vitro display libraries consisting of pH-dependent antibodies bearing this synthetic 
framework module. 

In this work, we generated a framework chain-interface library from a non-pH-dependent 
antibody to test this concept. If pH-dependent antibodies can subsequently be discovered from this 
library, we envisage that these antibodies can be used as generic scaffolds to generate new 
synthetic libraries of antibodies with pH-dependent binding pre-determined by their framework 
region. The benefit of pH-dependent antigen binding being ‘pre-determined’ in each clone would 
alleviate the need for histidine doping or other low-throughput engineering approaches for the 
discovery of recycling antibodies. Recycling antibodies possessing such a universal module for 
pH-dependent antigen binding could potentially be useful for a range of indications needing 
continuous neutralization of endogenous antigens, such as proteinases,13 cytokines14, tumor-
associated antigens,19 and C5 complement factor34,35 to lower the treatment frequency. In addition, 
such antibodies might also find utility in the neutralization of exogenous antigens, such as toxins, 
where recyclability might enable lowering of the therapeutic dose.14,36 

For therapy, antibodies need to be stable at high concentrations to be administered at a dose 
required for efficacy. Additionally, biophysical parameters, such as exhibiting a low propensity to 
aggregate, are important to limit their potential immunogenicity and systemic clearance following 
administration.37,38 These are also important properties for recycling antibodies, as these antibodies 
require good pharmacokinetics to remain in circulation to continually bind and degrade their 
antigens.12 To meet the demands for future therapeutic applications, we deliberately designed our 
specialized libraries based on an antibody that has previously been determined to possess good 
biophysical properties, including low aggregation propensity and hydrophobicity, and has been 
functionally validated to be efficacious in vivo.23 Nevertheless, the effect of framework mutations 
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in the heavy-light chain interface on the developability of prospective antibodies discovered from 
our library remains unknown. It has, however, already been established that antibodies that acquire 
mutations in the framework interface region during in vivo somatic hypermutation can have a lower 
melting temperature as an effect of an increased flexibility in the antibody variable domain.39 The 
effect of framework mutations on the stability of antibodies isolated from our library may, thus, 
need to be evaluated. Such evaluation will both be important for choosing specific antibodies to 
be taken further into development, as well as for selecting a specific antibody framework for the 
design of further synthetic libraries that contain our module that may confer broad pH-dependent 
antigen binding properties. If successful, we anticipate the application of such specialized libraries 
could be of broad interest in the field of antibody discovery and standardize the discovery effort 
for obtaining recycling antibodies for therapeutic applications. 
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Materials and methods  
 
Expression of Fab and IgG 
Both antibody formats were produced using mammalian expression as described previously.23 In 
brief, the VH and VL domains were subcloned from the scFv-pSANG10-3F vector into a pINT12 
vector for Fab expression and pINT3 vector for IgG expression. Individual VH and VL domains 
were PCR amplified using pSang10_pelB (CGCTGCCCAGCCGGCCATGG) and HLINK3_R 
(CTGAACCGCCTCCACCACTCGA) primers for the VH domain and LLINK2_F 
(CTCTGGCGGTGGCGCTAGC) and 2097_R (GATGGTGATGATGATGTGCGGATGCG) 
primers for the VL domain. The VH was subsequently cut using NcoI and XhoI endonucleases and 
the VL with NheI and NotI. The respective domains were assembled into either the pINT3 or 
pINT12 vector in a four-component ligation using T4 DNA ligase (Roche, 10481220001). The 
vector contained the respective heavy chain constant domains for the Fab and IgG in addition to a 
stuffer region containing the CL and CMV promoter, also cut with NcoI and NotI. The resulting 
Fab and IgG formats were produced using transient mammalian expression using Expi293TM cells 
with ExpiFectamineTM 293 (ThermoFisher, A14525)  as per the manufacturers guidelines. The 
cells were harvested and the resulting supernatants containing the IgGs purified using protein A 
resin (Neo Biotech, NB-45-00036-100) and the Fabs with anti-CH1 resin (Thermo Scientific, 
194320010). The purified antibodies were then desalted into PBS and snap frozen for long term 
storage. 

 
SPR  
The measurement of the antibody affinity at variable pH was performed by immobilizing long 
neurotoxin to a CM5 dextran chip by amine coupling, and flowing antibody Fab fragments in 
HEPES-MES (10 mM HEPES 50 mM MES-NaCl 0.05% P20, pH7.4) buffered at either pH 7.4 or 
pH 5.1 as described previously.40 A double background subtraction was performed using a no-
protein reference flow cell and a buffer only injection. The affinity was determined as a product 
of the koff / kon rates using a 1:1 model and a global fit.  
 
Creation of phage display library by Golden Gate assembly 
The framework library was derived from the 2554_01_D11 scFv sequence, purchased codon 
optimized from Eurofins in a pEX-K168 vector. A pSANG4 phagemid was sequence verified and 
used to obtain the phagemid backbone. Individual inserts containing the framework and CDR 
regions of 2554_01_D11 were PCR amplified using either mutagenic or wild-type 
oligonucleotides (included to lower the average number of mutations per clone). The phagemid 
backbone was amplified using pSANG4Myc_BbsI_For and pSANG4M13_BbsI_Rev primers. All 
primers (Table S1) were ordered from TAG Copenhagen, and contained BpiI type-IIS restriction 
sites for golden gate assembly. The overhang fidelity was checked in the NEB fidelity tool and in 
the case of mutagenic oligonucleotides, one framework position was diversified per oligo using 
the NNK codon.  

All PCR’s were performed using the Q5 Hot Start HF polymerase (NEB, M0494S) in a 2-step 
PCR program, using the following template unless otherwise stated: Reagents were prepared in a 
volume of 25 μL, consisting of 0.5 μM of each primer, 1 × diluted Q5 High-Fidelity Master Mix, 
40 pg of DNA and made up to 25 μL with nuclease-free water (Thermo Scientific, 10977035). 
DNA was amplified using the following program: Initial denaturation, 98 °C, 30 s; amplification 
for 30 cycles, 98 °C, 10 s, and 72 °C, 15 s; final extension, 72 °C, 5 min. Four PCRs were 



 
 

 

93 

performed for each insert and cleaned using a Genejet PCR Purification Kit (Thermo Scientific, 
K0702). For the preparation of the phagemid backbone, twenty PCRs were performed with an 
extended amplification time of 98 °C, 10 s, and 72 °C, 110 s, with 1 ng of pSANG4 phagemid 
used as the template. The pSANG4 backbone amplicon had the DNA template removed by adding 
0.5 μL of FastDigest DpnI (Thermo Scientific, FD1704) to each PCR and was incubated for 15 
min at 37 °C. Lastly, the phagemid amplicon was gel purified using a GeneJET Gel Extraction Kit 
(Thermo Scientific, K0692). The purity of all amplicons was confirmed by agarose gel 
electrophoresis and quantified by Nanodrop (Thermo Scientific, NanodropOne). 

Sequential golden gate assembly reactions were used to construct the library. Firstly, individual 
VH and VL domains were assembled from 2.4 μg of inserts, this equated to 2700 fmoles (roughly 
300 ng) of each of the three mutagenic inserts and their competing wild-type counterparts, added 
at an equal molar ratio to lower the average mutational frequency of each clone. To improve 
scalability, the amount of enzyme for each assembly was lowered below the manufacturers' 
guidelines to 0.6 μL of BpiI (Fisher Scientific, FD1014), 90 U of T4 DNA Ligase and 2.8 μL of 
10 × T4 Ligase buffer (NEB, M0202T) per 1000 fmoles of DNA and made up to a final volume 
of 600 μL with nuclease-free water. The reaction was left overnight at 37 °C in a water bath, 
without an obvious detriment to the assembly efficiency (Fig S1). After extraction from a 1.2 % 
agarose gel, 4 ng (more than 100 fold higher than the theoretical diversity) of each assembled 
domain was divided between four separate PCRs, amplified, and cleaned using the GeneJET PCR 
Purification Kit (Thermo Scientific, K0702) before assembling the scFv. This was done to scale 
up each domain whilst maintaining diversity. The scFv was assembled using equal molar ratios of 
each VH and VL domain using the same enzyme and incubation conditions as described for the VH 
and VL sub-assemblies, and extracted from a 1.2 % agarose gel, yielding 21 ng (2	×	1010) scFv 
molecules. Lastly, twenty-one PCRs were performed with the extracted scFv to obtain a sufficient 
amount of DNA to make a large library. An input of 1 ng extracted scFv and 0.1 μM of 
Insert_1_For and pSANG4_Myc_M13_Rev primers (Fig 1S) were used in each PCR. The number 
of cycles was reduced to fifteen to lower the prospect of off-site mutations and the amplicon was 
cleaned using the GeneJET PCR Purification Kit, yielding 2.6 μg of DNA.  

Lastly, golden gate incorporation of library DNA into the phagemid backbone was performed 
using 4.4 μg of phagemid backbone and 2.2 μg of scFv DNA in a 1 : 3 molar ratio of phagemid : 
scFv. To drive an efficient assembly, the amount of enzyme was increased to 1400 U of T4 DNA 
Ligase, 12.5 μL Ligase buffer, and 2.8 μL BpiI per 1000 fmoles of DNA, made up to a final volume 
of 800 μL with nuclease-free water and incubated overnight at 37 °C. The library was cleaned 
using the MiniElute PCR Purification Kit (Qiagen, 28006) and eluted using 40 μL of nuclease-free 
water pre-heated to 60 °C to give a total of 3.2 μg of DNA. In total twenty electroporations were 
performed using 2 μL of library for each aliquot of electrocompetent TG1 cells (Lucigen, 60000-
PQ763-F) as described previously40.  

To confirm the presence of inserts and correct assembly, individual transformants were 
picked for colony PCR screening using phagemid backbone-specific primers (pSANG_5th_For 
and pSANG_seq_Rev)  and submitted for sequencing using the gpII_Rev primer.   
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Phage display 
Phage display selections were performed in solution using a 50 nM concentration of biotinylated 
#-cobratoxin. Phages were rescued from the library by seeding 200 mL of cells to an OD600 = 0.1 
in 2TY Glucose Ampicillin (100 $g / mL) media (2TYGA), this number of cells equated to the 
theoretical size of the library. Cells were incubated at 37 °C, 280 rpm until OD600 = 0.5, then a 10-
fold excess of proteolytic sensitive helper phage was added for 1 hr at 37 °C, 150 rpm to allow for 
infection. The cultures were spun at 3,200 rpm for 2 minutes, the supernatant was discarded, and 
the cells were resuspended in 2TYKA media (2TYGA + 50 $g / mL Kanamycin). The phages 
were then propagated overnight at 25°C and 280 rpm. A TG1 colony was selected from a pre-
prepared plate and used to inoculate 5 mL of 2TY media and incubated overnight at 30°C, 280 
rpm. The next day, the supernatant was obtained by centrifuging the overnight culture for 10 
minutes at 10,500 x g and 4°C. Phages were precipitated by adding 1/10 volume of PEG/NaCl (20 
% PEG 6000/2.5 M NaCl) and incubated on ice for 1 hr before centrifugation at 4,500 rpm for 10 
minutes at 4°C to pellet the phages. The phage pellet was re-suspended in 1 mL of PBS, transferred 
to an Eppendorf tube, and centrifuged at 14,000 rpm for 10 min at 4°C to remove any residual 
cells. The supernatant was transferred to an Eppendorf tube containing 250 $L PEG/NaCl and 
spun at 14,000 rpm for 10 min at 4°C. The supernatant was discarded, and the phage pellet was 
re-suspended in 1 mL PBS. The solution was spun down at 14,000 rpm for 10 min at 4 °C until no 
cell pellet was observed. Phages were immediately used for the phage display selections, for long-
term storage, phages were stored in 20 % (w/v) glycerol at -80 °C.   
 Two selections were performed in parallel with and without #-cobratoxin using 212 phages. 
Phages, biotinylated #-cobratoxin (100 nM) and 2 × 80 $L streptavidin-coated Dynabeads (Fisher 
Scientific, M-280) were blocked in 3% MPBS (PBS + 3% milk: VWR, A0830.100) with end-over-
end rotation for 1 hr at room temperature. Equal volumes of blocked #-cobratoxin and phages 
were mixed and phages were permitted to bind for 1 hr with end-over-end rotation. Blocked 
streptavidin beads were then added to the phage - 	#-cobratoxin solution for 5 min with end-over-
end rotation to capture phages bound to the biotinylated	#-cobratoxin. The captured streptavidin 
Dynabeads were washed 3 times with PBST (PBS + Tween20) and 3 times with PBS before phages 
were eluted by adding 100 $L trypsin (1 mg/mL, Sigma-Aldrich, T9201-500MG) and incubating 
for 15 min with end-over-end rotation. The phage eluent was used to infect TG1 cells grown to an 
OD600 = 0.5 and incubated for 1 hr at 37 °C, 150 rpm. Cells were prepared for plating by spinning 
at 2000 g, for 10 min at room temperature. Dilution plates were prepared ranging from 5 to 
500,000-fold dilution of the supernatant on 2TYGA plates to determine the background and 
enrichment of antigen-specific phages. The following day, colonies on the output plate were 
scraped and resuspended in 2TYGA media with 25% glycerol, then homogenized for several hours 
with end-over-end rotation. The OD600 was measured, and the cells were stored at -80°C for 
subsequent rescue and the next selection round. The enrichment was determined by dividing the 
number of colony-forming units on the test plate by the number of colony-forming units from the 
no-antigen selection. 
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Supporting information  
 
Table S1: Primers used for golden gate assembly, cloning and sequencing 

 
 
 
Generation of scFv library and cloning into pSANG4 phagemid vector 
Golden gate assembly of the scFv library was performed in two separate assemblies as described 
in the Methods. First, by assembling the individual light and heavy chains, and second, by 
assembling the full-length scFv. Between each assembly step the amount of DNA was scaled-up 
by PCR in order to maintain diversity and generate a large library. Amplification of the assembled 
heavy and light chains by PCR gave clear dominant bands of the expected size around 400 bp for 
the HC and 500 bp for the LC (Fig S1A). An initial scaling of the subsequently assembled scFv 
showed some non-specific products, which was reduced when lowering the primer and gel 
extracted scFv DNA amounts (Fig S1B).  
 

Primer name Sequence BpiI recognition sites are underlined 
Insert 1_For ggctacgaagacaccccagccggccatggctc 
H2_39Rev ggctacgaagactaccatccactccaaaccttggcccggtgcknnacgaacccagctaatcg 
H2_42Rev ggctacgaagactaccatccactccaaaccknngcccggtgcctgacgaacccagctaatcg 
H2_43Rev ggctacgaagactaccatccactccaaknnttggcccggtgcctgacgaacccagctaatcg 
H2_WTRev ggctacgaagactaccatccactccaaaccttggcccggtgcctgacgaacccagctaatcg 
H2_45Rev ggctacgaagactaccatccactcknnaccttggcccggtgcctgacgaacccagctaatcg 
H2_For ggctacgaagactaatgggtggtattatcccgatttttggtactgctaattatgcgc 
H3_89Rev ggctacgaagactatcacgggcgcagtaataknnagcggtatcatcgctacg 
H3_WTRev ggctacgaagactatcacgggcgcagtaatacacagcggtatcatcgctacg 
H3_For ggctacgaagactagtgataatctgggttattgcagcggcggctcc 
H4_105Rev ggctacgaagactaagacggtgactaaggtaccknnaccccaaacatcc 
H4_WTRev ggctacgaagactaagacggtgactaaggtaccttgaccccaaacatcc 
H4_For ggctacgaagactagtctcgagcggtggtggcggctccgg 
L2_37Rev ggctacgaagactagacggtcgtcggtgacgagcccgggcgknnctgataccaatgcac 
L2_43Rev ggctacgaagactagacggtcgtcggknncgagcccgggcgctgctgatacc 
L2_WTRev ggctacgaagactagacggtcgtcggtgacgagcccgggcgctgctgataccaatgcac 
L2_For ggctacgaagactacgtcatctatgaggacaaccagcgtccgagcggggtgc 
L3_85Rev ggctacgaagactagctttggcagtagtaknncgcctcgtcctcg 
L3_WTRev ggctacgaagactagctttggcagtagtagtccgcctcgtcctcg 
L4_100For ggctacgaagactaaagctacgaccgctctaaccacgaagttgtttttggcnnkggtacgaagctgac 
pSANG4_Myc_M13_Rev v2 ggctacgaagactacaactttcaacagtttctgcggccccattcagatcctcttc 

pSANG4Myc_BbsI_For ggctacgaagactagttgtttagcaaaacctcatacagaaaattcatttactaacgtctgg 
pSANG4_Vector_Rev ggctacgaagaccatgggccgcatagaaaggaacaac 
pSANG5th_For tggaaaaacgccagcaacgc 
-96gIII ccctcatagtt gcgtaacg 



 
 

 

97 

 
Fig S1. Up-scaling of inserts following golden gate assembly. (A) Up-scaling of individual heavy 
(HC) and light chains (LC). Two PCRs were carried out with the heavy chain as the reverse primer 
contained a mutation site. (B) PCR optimization of assembled scFv library following gel 
extraction. Different input amounts of extracted scFv and concentrations of each primer were 
tested. The scFv reference was generated from the purchased scFv vector used to build the library. 
The 1ng scFv + 0.1µM primer concentration showed the purest product and was taken forward to 
electroporation. 
 
 

After scaling up the assembled scFv and electroporating into TG1 cells, colony PCRs were 
carried out on randomly selected transformants using pSANG4 backbone specific primers to assess 
the percentage of clones that had an scFv insert. The expected 2 kb amplicon size was present in 
56/57 clones (Fig S2A). To check that the inserts originated from the golden gate assembly, and 
not from the phagemid template DNA used to generate the phagemid backbone, five colony PCR 
products were treated with BpiI enzyme. None of the transformants were cut, confirming that the 
scFv insert was assembled DNA. The template phagemid scFv amplicon containined two BpiI 
restriction sites, which led to multiple bands after incubation with BpiI (Fig S2B).  
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Fig S2. Cloning efficiency of the scFv library into pSANG4 phagemid. (A) Agarose gel analysis 
of colony PCR amplicons from individual transformants using the pSANG5th_For and gpiIII 
primers. A reference amplicon was generated from the template pSANG4 phagemid used in the 
library creation. (B) Restriction digestion of amplicons derived from 6 library transformants and 
the reference using BpiI endonuclease. The reference scFv had BpiI restriction sites and was 
included as control.  
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Table S2: Sequences of random clones picked after round 2 of phage display selection from the framework chain interface library. 
VH: 
WT: QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAVYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C1: HVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQTLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAVYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C2:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRSAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAVYYCARDNLGYCSGGSCYSDYYYYYMDVWGVGTLVTV 
C3:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQGLEWMGGIIPIFGTANYAQKFKGRVTITADESTSTAYMELRSLRSDDTADYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C4:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQRLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAQYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C5:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRRAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAQYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C6:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQNLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAVYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C7:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRTAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTATYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C8:  QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQYLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAVYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C9:  QFQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTATYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
C10: QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVREAPGQGLEWMGGIIPIFGTANYAQKFQGRVTITADESTSTAYMELRSLRSDDTAIYYCARDNLGYCSGGSCYSDYYYYYMDVWGQGTLVTV 
 
VL: 
WT: NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C1:  NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C2: NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C3: NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSRPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C4:  NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSQPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEATYYCQSYDRSNHEVVFGVGTKLTVL 
C5:  NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSKPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C6: NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGWGTKLTVL 
C7:  NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQFRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C8: NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEAAYYCQSYDRSNHEVVFGGGTKLTVL 
C9:  NFMLTQPRSVSESPGKTVTISCTRSSGSIGSDYVHWYQQRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDRSNHEVVFGGGTKLTVL 
C10: NFMLTQPRSVSESPGKTVTISCTRYSGSIGSDYVHWYQVRPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEAHYYCQSYDRSNHEVVFGHGTKLTVL 

VH: Variable heavy chain, VL: Variable light chain, Magenta: Sites chosen for library creation, Cyan: Observed mutations  
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7. Nanobody valence engineering using the p53 self-
assembly protein 
 
In Chapter 7, we test an engineering approach to enhance the valence and half-life properties 
of nanobodies, which are a monovalent antibody format that is unable to interact with FcRn, 
therefore limiting their use in certain applications due to their inherently short half-life.  
 
Here, we employ the p53 protein to increase the valence of nanobodies and functionalize them 
with IgG-Fc to enable cellular recycling. The p53 protein self-assembles into a tetramer, here 
we use this property to assemble nanobodies into multivalent proteins by genetically fusing 
nanobodies into the p53 protein. The nanobody used in this study was specific to α-cobratoxin, 
a long-chain α-neurotoxin from the N. kaouthia elapid. We designed nanobody formats to 
contain up to 16 nanobodies and verified different parameters important for their application. 
These included characterizing their molecular size and correct assembly, neutralization 
potency, and recycling capabilities. We show that multivalent nanobodies assembled as stable 
multimeric proteins (Quads), and this translated into enhanced neutralization capacity against 
α-cobratoxin. We also found that the nanobody was cross-reactive to long-chain α-neurotoxin 
from the forest cobra, N. melanoleuca. Finally, when measuring the ability of Quads to be 
recycled in cells in a cellular recycling assay indicative of serum half-life, we show that Quads 
functionalized with IgG-Fc were rescued from cellular degradation and recycled from the cell 
into the extracellular environment. Collectively, these results show the versatility of using the 
self-assembly p53 protein to tune the valence of nanobodies and improve their half-life, 
opening the possibility of re-purposing nanobodies for different applications. Such possibilities 
include avidity-driven mechanisms of action, such as enhancing the neutralization potency of 
nanobodies that have a reduced binding affinity to viral escape mutants. 
 
The manuscript has been published in Bioconjugate Chemistry.  
Jack Wade, Charlotte Rimbault, Hanif Ali, Line Ledsgaard, Esperanza Rivera-de-Torre, Maher Abou 

Hachem, Kim Boddum, Nadia Mirza, Markus-Frederik Bohn, Siri A. Sakya, Fulgencio Ruso-Julve, Jan 

Terje Andersen, and Andreas H. Laustsen, Bioconjugate Chemistry 2022 33 (8), 1494-1504, DOI: 

10.1021/acs.bioconjchem.2c00220 
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ABSTRACT: Recombinantly produced biotherapeutics hold
promise for improving the current standard of care for snakebite
envenoming over conventional serotherapy. Nanobodies have
performed well in the clinic, and in the context of antivenom,
they have shown the ability to neutralize long α-neurotoxins in vivo.
Here, we showcase a protein engineering approach to increase the
valence and hydrodynamic size of neutralizing nanobodies raised
against a long α-neurotoxin (α-cobratoxin) from the venom of the
monocled cobraNaja kaouthia. Based on the p53 tetramerization
domain, a panel of anti-α-cobratoxin nanobody-p53 fusion
proteins, termed Quads, were produced with di!erent valences,
inclusion or exclusion of Fc regions for endosomal recycling
purposes, hydrodynamic sizes, and spatial arrangements, compris-
ing up to 16 binding sites. Measurements of binding a"nity and stoichiometry showed that the nanobody binding a"nity was
retained when incorporated into the Quad sca!old, and all nanobody domains were accessible for toxin binding, subsequently
displaying increased blocking potency in vitro compared to the monomeric format. Moreover, functional assessment using automated
patch-clamp assays demonstrated that the nanobody and Quads displayed neutralizing e!ects against long α-neurotoxins from both
N. kaouthia and the forest cobra N. melanoleuca. This engineering approach o!ers a means of altering the valence, endosomal
recyclability, and hydrodynamic size of existing nanobody-based therapeutics in a simple plug-and-play fashion and can thus serve as
a technology for researchers tailoring therapeutic properties for improved neutralization of soluble targets such as snake toxins.

■ INTRODUCTION
Snakebite envenoming is a neglected tropical disease with over
2 million victims envenomed each year on a global level. These
cases result in more than 100,000 fatalities and 300,000
permanent disabilities,1 leaving behind both a large health and
socioeconomic burden.2 The current standard of care, in the
form of antivenom derived from hyperimmunized animals,
contains a heterologous polyclonal mixture of both neutralizing
and non-neutralizing antibodies.3 This form of immunotherapy
saves lives and verifies the use of antibodies as a therapeutic
approach against envenoming. However, administration of
heterologous polyclonal antibodies carries risks of adverse
reactions due to the high immunogenicity of the recovered
animal-derived antibodies and poor batch-to-batch reproduci-
bility as well as a low therapeutic content of neutralizing
antibodies.1,4
Recombinantly produced antivenom based on human or

humanized antibody sequences could alleviate some of these
drawbacks. Further, they can be engineered to have improved
therapeutic properties, such as enhanced binding and
neutralization potency and optimized pharmacokinetics (PK),

depending on what antibody format is employed.5,6 As such,
di!erent antibody formats have been investigated, of which
some have demonstrated good e"cacy in vivo, including in
vitro discovered fully human immunoglobulin Gs (IgGs) and
nanobodies (VHHs).7−9 While nanobodies possess traits
desirable for therapeutic development, such as their low
immunogenicity10 and high thermal stability and production
titers in microbial expression systems,11,12 they are a
monovalent format that experiences rapid clearance, a potential
limitation toward their use in certain diseases, including
neutralization of toxins with delayed release from the bite site
in cases of snakebite envenoming.
Existing approaches to increase the serum half-life of

nanobodies involve fusion to proteins, such as IgG Fc or
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human serum albumin (HSA) that are able to interact with the
neonatal Fc receptor (FcRn).13,14 FcRn mediates the rescue of
IgG from lysosomal degradation through pH-dependent
interactions, namely, a higher a"nity interaction at acidic

relative to neutral pH. Binding with a high a"nity within the
acidified environment of the endosome prevents tra"cking
into the lysosome, and a drop in a"nity at neutral pH
facilitates release back into the serum. Engineering IgG Fc and

Figure 1. Engineering of Quad molecules. (A) Schematic structural overview of the di!erent Quad formats generated using the p53 tetramerization
domain. (B) Nonreducing and reducing colloidal blue-stained SDS-PAGE analysis of the eight Quad constructs and the nanobody. (C) Assessment
of purity and monomeric assembly of the Quads via size-exclusion chromatography analysis displayed according to their binding domain valency.
The chromatograms were obtained on a HiLoad Superdex200 Increase 10/300 GL column with PBS as an eluent. (D) Binding curve established
with FIDA showing the apparent hydrodynamic radius of the indicator α-cbtx-Alexa488 (100 nM) as a function of anti-α-cbtx (0−2.1 μM) in
PBST bu!er. The KD values were calculated from the binding isotherm and are available in Table S2. Represented results are from a single
experiment with technical repeats performed in duplicate. *Denotes Quad formats that had increased interaction with the FIDA capillary. (E)
ELISA binding assay of Quads to immobilized α-cbtx. Each data point represents the mean of two independent experiments ± SD. The KD values
were calculated from the binding curves and are available in Table S4.
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HSA to have a greater a"nity di!erential between these two
pH values has led to the discovery of antibodies and alternative
formats with prolonged half-life.15,16
The use of self-assembly domains could concomitantly lead

to enhanced potency and half-life of nanobodies by increasing
valence, accommodating additional nanobody binding and IgG
Fc-e!ector domains that engage both the antigen and FcRn in
a single molecule. Larger formats with increased valence could
potentially be administered at a lower therapeutic dose, have
increased half-life due to a slower rate of glomerular clearance
enabling a lowering of the frequency of administration, and
have greater exposure to toxins in circulation. The e!ects of PK
on the neutralization of systemically acting toxins for larger,
multivalent formats could mechanistically be a benefit in
intercepting toxins before they reach their target during the
early course of envenoming as well as neutralization of toxins
that re-enter circulation in later stages. Investigating the e!ect
of antibody PK on the neutralization of systemically acting
toxins has so far received limited attention. However,
technologies that allow for the precise tailoring of drug
pharmacokinetics without complicating or further adding cost
to the manufacturing process might find utility in the
development of novel types of recombinant antivenoms with
improved therapeutic properties.17
In this study, we apply a protein tetramerization technology

based on the p53 tetramerization domain (TD) 18 to produce a
panel of nanobody-based antibody formats with varied
hydrodynamic radius, valence, and inclusion or exclusion of
IgG Fc domains, termed Quads. Quads rely on intermolecular
self-assembly from simple monomeric building blocks to form
stable tetramers. As such, we demonstrate successful engineer-
ing of Quads with up to 16 binding domains targeting α-
cobratoxin (α-cbtx) from Naja kaouthia. These novel multi-
valent molecules were assessed for their long-term structural
integrity and binding a"nity as well as their neutralization
potency and half-life potential. The findings show a functional
benefit of increasing valence on blocking and neutralization of
α-cbtx, a trait maintained against long α-neurotoxins (LαNtxs)
from N. melanoleuca, in addition to improved FcRn-mediated
recycling and rescue from cellular degradation of Quads
designed to contain IgG Fc domains. In combination, the
results presented here demonstrate that the Quad multi-
merization technology could serve as a versatile platform for
fine-tuning the molecular parameters of nanobodies, which
might find therapeutic utility, for example, in targeting snake
toxins like α-cobratoxin with improved e"cacy.

■ RESULTS AND DISCUSSION
Engineering of Quad Molecules. The low-molecular-

weight C2 anti-α-cbtx nanobody was used to engineer novel
multivalent antibody formats (Quads) using a flexible
multimerization technology described previously.18 This
yielded a total of eight di!erent multivalent Quads, with or
without intact Fc regions, of varying size, shape, and flexibility,
possessing valences ranging from tetravalent to hexadecavalent
(Figure 1A and Table S1). An important first step in the
analysis of these novel multivalent antibody molecules was to
show that they could be produced in adequate yields as soluble
secreted proteins with high purity and structural integrity.
Following transient expression in HEK293 cells and a"nity
purification of the proteins directly from the culture super-
natant, yields of the Quad proteins were calculated (Table 1)
using the molar extinction coe"cient and protein absorbance

at 280 nm. Many of the titers of the Quad proteins with a
larger molecular weight were found to be higher than the
native nanobody, suggesting that multimerization did not
hamper Quad production. Quad titers were also competitive
with other tetravalent antibody formats produced in a similar
expression system based on a clinically validated IgG sca!old.19
The ease of production of Quads from simple monomeric
(single polypeptide chain) building blocks that self-assemble
into tetramers inside the cell might also indicate that these
molecules could potentially be produced microbially, which
would provide an opportunity for low-cost manufacture.20 If
this speculation were to hold true, it would have important
implications for the economic feasibility of bringing Quads to
the market against neglected tropical diseases, such as
snakebite envenoming, where low cost of treatment is
essential.21

Structural Analysis of Quad Proteins. To analyze
whether the Quads had assembled as multimeric proteins,
their size was analyzed under denaturing (SDS-PAGE) and
native conditions (size-exclusion chromatography, SEC)
(Figure 1B,C). The molecular sizes of the monomeric subunits
and fully assembled tetrameric Quads are supplied in Table S1.
Single prominent bands on SDS-PAGE separated according to
the molecular weight of di!erent Quad proteins. Quads
containing disulfide bridges (Q190-Q194 and Q207/208)
dissembled into their monomeric subunits when ran under
reducing conditions, and there was no obvious proteolytic
degradation or aggregation (Figure 1). SEC showed all Quads
eluted as single-dominant peaks, except for Q190, Q193, and
Q194 that also had a minor percentage of higher molecular
weight species, and were >95% tetrameric after being stored
for a year at 4 °C (Figure 1C and Table 1 and S6). Quads
Q193 and Q194, designed to have a more compact, linear
structure, consistently had lower elution volumes and a larger
hydrodynamic radius than their Quad counterparts Q187-
Q189 that had similar molecular weights but a more globular
architecture (Tables 1 and S2). The hydrodynamic radii of the
Quads bound to α-cbtx, as determined by flow-induced
dispersion analysis (FIDA), ranged from 4.58 to 9.06 nm
(Figure 1D and Table S2). A comparison of select unbound
Quads Q189, Q193, and Q194 using DLS showed that the
population mean sizes ranked in accordance with that seen for
the FIDA, and the samples were over 90% monodisperse with
no peaks corresponding to partially assembled intermediates
(Table S3). The relevance of the increased hydrodynamic size
and valence of Quads in comparison to the nanobody could
potentially lead to a lower renal clearance22 and a more

Table 1. Blocking Potency, Size-Exclusion Chromatography,
and Production Analysis of the Di!erent Quad Formats

blocking SEC analysis production

molecule
(valency)

IC50
(nM) VHH/Quad

main
peak (%)

elution
(mL)

yield
(mg/L)

VHH (1) 0.80 1 100.0 17.56 83
Q187 (4) 0.18 4.7 97.0 13.15 83
Q188 (8) 0.11 7.7 97.0 11.48 75
Q189 (8) 0.10 8.7 95.0 11.90 108
Q190 (4) 0.21 3.9 88.5 10.09 125
Q191 (8) 0.13 6.3 98.0 9.56 65
Q193 (4) 0.19 4.5 81.0 11.75 67
Q194 (8) 0.11 7.4 86.0 10.65 37
Q207/208 (16) 0.05 15.4 98.6 9.17 100
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favorable biodistribution profile for toxin neutralization.
Furthermore, Quads engineered to contain Fc domains, such
as Q190 and Q191, might potentially have an even more
prolonged serum half-life, as these Quads contain double the
amount of Fc domains compared to a standard IgG antibody.
A feature that could potentially be useful when targeting toxins
that enter circulation late after the envenoming episode due to
venom depot e!ects.17
Drug pharmacokinetics and pharmacodynamics can be

influenced by antidrug immune responses. The p53 tetrame-
rization domain is a protein of human origin and was used to
drive the assembly of Quads that were either comparable in
size to an IgG or smaller than an IgM antibody.23 Due to the
natural compatibility with the human immune system, it is
anticipated that the p53-TD would be less immunogenic than
nonhuman tetramerization domains, such as streptavidin and

the viral capsid protein VP1. Prediction of immunogenicity is a
challenge, and even with fully human antibodies, such as
adalimumab, antidrug antibodies have been shown to arise
upon administration of the antibody.24 The e!ect of an
immune response against human multimerization domains
potentially leads to an interference in the biology of the native
protein in a patient. In this relation, it could be speculated that
because the p53 resides intracellularly, it might cause less of a
detriment than tetramerization domains that function within
the plasma, such as transthyretin, might do. On the other hand,
it cannot be excluded that intracellular domains have more
immunogenic properties when entering the extracellular
environment, though a comprehensive study conducted by
Katchman et al. (2016) mapping p53 immunogenicity did not
indicate that the TD domain of p53 is particularly
immunogenic.25 The structural integrity of the di!erent

Figure 2. FcRn binding and transport properties of the Quad molecules. (A, B) FcRn-ELISA binding assays were obtained for NIP-IgG1-WT,
Q187, Q190, and Q191 at acidic pH (pH 5.5) and neutral pH (pH 7.4). (C) Schematic overview of the HERA protocol. Quads and anti-NIP-IgG1
were added to starved HMEC1-hFcRn cells (1−2) and incubated for 3 h to allow for uptake (3), followed by lysis. Samples were removed, followed
by a new 3 h incubation period with fresh medium to allow recycling and release into the medium, or retention inside the cells measured after lysis
of the cells (4). Proteins present in the lysates and recycling medium were quantified by two-way anti-Fc ELISA (5). The figure was created with
Biorender.com. (D−F) ELISA quantification of the amounts taken up, recycled, or accumulated. Data represents three independent experiments;
mean ± SD, unpaired Student’s t-test: *p > 0.05, **p > 0.01, ***p > 0.001, **** p > 0.0001.
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Figure 3. Apparent a"nity and blocking characterization of Quad molecules to α-cbtx. (A) Blocking of the α-cbtx/AChR interaction with Quad
molecules in an ELISA-based assay. Each data point represents the mean of two independent experiments ± SD. (B) Comparison between
apparent KD and IC50 blocking potency. * Denotes Quad formats that had increased interaction with the FIDA capillary. (C) Representative
isothermal titration calorimetry thermograms and curve fits for titrations of VHH, Q187, Q189, and Q207/208 into α-cbtx. Binding a"nity (KD)
and stoichiometry (N) are the average of two independent titrations.
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Quads was further verified in two separate binding assays,
either by indirect ELISA or FIDA. Both assays showed that the
multivalent Quads were able to bind α-cbtx in a dose-
dependent manner. For the ELISA, all Quads exhibited higher
binding capacity and lower KD values for immobilized α-cbtx
compared to the nanobody (Figure 1E and Table S4). Binding
to α-cbtx immobilized on a surface promotes avid binding. In
the timeframe of this assay, there were, however, no clear
di!erences in binding strength seen between the respective
multivalent Quads, likely due to the very low dissociation
constants of multiple binding domains simultaneously engaged
with the toxins on the surface. Taken together, this confirmed
that the Quads were assembled correctly and were functional
as tetrameric proteins.
Quad Molecules Bind Human FcRn in a pH-Depend-

ent Manner and are Rescued from Intracellular
Degradation. Repurposing FcRn for e"cient recycling of
Quads requires tight binding at pH <6.0 and low a"nity at
neutral pH.26,27 To verify that the Quads exhibited pH-
dependent binding to human FcRn (hFcRn) similar to that of
IgG, ELISA was performed. Titrated amounts of the Quads
were coated in wells followed by adding a site-specific
biotinylated recombinant hFcRn, preincubated with streptavi-
din conjugated with alkaline phosphatase. The experiment was
performed at both pH 5.5 and 7.4, and a full-length human
IgG1 with specificity for the hapten NIP was included as a
positive control (Figure 2A,B). The results revealed that the
Fc-containing Q190 and Q191 bound the receptor at acidic
pH, where the binding responses measured were stronger than
for the IgG1 control, while none of the formats bound at
neutral pH. As expected, Q187 lacking an Fc domain did not
bind under either pH conditions.
To address if pH-dependent FcRn binding of the Quads

translated into rescue from intracellular degradation, a human
endothelial cell-based recycling assay (HERA) based on the
adherent human endothelial cell line stably overexpressing
human hFcRn (HMEC1-hFcRn) was employed.13 Equimolar
amounts of Q190 and Q191 were added to the cells in parallel
with full-length IgG1. After 3 h of incubation, cells were either
lysed to assess the amounts taken up or washed and placed in
the IgG-depleted growth medium to allow for cell-internalized
molecules to be recycled and released into the medium. After
an additional 3 h incubation period, the medium was collected,
and the cells were lysed. To quantify the levels of cellular
uptake, recycling, and accumulation, samples were analyzed in
a two-way Fc-specific ELISA. Data showed that more than
fivefold of Q190 and Q191 was detected inside the cells after
the uptake step compared to full-length IgG1 (Figure 2D).
About 2.5-fold more of the Quads were recycled back to the
medium (Figure 2E), while about 7.0-fold more were detected
inside the cells at the termination of the assay compared with
IgG1 (Figure 2F). Thus, the Quads were found to be
exocytosed and released into the medium and, as such,
rescued from intracellular degradation, which is in line with
pH-dependent hFcRn binding in ELISA. The increased avidity
for receptor binding gained through the presence of additional
Fc in Quad antibodies may explain the increased uptake,
recycling, and accumulation inside cells compared with that of
IgG1. To this end, we would expect the Quads to be rescued
by hFcRn in vivo with a plasma half-life comparable to that of
conventional IgG, but further investigation would be required
in an in vivo setting, such as an hFcRn transgenic mouse model,

to define the precise pharmacokinetic parameters of Quad-
based antibodies.
In contrast to other self-assembly domains, such as those

based on human apoferritin,28 the spatial arrangement of the
p53 tetramerization product enables the Fc regions to dimerize
in the sca!old in a stoichiometry of one Fc to two self-
assembly proteins. Although restricted to iterations of two,
antigen-binding domains fused to Fc regions a!ords a clear 1:2
and 1:4 stoichiometry of Fc:antigen-binding domain in a
configuration that is accessible to FcRn-mediated recycling,
without adding further engineering steps and complexity to the
production method.

Multivalent Quads Show Enhanced Blocking Po-
tency. The C2-nanobody-binding domain used to engineer
the di!erent Quad formats has previously been shown to
neutralize α-cbtx in vivo.9 In an ELISA-based blocking assay,
the nanobody and the di!erent Quad formats were analyzed
for their ability to block the interaction between α-cbtx and the
acetylcholine receptor (AChR). To assess the e!ect of
increased binding domain valency on the neutralization
potency, Quad proteins were directly compared to the
monovalent nanobody in the blocking assay. As expected, an
increase in neutralization potency was observed for the
multivalent Quad proteins compared to the monovalent
nanobody (Figure 3A and Table 1), and the IC50 and apparent
KD values measured using FIDA correlated with the increasing
binding domain valency (Figure 3B).
Estimating the binding stoichiometry of a representative

tetravalent (Q187, N = 3.84), octavalent (Q189, N = 8.03),
and hexadecavalent (Q207/208, N = 13.4) Quad by isothermal
titration calorimetry indicated that the nanobody domains
present in the sca!olds, whether fused adjacently or in tandem
to one another, were all accessible to α-cbtx (Figure 2C).
Further analysis of thermodynamic parameters verified that
binding of the nanobody domains to α-cbtx was only modestly
dependent of neighboring nanobody binding domains in the
sca!old, with binding enthalpies (16.7−18.1 kcal/mol) and
a"nities (KD = 7−10 nM) for Quads being comparable to the
monovalent nanobody (18.8 kcal/mol, 5.1 nM) (Figure 3C
and Table S5). The modular design of the nanobody domains
within the Quad sca!old opens up the possibility to engineer
bispecific or multispecific Quad formats that can neutralize
multiple di!erent toxins simultaneously. The use of such
multispecific molecules could, thus, reduce the number of
components required in a prospective recombinant antivenom
product, thereby likely simplifying production and formulation,
which could lead to a lower cost of manufacture.
Collectively, these data provide the first proof of concept for

the retained nanobody binding a"nity and blocking e"cacy in
multivalent Quad proteins, which o!ers a strategy for tailoring
multispecificities, size, and recycling properties.

Cross-Neutralization of Structurally Similar Long
Neurotoxins Using a Whole-Cell Patch Clamp Assay.
The ability of the C2 nanobody and the Quads to functionally
neutralize the e!ects of α-cbtx and three similar LαNtxs was
tested in vitro using an automated whole-cell patch-clamp
assay. Here, a human-derived rhabdomyosarcoma RD cell line,
endogenously expressing the muscle-type nicotinic AChR
(nAChR), was used to determine the neutralization capacity
of the Quads on the current-inhibiting e!ect elicited by the
toxins. The EC80 of acetylcholine as well as the IC80s of four
LαNtxs (α-cbtx from N. kaouthia, α-elapitoxin (α-eptx) from
Dendroaspis polylepis, α-bungarotoxin (α-bgtx) from Bungarus
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multicinctus, and a fraction (Nm8) from N. melanoleuca
containing an isoform of LαNtx OH55 and long α-neurotoxin
2), were determined. IC80 values were 1.47 nM for α-cbtx, 0.81
nM for α-eptx, 6.5 nM for α-bgtx, and 14 nM for Nm8.
Neutralization was observed for two out of the four toxins
tested, with Nm8 from N. melanoleuca venom being
neutralized alongside the cognate α-cbtx (Figure 4A). The
benefit of increased binding domain valency of Quads,
resulting in increased functional a"nity, corresponding to
low nM apparent KD values as determined by FIDA (Figure
4B), can be seen from their ability to fully neutralize both α-
cbtx and the LαNtxs present in venom fraction Nm8. Although
there was evidence of binding to α-eptx, Quads were unable to
achieve full neutralization at the concentrations tested,
indicating that the a"nity between the Quads and this toxin
was possibly too low for neutralization at the tested Quad to
toxin ratio. In this relation, it is possible that better
neutralization could be achieved using higher Quad concen-
trations. For α-bgtx, no inhibitory e!ects were observed, which
was not unexpected, as this toxin shares the lowest level of
sequence identity relative to α-cbtx (58%), compared to the
isoform of LαNtx OH55 (72%) and long α-neurotoxin 2
(83%) from N. melanoleuca and α-eptx (79%) from D.
polylepis. In summary, presenting the neutralizing nanobody
in the di!erent Quad formats improves neutralization potency
across closely related toxins, suggesting that key interfacial
determinants responsible for broad reactivity are maintained
within the Quad sca!old.

■ CONCLUSIONS
In this work, we employed a protein engineering approach to
construct tetrameric proteins, termed Quads, comprising a
nanobody binding domain and a p53 tetramerization domain,
with or without additional Fc domains. These Quad proteins
could be engineered to have increased valency of up to 16
binding domains and hydrodynamic radii ranging between 4.58
and 9.06 nm. Importantly, the Quads displayed improved
blocking and neutralization in vitro and were also able to cross-
neutralize LαNtxs from N. melanoleuca and, to a lesser degree,
neutralize α-eptx from D. polylepis. Therefore, this multivalent
binding protein concept presents a tunable and versatile
technology platform for enhancing the potency of existing

nanobodies simply by multimerization, allowing for the
assembly of a large number of binding domains in a single
molecule. Apart from increasing the molecular size and
functional a"nity, we proved that the Quads retained pH-
dependent binding to hFcRn, which translated into cellular
recycling, predictive for half-life extension in vivo.29 These
parameters could potentially be used to further improve the
e"cacy and pharmacokinetic properties of nanobodies
targeting snake toxins. In this relation, one possibility could
be to develop Quad molecules with multiple di!erent
nanobodies targeting di!erent toxins in a multispecific and
multivalent format, enabling that a single molecule could be
used to target complex toxin mixtures, i.e., snake venoms.
Moreover, the application of Quads outside the context of
recombinant antivenom could also find utility in disease
settings that rely on avidity for increased safety and potency,
such as receptor superclustering, engagement of receptors
involved in viral escape and immune regulation, and general
multiprotein targeting.

■ METHODS
Cloning, Protein Expression, and Purification of

Multivalent Anti-α-cobratoxin Quads and Chimeric
α7-AChR. The sequence of a high-a"nity llama-derived
nanobody (C2 VHH) against α-cbtx9 was used as the binding
domain to generate Quads, as previously described.18,30 Quad
expression plasmids were designed to contain the C2 anti-α-
cbtx nanobody sequence linked to either the human p53
tetramerization domain via a flexible linker (G4S)2 in some
configurations or linked to the human IgG1 Fc via the hinge
region in other configurations. For those formats containing
Fc, the p53-TD domain was linked directly onto the C-
terminus of the CH3 domain without any linkers. In
configurations where VHHs were linked in tandem, a short
linker (G4S) was used. A gene encoding a chimeric version of
the extracellular domain of α7-acetylcholine receptor (α7-
AChR) was also introduced into the pTT5 expression vector.31
Genes were all constructed through DNA synthesis (Twist
Bioscience), and all constructs contained a C-terminal
polyhistidine tag to facilitate purification. Recombinant
proteins were generated through transient transfection in
HEK293 cells using Expifectamine 293 reagent according to

Figure 4. Cross-neutralization of long α-neurotoxins using the C2 nanobody and Quad proteins. (A) Neutralization assessment against α-cbtx from
N. kaouthia, LαNtxs present in venom fraction Nm8 from N. melanoleuca, α-eptx from D. polylepis, and α-bgtx from B. multicinctus. Error bars
represent the ±SD of four replicates. (B) Binding a"nity against neutralized LαNtxs characterized using FIDA. Binding profiles were measured as a
change in the apparent hydrodynamic radius of the indicators (LαNtxs from N. kaouthia and N. melanoleuca) following addition of increased
concentrations of Q187. The KD values were calculated from the binding isotherm. Represented results are from a single experiment with technical
repeats performed in duplicate.
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the manufacturer’s recommendations (Thermo Fisher Scien-
tific). Multimerized C2 Quad proteins and recombinant
chimeric α7-AChR were purified directly from the culture
supernatant using His60 Ni Superflow gravity columns
(Clonetech). All proteins were bu!er exchanged and
concentrated into PBS (137 mM NaCl, 3 mM KCl, 8 mM
Na2HPO4·2H2O, 1.4 mM KH2PO4, pH 7.4) using Amicon
columns (Millipore), and aliquots were stored at 4 or −80 °C
for long-term storage.
Size-Exclusion Chromatography. Quad proteins were

analyzed at a concentration of 1 mg/mL using an NGC Quest
10 plus chromatography system with a HiLoad Superdex200
increase 10/300 GL with PBS as an eluent. The flow rate used
was 0.5 mL/min. The observed size of the proteins was
determined for the elution volumes of the main peak after
calibration of the column with high-molecular-weight protein
standards (protein standard mix 15−600 kDa, 69385, Sigma-
Aldrich).
Toxin Labeling and Biotinylation. Lyophilized α-cbtx

(Latoxan, L8114) was labeled with Alexa-Fluor 488 TFP ester
as per the manufacturer’s guidelines (Thermo Fisher, 208121).
Briefly, the toxin solution (50 μg, 1 mg/mL in PBS) was pH
adjusted by adding a tenth volume of 1 M sodium hydroxide.
Labeling was performed by adding a twofold molar excess of
the dye and incubating at room temperature for 15 min. Free
dye was subsequently removed using a dye removal column
(Pierce Dye removal column) following the kit instructions,
and the presence of free dye was checked using a FIDA One
instrument (FIDA Biosystems). Protein concentration was
measured using a NanoDrop (Thermo Scientific), and the dye
contribution to the absorbance at 280 nm reading was
accounted for using equations described in the referenced
protocol.
Biotinylation of α-cbtx was performed using EZ-Link NHS-

PEG4-Biotin at a 1:1.5 (toxin/biotinylation reagent) molar
ratio and was purified using Amicon Ultra-4 Centrifugal Filter
Units with a 3 kDa MWCO membrane, as previously
described.8 The degree of biotinylation was analyzed using
MALDI-TOF in an Ultraflex II TOF/TOF spectrometer
(Bruker Daltonics).

α-cbtx Binding Analysis by Indirect ELISA. High-
binding 96-well plates (Corning) were coated overnight at 4
°C with 50 ng/well of α-cbtx resuspended in PBS. With three
washes in between each subsequent step using PBST (137 mM
NaCl, 3 mM KCl, 8 mM Na2HPO4·2H2O, 1.4 mM KH2PO4,
0.1% (v/v) Tween 20) and incubation at room temperature for
1 h, the coated ELISA plates were blocked with PBST + 1%
(w/v) BSA (NEB, B9000S), followed by the addition of
serially diluted 1 in 3-fold of anti-α-cbtx Quads, starting with a
top concentration of 5 μg/mL performed in duplicate. Specific
binding of anti-α-cbtx Quads to α-cbtx was detected with the
addition of HRP-conjugated anti-His (Abcam, diluted
1:10,000 in PBST), followed by the addition of 100 μL/well
of 3,3′,5,5′-tetramethylbenzidine (TMB) to generate the assay
signal. The colorimetric reaction was stopped with the addition
of 1 M sulfuric acid, and the absorbance was measured at 450
nm using a CLARIOstar microplate reader (BMG Labtech).
The dissociation constants were calculated from the curves as
described previously,32 and presented data points are displayed
as mean ± SD values of duplicate measurements.
FIDA Binding Analysis Instrument Setup. A"nity

measurements were conducted on a FIDA One instrument,
using light-emitting diode (LED)-induced fluorescence

detection (FIDA Biosystems ApS, Copenhagen, Denmark)
with an excitation wavelength of 480 nm and a high-pass
emission filter (515 nm cut-o!). A standard fused-silica
capillary (inner diameter: 75 μm, outer diameter: 375 μm,
length total: 100 cm, length to detection window: 84 cm, Fida
Biosystems ApS) was coated with HS reagent (Fida
Biosystems ApS). The capillary was prepared by rinsing with
1 M NaOH for 600 s at 3500 mbar and washed with MilliQ
water for 300 s at 3500 mbar. The HS reagent was applied for
600 s at 3500 mbar, followed by a final MilliQ wash, and the
baseline was allowed to normalize overnight in water.

FIDA Binding Characterization of Quad Molecules.
Labeled α-cbtx, termed indicator, was diluted to a fixed
concentration of 100 nM, and binding was measured as a
product of average complex size change over a threefold
dilution series (0.11−2,187 nM) of Quad, termed analyte, in
PBST (PBS supplemented with 0.05% Tween) bu!er. The
indicator and analyte were held in separate vials and mixed
within the capillary. The template for each assay cycle
commenced by equilibrating the capillary with running bu!er
at 3500 mbar, followed by the sequential injection of analyte
and indicator for 20 s at 3500 mbar and 10 s at 50 mbar,
respectively. Mobilization of indicator and analyte toward the
detector was initiated with a final injection of analyte for 180 s
at 400 mbar. To improve di!usivity of larger Quads, a
mobilization time of 430 s at 167 mbar was applied, and for
Quads that interacted more strongly with the capillary, a wash
step consisting of 300 s at 3500 mbar using 1 M NaCl and 1%
Tween was used. Each signal (Taylorgram) was processed in
the FIDA One data analysis software (V2.04), whereby the
change in di!usivity following binding was converted into the
hydrodynamic radius using equations described previously.33
The Taylorgram fraction was adjusted manually to ensure that
there was a su"cient baseline to ensure accurate fitting, and a
minimal fitting fraction was employed. A mean data point of
duplicate measurements of the hydrodynamic radius for each
analyte concentration was plotted on a log10 scale in FIDA
analysis software, and a 1:1 toxin/Quad binding stoichiometry
and an excess indicator model were used to fit the
measurements. The KD values were calculated directly from
the binding isotherm fits.33 Proteins and running bu!er were
kept in separate compartment chambers at 4 °C and room
temperature, respectively. Technical repeats for each Quad
were performed at least to the duplicate level at a capillary
temperature of 25 °C.

Dynamic Light Scattering (DLS). The Dh of the Quads
was determined by dynamic light scattering using a
ZETASIZER NANO (Malvern) instrument. Quad protein (1
mg/mL, PBS) was spun at a maximum speed for 10 min at 4
°C and added to a 1 mL cuvette (LabX, DTS0012) and
measured at a fixed temperature of 20 °C with a duration of 10
s per read. Particle size determinations were obtained from an
accumulation of three reads using the instrument software.

Isothermal Titration Calorimetry (ITC). The binding
a"nities between α-cbtx and the C2 nanobody and selected
Quad molecules were analyzed by ITC, using a MicroCal
ITC200 instrument (Malvern Panalytical) at 25 °C. Proteins
were dialyzed (Thermo Scientific Slide-A-Lyzer Dialysis
Cassettes, 3.5 K MWCO, 0.5 mL: 11859410) against 250
volumes of sterile PBS, followed by centrifugation at max speed
at 4 °C for 20 min. Thereafter, protein concentrations were
determined using the theoretical molar extinction coe"cients
calculated based on the amino acid content using the Expasy
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ProtParam tool. The C2 nanobody and the Quads were loaded
in the cell and titrated with the toxin, and the nanobody was
diluted to 30 μM in the cell and the toxin to 300 μM in the
syringe. For the Quads with 4, 8, and 16 binding sites, the toxin
concentration was fixed to 220 μM and Quads diluted to 4, 2,
and 1 μM, respectively. The titrations were carried out in two
independent duplicates using di!erent toxin batches at 25 °C,
starting with an injection of 0.4 μL followed by 19 injections of
2.0 μL (subsequently spaced by 240 s between the injections).
After correction with the heat of dilution, as determined by
blank injections of toxins into a bu!er using the same injection
regiment as for the toxin-protein titrations, the thermograms
were integrated. A single set of equivalent and independent
binding site model was fit to the resulting binding isotherms,
which allowed for the determination of the equilibrium
association constant (KA), the binding stoichiometry (N),
and the molar binding enthalpy (ΔH). The data are reported
as the mean ± SD of duplicate measurements, and data
processing and model fits were performed using the Origin
plug-in provided with the instrument.
FcRn Binding ELISA. ELISA was performed to quantify

the FcRn binding of the Quad molecules in a pH-dependent
manner. Quads (Q187, Q190, and Q191) and control (full-
length IgG1 WT) were designed, produced, and purified as
described previously.13,34−36 Molecules were diluted in PBS at
a final dilution ranging from 0.488 to 1,000 ng/mL and coated
by adding 100 μL to ELISA wells and incubated at 4 °C
overnight. Plates were blocked by adding 250 μL of PBS
supplemented with 4% (w/v) skimmed milk (M; VWR,
A0830), followed by incubation on a shaker for 1 h at room
temperature. Plates were washed four times with 200 μL of
PBST between all subsequent steps. Next, biotinylated
truncated monomeric hFcRn (hFcRn-bio) (Immunitrack,
ITF01) was incubated with streptavidin conjugated with
alkaline phosphatase (Roche, 11089161001) at a 1:1 molar
ratio for 20 min and added to the plate at final concentrations
of 0.25 μg/mL FcRn and 3.36 μg/mL streptavidin-AP diluted
in PBST-M (pH 5.5 and 7.4, respectively). After 1 h, the
ELISA signal was developed by adding 100 μL of 10 μg/mL p-
nitrophenyl-phosphate substrate (Sigma-Aldrich, S0942-
200TAB) dissolved in diethanolamine solution to all wells. A
Sunrise spectrophotometer (Tecan) was used to measure
absorbance at 405 nm.
Human Endothelial Cell Line Stably Overexpressing

hFcRn. HMEC-1 cells stably expressing HA-FcRn-EGFP
(HMEC-1-FcRn)37 were cultured at 37 °C and 8% CO2 in
MCDB131 medium (Gibco, 10372019) supplemented with 2
mM L-glutamine (Sigma, G4251), 25 μg/mL streptomycin/25
U/mL penicillin (Sigma-Aldrich, P4458), 10% FCS (Sigma-
Aldrich, F7524), 10 ng/mL mouse epidermal growth factor
(Gibco, PMG8043), 1 μg/mL hydrocortisone (Sigma-Aldrich
H0888), 100 μg/mL G418 (Gibco, 11558616), and 50 μg/mL
blasticidine (Gibco, A1113903) to maintain FcRn expression.
HERA. HERA experiments were performed as described in

Grevys et al., 2018.13 Briefly, 1.5 × 105 HMEC-1-FcRn cells
were seeded in 250 μL of culturing medium per well in two 48-
well plates (Costar) (uptake and recycling plate). The medium
was removed from all wells 20−24 h after seeding, and the cells
were washed twice in 250 μL of prewarmed Hank’s balanced
salt solution (HBSS; Thermo Fisher, 14025100). Cells were
starved at 37 °C for 1 h in the prewarmed HBSS. Next, anti-
NIP-IgG1 and Quad molecules (Q190 and Q191) were
prepared at a final concentration of 800 nM in the prewarmed

HBSS and added to cells at a final volume of 125 μL in
technical triplicates in both plates. After a 3 h incubation
period, the samples were removed, and the cells were washed
four times in 250 μL ice-cold HBSS. Uptake plates were frozen
at −80 °C following aspiration of washing medium, while 220
μL of prewarmed serum-free growth medium supplemented
with 1X MEM nonessential amino acids (Gibco, 11140-050)
was added to the recycling plates. After another 3 h incubation
period, recycling samples were harvested and frozen at −20 °C.
Residual plates were washed four times with ice-cold HBSS
and frozen at −80 °C to the day of analysis.
For HERA analysis, frozen cells were lysed by adding 220 μL

of RIPA bu!er (Thermo Fisher, 89901) supplemented with 1X
complete protease inhibitor cocktail (Roche, 11836145001)
and incubated on a shaker for 10 min on ice. Cellular debris
were removed by 5 min centrifugation at 10,000g. Proteins
present in the lysates and recycling medium were quantified by
two-way anti-Fc ELISA. Ninety-six well plates (Costar) were
coated with anti-hIgG Fc (Sigma, I2136) diluted 1:1,000 in
PBS and incubated overnight at 4 °C. The next day, plates
were blocked by adding 250 μL of PBST-M and washed four
times with PBST. Next, cell lysates (containing uptake and
residual) and medium (containing recycled proteins) were
added to the plates, in addition to serial dilutions from 0.122 to
250 ng/mL of the proteins tested diluted in PBST-M, which
were used as standards to quantify protein levels. Following a 2
h incubation period at room temperature, a goat anti-human
Fc polyclonal antibody conjugated to alkaline phosphatase
(Sigma-Aldrich, A9544) diluted 1:5,000 in PBST-M was added
and incubated for 1 h at room temperature. The ELISA was
developed, and absorbance was measured as indicated above.
HERA experiments were independent and numerical data

were summarized as the mean ± SD using GraphPad Prism9
software (San Diego, CA). Each global mean was compared
using an unpaired Student’s t-test. Two-tailed p-values ≤ 0.05
were considered statistically significant.

In Vitro Blocking ELISA. In vitro neutralization of the α-
cbtx interaction with α7-AChR by Quads was performed using
a similar ELISA protocol to that described above but with
some modifications. Briefly, high-binding 96-well plates
(Corning) were coated overnight at 4 °C with 100 ng of α7-
AChR/well. With three washes in between each subsequent
step, using PBST (PBS + 0.1% Tween 20), and incubation at
room temperature for 1 h, the coated ELISA plates were
blocked with 1% BSA. Next, mixtures of serially diluted anti-α-
cbtx Quads starting at 5 μg/mL and a fixed amount of
biotinylated α-cbtx (0.0175 μg/mL) were preincubated at
room temperature for 30 min prior to being added to the
coated plates. Wells containing only the biotinylated α-cbtx
with no added anti-α-cbtx Quad or wells containing blocking
bu!er only (0.1% BSA in PBST) were used as controls to
determine the percentage α-cbtx α7-AChR binding inhibition.
Free α-cbtx bound to α7-AChR was detected using HRP-
conjugated streptavidin (Abcam, 1 in 15,000 dilution in
PBST). The ELISA signal was measured as described above in
the indirect ELISA. Each concentration was run in duplicate
and presented as mean ± SD values.

In Vitro Cross-Neutralization of Long α-Neurotoxins
Using an Automated Patch Clamp. Planar whole-cell
patch-clamp experiments were carried out on a Qube 384
automated electrophysiology platform (Sophion Bioscience),
where 384-channel patch chips with 10 parallel patch holes per
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channel (patch hole diameter ∼1 μm, resistance 2.00 ± 0.02
MΩ) were used.
A human-derived rhabdomyosarcoma RD cell line (CCL-

136, from ATCC) endogenously expressing the muscle-type
nicotinic acetylcholine receptors (nAChR) composed of the
α1, β1, δ, γ, and ε subunits was used. The cells were cultured
according to the manufacturer’s guidelines. On the day of the
experiment, cells were enzymatically detached from the culture
flask and brought into suspension. For patching, the
extracellular solution contained 145 mM NaCl, 10 mM
HEPES, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 10
mM glucose, pH adjusted to 7.4, and osmolality adjusted to
296 mOsm, while the intracellular solution contained 140 mM
CsF, 10 mM HEPES, 10 mM NaCl, 10 mM EGTA, pH
adjusted to 7.3, and osmolality adjusted to 290 mOsm.
In the experiments, an nAChR-mediated current was elicited

by 70 μM acetylcholine (ACh, Sigma-Aldrich), approximately
the EC80 value, and after compound wash-out, 2 U
acetylcholinesterase (Sigma-Aldrich) was added to ensure
complete ACh removal. A second ACh addition was used to
evaluate the e!ect of the toxin (app. IC80 value; α-cbtx 1.5 nM;
α-eptx 0.81 nM; α-bgtx 6.4 nM; Nm8 14.0 nM) in
combination with 3 nM of Quad. Toxins and Quads were
prepared in extracellular solution supplemented with 0.1% BSA
and co-incubated for at least 30 min before application, and the
patched cells were preincubated with the toxin and Quad
mixture for 5 min prior to the second ACh addition.
Measurements were performed in quadruplicate, and the
error is reported as the mean ± SD. The inhibitory e!ect of the
toxins was normalized to the full ACh response and averaged
in the group. The data analysis was performed in a Sophion
analyzer (Sophion Bioscience).
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Nanobodies from the Periplasm of E. Coli as Fusions with the
Maltose Binding Protein. Protein Expression Purif. 2013, 91, 42−48.
(13) Grevys, A.; Nilsen, J.; Sand, K. M. K.; Daba, M. B.; Øynebråten,
I.; Bern, M.; McAdam, M. B.; Foss, S.; Schlothauer, T.; Michaelsen, T.
E.; et al. A Human Endothelial Cell-Based Recycling Assay for
Screening of FcRn Targeted Molecules. Nat. Commun. 2018, 9,
No. 621.
(14) Ward, E. S.; Ober, R. J. Targeting FcRn to Generate Antibody-
Based Therapeutics. Trends Pharmacol. Sci. 2018, 39, 892−904.
(15) Dall’Acqua, W. F.; Kiener, P. A.; Wu, H. Properties of Human
IgG1s Engineered for Enhanced Binding to the Neonatal Fc Receptor
(FcRn). J. Biol. Chem. 2006, 281, 23514−23524.
(16) Bern, M.; Nilsen, J.; Ferrarese, M.; Sand, K. M. K.; Gjølberg, T.
T.; Lode, H. E.; Davidson, R. J.; Camire, R. M.; Bækkevold, E. S.;
Foss, S.; et al. An Engineered Human Albumin Enhances Half-Life
and Transmucosal Delivery When Fused to Protein-Based Biologics.
Sci. Transl. Med. 2020, 12, No. abb0580.
(17) Knudsen, C.; Ledsgaard, L.; Dehli, R. I.; Ahmadi, S.; Sørensen,
C. V.; Laustsen, A. H. Engineering and Design Considerations for
Next-Generation Snakebite Antivenoms. Toxicon 2019, 167, 67−75.
(18) Miller, A.; Carr, S.; Rabbitts, T.; Ali, H. Multimeric Antibodies
with Increased Valency Surpassing Functional Affinity and Potency
Thresholds Using Novel Formats. mAbs 2020, 12, No. 1752529.
(19) Miersch, S.; Li, Z.; Saberianfar, R.; Ustav, M.; Brett Case, J.;
Blazer, L.; Chen, C.; Ye, W.; Pavlenco, A.; Gorelik, M.; et al.
Tetravalent SARS-CoV-2 Neutralizing Antibodies Show Enhanced
Potency and Resistance to Escape Mutations. J. Mol. Biol. 2021, 433,
No. 167177.
(20) Lee, Y. J.; Jeong, K. J. Challenges to Production of Antibodies
in Bacteria and Yeast. J. Biosci. Bioeng. 2015, 120, 483−490.

(21) Cao, J.; Perez-Pinera, P.; Lowenhaupt, K.; Wu, M.-R.; Purcell,
O.; de la Fuente-Nunez, C.; Lu, T. K. Versatile and On-Demand
Biologics Co-Production in Yeast. Nat. Commun. 2018, 9, No. 77.
(22) Du, B.; Jiang, X.; Das, A.; Zhou, Q.; Yu, M.; Jin, R.; Zheng, J.
Glomerular Barrier Behaves as an Atomically Precise Bandpass Filter
in a Sub-Nanometre Regime. Nat. Nanotechnol. 2017, 12, 1096−1102.
(23) Radomsky, M. Macromolecules Released from Polymers:
Diffusion into Unstirred Fluids. Biomaterials 1990, 11, 619−624.
(24) Pedersen, M. E.; Østergaard, J.; Glintborg, B.; Hetland, M. L.;
Jensen, H. Assessment of Immunogenicity and Drug Activity in
Patient Sera by Flow-Induced Dispersion Analysis. Sci. Rep. 2022, 12,
No. 4670.
(25) Katchman, B. A.; Barderas, R.; Alam, R.; Chowell, D.; Field, M.
S.; Esserman, L. J.; Wallstrom, G.; LaBaer, J.; Cramer, D. W.;
Hollingsworth, M. A.; Anderson, K. S. Proteomic Mapping of P53
Immunogenicity in Pancreatic, Ovarian, and Breast Cancers.
Proteomics: Clin. Appl. 2016, 10, 720−731.
(26) Ward, E. S.; Devanaboyina, S. C.; Ober, R. J. Targeting FcRn
for the Modulation of Antibody Dynamics. Mol. Immunol. 2015, 67,
131−141.
(27) Pyzik, M.; Sand, K. M. K.; Hubbard, J. J.; Andersen, J. T.;
Sandlie, I.; Blumberg, R. S. The Neonatal Fc Receptor (FcRn): A
Misnomer? Front. Immunol. 2019, 10, No. 1540.
(28) Rujas, E.; Kucharska, I.; Tan, Y. Z.; Benlekbir, S.; Cui, H.;
Zhao, T.; Wasney, G. A.; Budylowski, P.; Guvenc, F.; Newton, J. C.;
et al. Multivalency Transforms SARS-CoV-2 Antibodies into
Ultrapotent Neutralizers. Nat. Commun. 2021, 12, No. 3661.
(29) Grevys, A.; Frick, R.; Mester, S.; Flem-Karlsen, K.; Nilsen, J.;
Foss, S.; Sand, K. M. K.; Emrich, T.; Fischer, J. A. A.; Greiff, V.; et al.
Antibody Variable Sequences Have a Pronounced Effect on Cellular
Transport and Plasma Half-Life. iScience 2022, 25, No. 103746.
(30) Miller, A.; Leach, A.; Thomas, J.; McAndrew, C.; Bentley, E.;
Mattiuzzo, G.; John, L.; Mirazimi, A.; Harris, G.; Gamage, N.; et al. A
Super-Potent Tetramerized ACE2 Protein Displays Enhanced
Neutralization of SARS-CoV-2 Virus Infection. Sci. Rep. 2021, 11,
No. 10617.
(31) Li, S.-X.; Huang, S.; Bren, N.; Noridomi, K.; Dellisanti, C. D.;
Sine, S. M.; Chen, L. Ligand-Binding Domain of an A7-Nicotinic
Receptor Chimera and Its Complex with Agonist. Nat. Neurosci. 2011,
14, 1253−1259.
(32) Eble, J. A. Titration ELISA as a Method to Determine the
Dissociation Constant of Receptor Ligand Interaction. J. Vis. Exp.
2018, No. e57334.
(33) Pedersen, M. E.; Gad, S. I.; Østergaard, J.; Jensen, H. Protein
Characterization in 3D: Size, Folding, and Functional Assessment in a
Unified Approach. Anal. Chem. 2019, 91, 4975−4979.
(34) Grevys, A.; Bern, M.; Foss, S.; Bratlie, D. B.; Moen, A.;
Gunnarsen, K. S.; Aase, A.; Michaelsen, T. E.; Sandlie, I.; Andersen, J.
T. Fc Engineering of Human IgG1 for Altered Binding to the
Neonatal Fc Receptor Affects Fc Effector Functions. J. Immunol.
2015, 194, 5497−5508.
(35) Norderhaug, L.; Olafsen, T.; Michaelsen, T. E.; Sandlie, I.
Versatile Vectors for Transient and Stable Expression of Recombinant
Antibody Molecules in Mammalian Cells. J. Immunol. Methods 1997,
204, 77−87.
(36) Foss, S.; Watkinson, R. E.; Grevys, A.; McAdam, M. B.; Bern,
M.; Høydahl, L. S.; Dalhus, B.; Michaelsen, T. E.; Sandlie, I.; James, L.
C.; Andersen, J. T. TRIM21 Immune Signaling Is More Sensitive to
Antibody Affinity Than Its Neutralization Activity. J. Immunol. 2016,
196, 3452−3459.
(37) Weflen, A. W.; Baier, N.; Tang, Q.-J.; Van den Hof, M.;
Blumberg, R. S.; Lencer, W. I.; Massol, R. H. Multivalent Immune
Complexes Divert FcRn to Lysosomes by Exclusion from Recycling
Sorting Tubules. Mol. Biol. Cell 2013, 24, 2398−2405.

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.2c00220
Bioconjugate Chem. 2022, 33, 1494−1504

1504



 114 

 
 

8. Conclusion and Future perspectives 
 
8.1. Development of pH-dependent antibodies 
Snakebite envenoming has a crippling effect on the lives of many in developing countries, and 
there is a need to improve the quality and accessibility of snakebite treatments for these people. 
This project began by developing the key components for such a treatment in the form of 
human monoclonal antibodies discovered from a naïve antibody repertoire using phage display 
technology.1 The potency of these antibodies, as well as their cross-reactivity, was improved 
by optimizing the antibody light chain through light chain shuffling. This was followed by the 
structural characterization of one of these antibodies to understand its unique binding 
properties, which included both neutralization and pH-dependent antigen binding. These 
properties may be important in improving the quality and accessibility of snakebite treatment, 
as they can lead to enhanced potency and lowering of the therapeutic dose. 

Understanding how neutralizing antibodies can acquire pH-dependent binding would 
be informative for the future engineering and discovery of pH-dependent antibodies and was 
the main aim of this thesis. pH-dependent target binding enables antibodies to have a longer 
duration of action, such as prolonged neutralization of soluble targets, and may therefore enable 
such antibodies to potentially be administered at a lower dose.65 This is due to the release of 
antigens in acidic endosomes during antibody recycling, which allows an antibody to re-bind 
another target molecule when recycled back into the bloodstream by FcRn (recycling 
antibodies). Thus enabling an antibody to neutralize more than one target molecule. 
Mechanistically understanding how recycling antibodies can bind pH-dependently is usually 
overlooked during antibody development, and therefore there is limited information available 
to guide the engineering of this property. The introduction of histidine residues is often 
employed and has been successfully used to introduce pH-dependent binding into antibodies 
specific for a range of antigens.42 However, the number of histidine mutations required can be 
extensive1 and potentially lead to sequence liabilities and/or the introduction of non-natural or 
non-human motifs. 

This thesis aimed to increase the understanding of how antibodies can bind pH-
dependently to their antigen by using a panel of fully human neutralizing antibodies specific to 
long-chain α-neurotoxins. Having measured the pronounced effect that affinity maturation via 
light chain shuffling had on cross-reactivity, improving affinity to different neurotoxins by an 
order of magnitude, the question was asked whether the antibody light chain could also 
improve pH-dependent antigen binding. The panel of light chain shuffled antibody clones 
developed in Chapter 4 were screened for pH-dependent antigen binding, which led to the 
identification of one antibody clone that consistently showed a near order of magnitude fold 
difference in antigen binding affinity between pH 7.4 and pH 5.5. Inspecting the sequence of 
this clone revealed that it had the same histidine profile as antibodies that were non-pH-
dependent, and it was hypothesized that pH-dependency could either be encoded independently 
of histidine residues, or that there was a specific mechanism that allowed the histidine residues 
to confer pH-dependent binding properties to this antibody. In both scenarios, this could be 
informative in the future design of pH-dependent antibodies, beyond the single use of histidine 
residues. 

Insights into pH-dependent antibody binding mechanisms have been revealed through 
X-ray crystallography. In one case, structural analysis of pH-dependent antibodies bound to 
their antigen has associated pH-dependent binding with the presence of histidine residues in 
the antibody epitope.2 In the case of a neutralizing HIV-1 antibody targeting the HIV envelope, 
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pH-dependent binding was identified inadvertently as a result of a conformational change in 
the CDRH3 antibody loop.3 This conformational change was pH-dependent, and translated to 
pH-dependent binding, with two clear conformational states observed during the 
characterization of the antibody. Although pH-dependent binding was not a design feature for 
this antibody, it does progress the current understanding of how antibodies can exhibit pH-
dependent binding independently of the antibody paratope and epitope. Structures of the 
neutralizing HIV-1 antibody have been determined at pH 8.5 and pH 6.1, and the authors 
showed that the two conformational changes for this antibody were mediated by residues in 
the interface region between the heavy and light chains. The mechanism for the pH-dependent 
conformational switching was speculated to be due to changes in the protonation state of a 
histidine residue on the light chain located in the chain interface, leading to a possible 
electrostatic repulsion with a lysine residue, and a change in the hydrogen bonding network 
that opened the conformation of the CDRH3 loop (affecting the CDRH3 loop conformation 
and introducing pH-dependent binding). However, this mechanism was not confirmed, 
possibly due to not having sufficiently high-resolution datasets. But also possibly because their 
interpretations were based on the endpoint, after the pH-determinants within the antibody had 
taken effect on the antibody structure, and they could only observe the consequence, as opposed 
to the cause, of pH-dependent binding. 

In this study, we identified residues that were responsive to pH in the chain interface 
region by characterizing the antibody bound at different pH. As with the anti-HIV antibody, 
our model for pH-dependent binding is reliant on a histidine residue located on the antibody 
light chain, in the antibody chain interface, which indirectly affects the antibody interaction 
through the CDRH3 loop. However, in contrast to describing an electrostatic repelling 
mechanism between protonated histidine and lysine, we describe how a relaxed interface 
between the heavy chain and light chain allows a histidine residue in this region to affect the 
CDRH3 loop structure and the interaction with the antigen. Crystallizing the antibody bound 
at different acidic pH has given us insight into the potential origin of the pH-dependent binding 
mechanism of this antibody, which was unclear in other crystallography approaches. This could 
be supported by molecular dynamic simulations to specifically link the identified network 
changes in the antibody structure to a broader structural change in the paratope to affect binding 
at pH < 6.0. 

The presence of histidine residues in the light chain responsible for conferring pH-
dependent binding independently of the antibody paratope has been observed for other 
antibodies, as has been discussed above for an antibody specific to HIV 1, and has also been 
discussed in Chapter 5 for an antibody specific to the carcinoembryonic antigen (CEACAM5) 
antigen.50 This suggests that a light chain-driven, paratope-independent approach to 
introducing pH-dependent antigen binding could be a broadly applicable approach to introduce 
pH-dependent binding into antibodies targeting different target classes. Additionally, these 
findings indicate the potential need for a paratope-independent approach to introduce pH-
dependent antigen-binding properties. As demonstrated in this research, the interactions that 
were most favourable for antibody function, i.e., the neutralization of long-chain α-
neurotoxins, mimicked the conserved interactions that long-chain α-neurotoxins make with the 
acetylcholine receptor, and were not favourable for pH-dependent antigen binding.  

There appears to be a limit to the level of pH-dependent binding that can be engineered 
with this approach. In this study, we found that the antibody light chain introduced close to an 
order of magnitude difference in binding strength between pH 7.4 and pH 5.5 for an antibody 
targeting different long-chain α-neurotoxins. Additionally, the pH-responsive light chain of the 
anti-CEACAM5 antibody also reported similar fold differences in binding strength in the same 
pH range.2 While the affinity of the anti-HIV 1 antibody at acidic and neutral pH was not 
measured, the study by Prades et al. did find that the conformer associated with acidic pH had 
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an order of magnitude lower affinity than the dominant conformer at pH 7.4. Collectively, this 
points to roughly one order of magnitude pH-dependent binding that can be introduced through 
the light chain independently of the paratope. When engineering antibodies with pH-dependent 
antigen binding properties, dissociation rates of 10-2 s-1 to 10-3 s-1 at pH < 6.0 are desirable for 
efficient antigen release within the recycling pathway. However, for antibodies with 
dissociation rates <10-5 s-1, exclusively engineering pH-sensitivity through the light chain in a 
paratope-independent fashion may not reduce the dissociation rate enough at acidic pH to 
enable sufficient release of antigen. To identify antibodies with other pH-dependent binding 
mechanisms, immune libraries enriched for higher affinity antibodies can be screened for pH-
dependency. Additionally, antibody formats devoid of a light chain, such as nanobodies, could 
be screened for pH-dependent antibodies to identify exclusive pH-dependent mechanisms. 

This project discovered a potent, pH-dependent neutralizing human monoclonal 
antibody cross-reactive to long-chain α-neurotoxins from a naïve antibody library without 
applying pH-elution during selections. This highlights that naïve libraries can be a source of 
antibodies with pH-dependent antigen binding properties, which can be discovered even when 
phage display selections are designed mostly to improve antibody function, such as cross-
panning and affinity stringent selections. In the context of snakebite envenoming therapy, pH-
dependent, recycling antibodies may potentially help lower the dose and thereby improve the 
cost of recombinant antivenoms for people in developing countries. Long-chain α-neurotoxins 
may be one group of toxins that is particularly relevant to target with a recycling antibody, as 
they are injected at high doses by many elapid snakes. However, the rate of antibody recycling 
may need to be increased to match the fast-acting pharmacokinetics of long-chain α-
neurotoxins in vivo and enable multiple neutralization cycles. If the recycling rate were to be 
insufficient, then engineering the Fc with mutations to increase the affinity to FcRn at neutral 
pH has a demonstrated effect on enhancing the rate of recycling and the amount of antigen 
neutralized by each recycling antibody molecule.40  

 Currently, pH-dependent antibodies are predominantly engineered by employing 
histidine residues due to the change in charge state that this residue experiences during antibody 
recycling. Our hypothesis suggests that the change in the charge state of a histidine residue is 
not the deciding factor in conferring pH-dependent binding, and that the hydrogen bonding 
network of residues surrounding the histidine within the heavy-light chain interface is equally 
important in enabling histidine to exert an effect on structure and binding. Proving this 
hypothesis would facilitate the engineering of pH-dependent antibodies, e.g., by focusing 
engineering efforts on the heavy-light chain interface region, specifically on hydrogen bonding 
networks to residues surrounding existing histidine residues in the interface region. This 
approach could reduce the number of mutations required for introducing pH-dependent antigen 
binding into monoclonal antibodies, and potentially be less detrimental to the antibody 
specificity, binding affinity, and function at neutral pH. As observed in our study, pH-
dependent antigen binding conferred away from the antibody paratope was not detrimental to 
any of these parameters.  

Lastly, this knowledge could also be utilized to improve the discovery of antibodies  
with pH-dependent antigen binding properties to many target classes using in vitro display 
technologies. As an example, this could be achieved by engineering a pH-sensitive interface 
between the antibody heavy and light chains as a pre-determined feature in antibodies within a 
synthetic in vitro display library. Although an antibody with pH-dependent antigen binding 
properties was discovered in the work behind this thesis when using a validated naïve library, 
pH-dependent binders were rare. This highlights how advantageous a specialized library for 
discovering pH-dependent antibodies could potentially be. To this aim, a library has been 
designed from a non-pH-dependent monoclonal antibody to determine whether pH-dependent 
binding can be introduced away from the CDR loops in the heavy-light framework chain 
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interface. Engineering the antibody framework could be advantageous for discovering pH-
dependent antibodies, as the framework is less likely to be affected by binding due to having 
an increased distance to the epitope-paratope interaction. On the other hand, the effect that 
framework mutations may have on the antibody structure at neutral pH, and therefore how 
functional a prospective library would be, is an important consideration. This project 
demonstrated how conformationally specific the antibody paratope had to be to interact with a 
highly conserved epitope on long-chain α-neurotoxins, which required a highly functional, 
diverse naïve library to be developed. It is thus unknown whether this level of structural 
diversity and functionality needs to be maintained in libraries with mutations in the framework. 
If it is possible to introduce pH-dependent antigen binding properties through framework 
mutations, then an important consideration will be the potential effect this may have on the 
functionality of the library, and therefore the scope to which the library can be applied. 

In conclusion, we have identified an antibody with pH-dependent antigen properties 
discovered from a naïve antibody library, highlighting the use of naïve antibody libraries as a 
source of antibodies with such properties. We determined the neutralization mechanism for 
this antibody and established the basis for cross-reactivity, through molecular mimicry of the 
acetylcholine receptor interaction with long-chain α-neurotoxins. In our approach to elucidate 
the pH-dependent binding mechanism for this antibody, we determined crystal structures of 
the antibody bound at different acidic pH. We highlight that the binding properties of the 
antibody were not a limitation in this approach i.e., trying to crystalize an antibody at a pH that 
was very unfavourable for the antibody to bind. Evidently, the factors favourable for the crystal 
formation were most dominant, and this allowed us to gain a deeper molecular insight into pH-
dependent binding mechanism than other approaches. We introduce a new paradigm for 
engineering pH-dependent antigen binding into monoclonal antibodies by releasing hydrogen 
bonding constraints on residues surrounding histidine residues located in the antibody chain 
interface. This provides a new direction for engineering pH-dependent binding into antibody 
variable domains and could be a broadly applicable approach to the engineering and discovery 
of antibodies with pH-dependent antigen binding properties, such as recycling antibodies. This 
information will improve the development of antibodies that need to have a long-acting 
duration of target inhibition and/or need to be administered at a low dose, which might be 
broadly applicable to the treatment of soluble proteins that drive autoimmune responses, 
cardiovascular diseases, envenomings, and other toxin-driven pathologies. 
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8.2. Valence engineering using the self-assembly p53 protein  
The nanobody is a small, monovalent antibody format that has utility in imaging, diagnostics, 
and immunotherapy.3 In this thesis, we applied the self-assembly p53 tetramerization protein 
to increase the valence of nanobodies. Multivalent nanobodies (Quads) were produced as stable 
proteins and led to an enhanced neutralization capacity of long-chain α-neurotoxins when 
tested functionally. Additionally, Quads functionalized with IgG-Fc domains were able to bind 
to the neonatal Fc receptor, FcRn, and were recycled in a cellular assay. Although the Quads 
did accumulate in cells compared to a conventional IgG, the ability of Quads to interact with 
FcRn indicates that they are likely to engage other Fc receptors and share the effector function 
properties of IgGs, possibly with improved potency due to having two IgG-Fc domains. As 
with all novel formats, Quads would need to be assessed for their developability, as well their 
pharmacokinetics in vivo.94 

The use of the p53 protein affords a ‘plug-and-play’ approach to generate molecules 
with new functionalities. Here, we incorporated IgG-Fc domains that enabled multivalent 
nanobodies to be recycled. The plug-and-play approach could also be extended to generate 
bispecific or multi-specific proteins with new mechanisms of action. Nanobodies specific to 
different antigens could be genetically fused to individual p53 monomers to target multiple 
epitopes on viral proteins or toxins for enhanced potency. Alternatively, Quads could be used 
as a screening tool to investigate new target combinations by designing Quad molecules that 
bind to different cell receptors simultaneously, for example, to improve the activation of 
immune cells. Lastly, Quads can be produced with different flexibilities and proximities 
between binding domains and be arranged into a unique tetramer structure that may be better 
suited for cross-linking cells and applications involving receptor clustering. Finally, given their 
ability to self-assemble, it may be possible that Quad subunits can be produced microbially and 
be allowed to self-assemble downstream, which may potentially allow for lower cost of 
manufacture of these advanced molecules.4 

In conclusion, we show that the p53 domain is an approach to tune the binding 
properties of nanobodies and concomitantly extend their half-life and neutralization potency. 
The versatility of both nanobodies and the p53 protein may open for new applications for 
nanobodies, such as the design of molecules for multi-targeting applications and avidity-driven 
mechanisms of action.  
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Appendices  
 
A: Production of antibody for crystallography  
 
Crystallography requires milligram quantities of pure protein for screening conditions that 
allow for crystals to form. This section describes the production, purification and preliminary 
crystallography results before the final dataset presented in Chapter 4.  
 
Initial purification of antibody-neurotoxin complexes by gel filtration  
Two cross-reactive anti-long chain α-neurotoxin antibodies, 2555_01_A01 and 
2554_01_D11, were chosen for crystallography trials due to their marked difference in pH-
dependent binding and cross-reactivity profiles. The variable region of both antibodies was 
produced in E.coli as an scFv, and underwent two rounds of purification, firstly by Nickel ion 
affinity chromatography followed by gel filtration (Chapter 5 Methods). 
The 2554_01_D11 antibody was initially chosen for crystallography trials as it bound with 
the highest affinity to the two long-chain α-neurotoxins of interest, α-cobratoxin and α-
bungarotoxin, which was speculated to help with the purification of the complex and 
crystallization. The antibody was left overnight to incubate with a slight molar excess of 
long-chain α-neurotoxin (1:1.5 molar ratio) prior to purification by size exclusion 
chromatography. Individual fractions were collected from the SEC purification run and 
analyzed by SDS-PAGE. 

Size exclusion chromatography analysis revealed four peaks for both the overnight 
pre-incubations that had elution volumes in the range expected for a 2554_01_D11 scFv and 
long-chain α-neurotoxins (Fig. 1A and C). SDS-PAGE analysis of the first two peaks 
confirmed the presence of 2554_01_D11 scFv. Both contained long-chain α-neurotoxin as 
bands were observed near the 35 kDa and 10 kDa MW markers, which were consistent with 
previous observations for these proteins in the lab. The two higher volume peaks were similar 
in their MW as judged by SDS-PAGE, showing that these were two different forms of both 
long-chain α-neurotoxins, possibly monomer and dimer forms. As the difference in MW for 
the two 2554_01_D11 scFv SEC peaks equated to the MW of the larger form of each long-
chain α-neurotoxin, this indicated that the 2554_01_D11 was selective for the larger form of 
these toxins.  

Noted for subsequent purifications was evidence of scFv degradation, which was 
more pronounced in the α-cobratoxin purification prep having been prepared a week earlier. 
Additionally, the molar ratio would clearly need to be increased to saturate the binding of 
2554_01_D11 scFv for both long-chain α-neurotoxins. For a first trial, however, all antibody 
peaks were pooled and taken forward for crystallography screening." 
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Fig 1. Size exclusion chromatography and SDS-PAGE gel analysis of pre-incubated long-chain 
α-neurotoxins with 2554_01_D11 scFv. SEC purification of 2554_01_D11 pre-incubated with α-
bungarotoxin (A & B) and α-cobratoxin (C & D). All SEC chromatogram peaks are labelled with the 
elution volume and calculated MW. Determined MW were derived from a calibration curve from a 
commercial protein standard set. 
 
 
First Crystal  
Crystallography screens were set up separately for the 2554_01_D11 scFv purified with α-
cobratoxin or α-bungarotoxin using a sitting drop method. After 20 days, a crystal appeared 
in the 2554_01_D11-α-cobratoxin plate, in a drop containing an equal volume of protein 
(9.15 mg/mL) and 0.15M D-L Malic acid pH 7.0 buffer with 20% w/v PEG3350 precipitant 
(Fig. 2). The crystal was stored in 20% glycerol for cryo-protection. However, due to the low 
level of purity resulting from scFv degradation and the complex not being exclusively 
purified (Fig. 1A&C), it was decided to improve scFv production and repeat the screen with a 
more homogeneous sample. 
 
 
 
 
 
 
 
 
 
 
Fig 2. First crystal obtained from 2554_01_D11 and α-cobratoxin containing fractions. Subsequent 
data were highly anisotropic and there was no clear indication of toxin present.  
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scFv degradation  
The scFv degradation was suspected to be caused by the C-terminal 6×His-FLAG tag. To test 
whether the tag was the source of degradation a time course degradation experiment was 
conducted using SEC purified 2555_01_A01 scFv and the C-terminal tag was detected by 
western blot with and without proteinase inhibitor. The results showed that the degraded 
product was the C-terminal tag, as the lower band near the 35 kDa marker, corresponding to 
the degraded product, was not detected by the anti-FLAG detection antibody (Fig. 4). The 
addition of protease inhibitor cocktail did not alter the antibody degradation. To address this 
issue, a C-terminal TEV cleavage site was introduced to remove the tag and preliminary 
cleavage efficiency tests were performed with SuperTev enzyme using a 1:20 molar ratio of 
scFv:enzyme with and without reducing agents (Fig 5). The tag was efficiently cleaved 
without the need for a reducing agent after overnight incubation at 4°C. 
 

 
 
 
 
 
 

 
 
 
Fig 4. Time course degradation profile of 2555_01_A01 scFv antibody. (A) Coomassie-stained 
non-reduced SDS-PAGE gel analysis of 700 ng of antibody taken at varying time intervals, showing 
intact scFv between 35-40 kDa and a lower degraded band between 25-35 kDa. (B) Anti-FLAG tag 
detection of 50ng of each sample. To check whether degradation was a result of proteases, 1mM of 
protease inhibitor cocktail was added in parallel. The upper band between the 35 – 40 kDa markers 
corresponding to the intact scFv was detected.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. C-term tag cleavage tests with SuperTev protease. (A) Coomassie-stained SDS-PAGE gel 
analysis of 2µg of 2555_01_A01 scFv antibody incubated overnight with a 1:30 molar ratio of 
SuperTev: antibody. The reducing agent and temperature were varied. β-Mercaptoethanol was present 
in the loading dye as a reference for antibody reduction and not used in the overnight cleavage 
reaction. (B) SEC chromatogram overlay of SuperTev treated and non-treated antibody showing 
emergence of a cleaved peak of low molecular weight.  
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scFv antibody production 
 
Lastly, the expression level of both scFv’s was low (1-2 mg/L), and required 10 L 
productions to obtain sufficient protein to guarantee a single plate for crystallography 
screening. To try and improve the production yield, the culture flask was changed from an 
Erlenmyer to a Tunair™ shake flask. Tunair™ shake flasks yielded 4-8 mg/L of scFv post-
SuperTEV tag removal and SEC purification, which was a sufficient quantity to set multiple 
plates for crystallography screening (Table 1). The final purification process for both 
2554_01_D11 and 2555_01_A01 scFv molecules is shown in Figure 6. 
 
 
Table 1: Production yield for 2555_01_scFv produced in TunairTM flasks. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Production  Culture volume (L) Post Ni-resin (mg) Post tag removal (mg) 
17/04/2022 2 67.05 13 
21/06/2022 1  4.3 
24/07/2022 1 42.0 7.6 
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Fig 6. scFv purification process for crystallography. (A) scFv produced in E.coli BL21(DE3) is 
extracted from the periplasm and purified by Nickel affinity chromatography. (B) C-Terminal tag 
cleaved scFv is SEC purified using a Hi-Load 75pg Superdev 10/60 column. (C) Fractions from the 
main peak were analysed by SDS-PAGE. (D) Fractions 5-9 were pooled and analysed on a Superdex 
75pg 10/300 GL column. (E) Monomeric scFv was incubated with α-cobratoxin overnight and the 
complex was purified by SEC. The corresponding SDS-PAGE gel of each of the fractions is shown, 
fractions 1 and 2 contain scFv bound to α-cobratoxin. A slight tail was seen for this peak, so only 
fraction 1 was taken forward for crystallography screening. 
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B: Biolayer interferometry curves and data tables. 
 

 
Anti-long-chain α-neurotoxin antibodies binding to α-cobratoxin. 
Data processing is described in Chapter 5 methods. 
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Anti-long-chain α-neurotoxin antibodies binding to α-elapitoxin. 
Data processing is described in Chapter 5 methods 
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Anti-long-chain α-neurotoxin antibodies binding to α-bungarotoxin. 
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Table Anti-Long-chain alpha-neurotoxin antibodies binding to bungarotoxin, steady-state analysis, one site-specific binding 

 
 
Table Affinity kinetics of 2555_01_A01 antibody binding to cobratoxin n=1 

 

 
pH Rmax Kd (nM) Rmax Kd (nM) Degrees of Freedom 

Parent 7.4 0.7585 2934 0.6777 to 0.8455 1600 to 5252 5 

Parent 5.5 1.111 9650 1.041 to 1.186 7363 to 12599 5 

2555_01_A01 7.4 0.7833 2991 0.6851 to 0.9047 1931 to 4668 5 

2555_01_A01 5.5 0.7902 34958 0.7213 to 0.8714 27186 to 45230 5 

2555_01_A04 7.4 0.7823 1346 0.6685 to 0.9233 759.0 to 2391 4 

2558_02_G09 7.4 0.6273 2385 0.5498 to 0.7242 1586 to 3623 5 

2551_01_B11 7.4 0.6406 3583 0.5500 to 0.7638 2376 to 5537 5 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

9. 7.4 0.0074 1.338E-08 2.687E-11 4.254E04 7.685E01 5.691E-04 4.997E-07 0.1503 0.0046 0.0605 40.2 8.2551 0.9988 

81. 7.4 0.5685 1.338E-08 2.687E-11 4.254E04 7.685E01 5.691E-04 4.997E-07 1.3095 0.002 1.1239 85.8 8.2551 0.9988 

27. 7.4 0.0995 1.338E-08 2.687E-11 4.254E04 7.685E01 5.691E-04 4.997E-07 0.5648 0.0019 0.3777 66.9 8.2551 0.9988 

243. 7.4 1.1684 1.338E-08 2.687E-11 4.254E04 7.685E01 5.691E-04 4.997E-07 1.4293 0.0012 1.3547 94.8 8.2551 0.9988 

730. 7.4 1.5815 1.338E-08 2.687E-11 4.254E04 7.685E01 5.691E-04 4.997E-07 1.5565 0.0005 1.5285 98.2 8.2551 0.9988 

9. 5.5 0.0106 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 1.3889 0.149 0.0153 1.1 59.1936 0.9897 

2200. 5.5 2.0827 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 2.676 0.0064 1.9582 73.2 59.1936 0.9897 

730. 5.5 1.5771 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 3.1415 0.0136 1.4926 47.5 59.1936 0.9897 

27. 5.5 0.1086 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 3.0974 0.0547 0.1003 3.2 59.1936 0.9897 

243. 5.5 1.1443 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 4.6279 0.0277 1.0716 23.2 59.1936 0.9897 

81. 5.5 0.565 8.065E-07 5.379E-09 2.082E04 1.338E02 1.679E-02 2.991E-05 5.5683 0.0407 1.848E-02 4.075E-05 59.1936 0.9897 
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Table Affinity kinetics of 2555_01_A01 antibody binding to cobratoxin n=2 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table Affinity kinetics of 2555_01_A01 antibody binding to elapitoxin n=1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req/Rmax(%) Full X^2 Full R^2 

9 7.4 0.0411 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.9281 0.0272 21.1 1.5744 0.9979 

240 7.4 0.5589 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.2899 0.005 87.7 1.5744 0.9979 

27 7.4 0.1088 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.77 0.0122 44.4 1.5744 0.9979 

730 7.4 0.8641 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.0447 0.0022 95.6 1.5744 0.9979 

2200 7.4 1.1566 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.145 0.0009 98.5 1.5744 0.9979 

81 7.4 0.2573 3.38E-08 1.84E-10 1.44E+04 6.94E+01 4.86E-04 1.23E-06 1.519 0.0076 70.6 1.5744 0.9979 

9 5.5 0.0388 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 2.6426 0.1521 1.7 1.8761 0.9929 

730 5.5 0.8431 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 1.5082 0.011 58.2 1.8761 0.9929 

81 5.5 0.2528 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 2.6451 0.0337 13.4 1.8761 0.9929 

240 5.5 0.5493 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 2.1786 0.0222 31.4 1.8761 0.9929 

27 5.5 0.1043 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 2.8706 0.0599 4.9 1.8761 0.9929 

2200 5.5 1.1272 5.25E-07 5.82E-09 1.18E+04 1.26E+02 6.18E-03 1.70E-05 1.3102 0.005 80.7 1.8761 0.9929 

Conc. (nM) Cycle Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

9 7.4 0.1636 8.94E-10 3.38E-12 2.35E+05 5.94E+02 2.10E-04 5.88E-07 0.5339 0.0012 0.4856 91 1.2364 0.9979 

3 7.4 0.0754 8.94E-10 3.38E-12 2.35E+05 5.94E+02 2.10E-04 5.88E-07 0.5859 0.0017 0.4514 77 1.2364 0.9979 

81 7.4 0.4599 8.94E-10 3.38E-12 2.35E+05 5.94E+02 2.10E-04 5.88E-07 0.4735 0.0003 0.4684 98.9 1.2364 0.9979 

27 7.4 0.281 8.94E-10 3.38E-12 2.35E+05 5.94E+02 2.10E-04 5.88E-07 0.4108 0.0006 0.3976 96.8 1.2364 0.9979 

1 7.4 0.0239 8.94E-10 3.38E-12 2.35E+05 5.94E+02 2.10E-04 5.88E-07 0.481 0.0027 0.2539 52.8 1.2364 0.9979 

3 5.5 0.0732 7.22E-09 2.56E-11 2.29E+05 6.68E+02 1.66E-03 3.34E-06 0.8067 0.003 0.2368 29.4 0.4313 0.9978 

27 5.5 0.284 7.22E-09 2.56E-11 2.29E+05 6.68E+02 1.66E-03 3.34E-06 0.484 0.001 0.3819 78.9 0.4313 0.9978 

81 5.5 0.467 7.22E-09 2.56E-11 2.29E+05 6.68E+02 1.66E-03 3.34E-06 0.5013 0.0005 0.4603 91.8 0.4313 0.9978 

9 5.5 0.165 7.22E-09 2.56E-11 2.29E+05 6.68E+02 1.66E-03 3.34E-06 0.6165 0.0018 0.3421 55.5 0.4313 0.9978 

1 5.5 0.0236 7.22E-09 2.56E-11 2.29E+05 6.68E+02 1.66E-03 3.34E-06 0.6388 0.0052 0.0777 12.2 0.4313 0.9978 
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Table Affinity kinetics of 2554_01_D11 antibody binding to cobratoxin n=1 

 
 
Table Affinity kinetics of 2554_01_D11 antibody binding to elapitoxin n=1 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req/Rmax(%) Full X^2 Full R^2 
3 5.5 0.0508 3.93E-09 1.43E-11 1.01E+05 3.25E+02 3.96E-04 6.65E-07 1.7653 0.0099 43.3 0.3247 0.9995 
9 5.5 0.142 3.93E-09 1.43E-11 1.01E+05 3.25E+02 3.96E-04 6.65E-07 1.6038 0.0058 69.6 0.3247 0.9995 

240 5.5 1.1722 3.93E-09 1.43E-11 1.01E+05 3.25E+02 3.96E-04 6.65E-07 1.2723 0.001 98.4 0.3247 0.9995 
27 5.5 0.3033 3.93E-09 1.43E-11 1.01E+05 3.25E+02 3.96E-04 6.65E-07 1.209 0.0036 87.3 0.3247 0.9995 
81 5.5 0.7404 3.93E-09 1.43E-11 1.01E+05 3.25E+02 3.96E-04 6.65E-07 1.2575 0.0026 95.4 0.3247 0.9995 

0.33 7.4 0.0072 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 3.3448 0.0453 10.2 0.094 0.9997 
1 7.4 0.0171 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 2.2007 0.0162 25.6 0.094 0.9997 
3 7.4 0.0508 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 2.1721 0.0086 50.7 0.094 0.9997 
9 7.4 0.081 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 1.1028 0.0039 75.5 0.094 0.9997 

240 7.4 0.6848 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 0.8022 0.0009 98.8 0.094 0.9997 
27 7.4 0.352 2.91E-09 1.18E-11 7.48E+04 2.40E+02 2.18E-04 5.43E-07 1.8198 0.0054 90.3 0.094 0.9997 

Conc. (nM) Dissociation pH Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

3 7.4 0.0695 7.83E-10 2.57E-12 1.81E+05 3.42E+02 1.42E-04 3.82E-07 0.7375 0.0015 0.5849 79.3 0.5461 0.9991 

3 5.5 0.0682 1.65E-09 5.21E-12 2.04E+05 5.31E+02 3.37E-04 6.04E-07 0.8802 0.0025 0.5679 64.5 1.0783 0.9978 

1 7.4 0.0203 7.83E-10 2.57E-12 1.81E+05 3.42E+02 1.42E-04 3.82E-07 0.7055 0.0024 0.3957 56.1 0.5461 0.9991 

9 7.4 0.1505 7.83E-10 2.57E-12 1.81E+05 3.42E+02 1.42E-04 3.82E-07 0.6284 0.0011 0.5781 92 0.5461 0.9991 

1 5.5 0.0196 1.65E-09 5.21E-12 2.04E+05 5.31E+02 3.37E-04 6.04E-07 0.3667 0.0029 0.1384 37.7 1.0783 0.9978 

81 7.4 0.4481 7.83E-10 2.57E-12 1.81E+05 3.42E+02 1.42E-04 3.82E-07 0.4824 0.0003 0.4778 99 0.5461 0.9991 

27 5.5 0.2778 1.65E-09 5.21E-12 2.04E+05 5.31E+02 3.37E-04 6.04E-07 0.4442 0.0008 0.4186 94.2 1.0783 0.9978 

27 7.4 0.2811 7.83E-10 2.57E-12 1.81E+05 3.42E+02 1.42E-04 3.82E-07 0.501 0.0006 0.4869 97.2 0.5461 0.9991 

9 5.5 0.1495 1.65E-09 5.21E-12 2.04E+05 5.31E+02 3.37E-04 6.04E-07 0.5645 0.0014 0.477 84.5 1.0783 0.9978 

81 5.5 0.4529 1.65E-09 5.21E-12 2.04E+05 5.31E+02 3.37E-04 6.04E-07 0.4673 0.0003 0.458 98 1.0783 0.9978 

3 5.5 0.0613 2.21E-09 7.22E-12 1.85E+05 5.06E+02 4.10E-04 7.34E-07 0.7802 0.0023 0.4491 57.6 0.3157 0.9985 

81 5.5 0.4064 2.21E-09 7.22E-12 1.85E+05 5.06E+02 4.10E-04 7.34E-07 0.4295 0.0004 1.54E-02 97.3 0.3157 0.9985 
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Table Affinity kinetics of 2554_01_D11 antibody binding to bungarotoxin n=1 

Conc. (nM) Dissociation pH Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

2200 7.4 0.78293 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 0.79743 0.000808 0.755402 94.72954 7.250811 0.994266 

3 5.5 -0.01463 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 1.15E-14 0.081645 7.19E-17 0.623661 3.203904 0.996896 

3 7.4 -0.02466 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 2.23E-14 0.064275 5.34E-16 2.39232 7.250811 0.994266 

9 5.5 -0.01301 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 7.87E-16 0.027354 1.45E-17 1.847934 3.203904 0.996896 

9 7.4 -0.01599 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 2.23E-14 0.021582 1.53E-15 6.849249 7.250811 0.994266 

27 5.5 0.0276 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 0.773283 0.009613 0.041341 5.346213 3.203904 0.996896 

27 7.4 0.017039 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 0.192282 0.0074 0.034749 18.07214 7.250811 0.994266 

81 5.5 0.107383 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 0.596012 0.003577 0.237348 39.82276 7.250811 0.994266 

240 5.5 0.338879 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 1.260086 0.003781 0.421181 33.42477 3.203904 0.996896 

81 5.5 0.125576 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 1.188259 0.004995 0.172171 14.48937 3.203904 0.996896 

2200 5.5 0.806493 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 0.941964 0.00101 0.773823 82.14993 3.203904 0.996896 

730 7.4 0.525642 1.22E-07 7.02E-10 9.46E+03 36.75318 1.16E-03 4.89E-06 0.681826 0.001526 0.583918 85.64042 7.250811 0.994266 

730 5.5 0.54786 4.78E-07 1.57E-09 8.11E+03 24.71515 3.88E-03 4.78E-06 0.961063 0.002012 0.58076 60.42894 3.203904 0.996896 

 
 
 
 
 
 
 
 
 
 

81 7.4 0.388 9.31E-10 5.08E-12 1.74E+05 5.75E+02 1.62E-04 7.00E-07 0.4271 0.0004 1.42E-02 98.9 0.4829 0.9941 

27 7.4 0.2383 9.31E-10 5.08E-12 1.74E+05 5.75E+02 1.62E-04 7.00E-07 0.4293 0.001 4.85E-03 96.7 0.4829 0.9941 
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Table Affinity kinetics of 2551_01_A12 antibody binding to cobratoxin n=1 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table Affinity kinetics of 2551_01_A12 antibody binding to elapitoxin n=1 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Conc. (nM) Cycle Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

27 7.4 0.3789 4.19E-09 2.26E-11 9.19E+04 4.39E+02 3.85E-04 9.59E-07 1.6551 0.0071 1.4329 86.6 0.1808 0.9992 

3 7.4 0.0503 4.19E-09 2.26E-11 9.19E+04 4.39E+02 3.85E-04 9.59E-07 1.7747 0.0113 0.7407 41.7 0.1808 0.9992 

240 7.4 0.7174 4.19E-09 2.26E-11 9.19E+04 4.39E+02 3.85E-04 9.59E-07 0.7885 0.001 0.775 98.3 0.1808 0.9992 

9 7.4 0.0946 4.19E-09 2.26E-11 9.19E+04 4.39E+02 3.85E-04 9.59E-07 1.0849 0.0057 0.7404 68.2 0.1808 0.9992 

27 5.5 0.3392 6.17E-09 2.48E-11 1.15E+05 4.35E+02 7.07E-04 9.30E-07 1.2105 0.0042 0.9855 81.4 0.4844 0.9992 

3 5.5 0.0547 6.17E-09 2.48E-11 1.15E+05 4.35E+02 7.07E-04 9.30E-07 1.6048 0.0117 0.5253 32.7 0.4844 0.9992 

81 5.5 0.7921 6.17E-09 2.48E-11 1.15E+05 4.35E+02 7.07E-04 9.30E-07 1.2505 0.0029 1.162 92.9 0.4844 0.9992 

240 5.5 1.184 6.17E-09 2.48E-11 1.15E+05 4.35E+02 7.07E-04 9.30E-07 1.2578 0.0011 1.2263 97.5 0.4844 0.9992 

9 5.5 0.1558 6.17E-09 2.48E-11 1.15E+05 4.35E+02 7.07E-04 9.30E-07 1.5331 0.0067 0.9098 59.3 0.4844 0.9992 

Conc. (nM) Dissociation pH Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

1 5.5 0.026 9.73E-10 3.25E-12 1.96E+05 4.32E+02 1.91E-04 4.78E-07 0.5303 0.0027 0.2688 50.7 0.8545 0.9986 

27 5.5 0.2821 9.73E-10 3.25E-12 1.96E+05 4.32E+02 1.91E-04 4.78E-07 0.4759 0.0007 0.4593 96.5 0.8545 0.9986 

9 7.4 0.1601 5.58E-10 2.39E-12 2.15E+05 4.47E+02 1.20E-04 4.50E-07 0.5873 0.0011 0.553 94.2 0.8467 0.9987 

1 7.4 0.0263 5.58E-10 2.39E-12 2.15E+05 4.47E+02 1.20E-04 4.50E-07 0.6992 0.0026 0.4487 64.2 0.8467 0.9987 

9 5.5 0.1554 9.73E-10 3.25E-12 1.96E+05 4.32E+02 1.91E-04 4.78E-07 0.5571 0.0011 0.5028 90.2 0.8545 0.9986 

3 7.4 0.0731 5.58E-10 2.39E-12 2.15E+05 4.47E+02 1.20E-04 4.50E-07 0.6515 0.0015 0.5493 84.3 0.8467 0.9987 

81 5.5 0.4646 9.73E-10 3.25E-12 1.96E+05 4.32E+02 1.91E-04 4.78E-07 0.4947 0.0003 0.4888 98.8 0.8545 0.9986 

81 7.4 0.4661 5.58E-10 2.39E-12 2.15E+05 4.47E+02 1.20E-04 4.50E-07 0.4899 0.0002 0.4866 99.3 0.8467 0.9987 

3 5.5 0.0721 9.73E-10 3.25E-12 1.96E+05 4.32E+02 1.91E-04 4.78E-07 0.8192 0.002 0.6186 75.5 0.8545 0.9986 
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Table Affinity kinetics of 2551_01_A12 antibody binding to bungarotoxin n=1 
 

Conc. (nM) Cycle Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

240. 7.4 0.2932 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0.6472 0.0022 0.3446 53.2 5.047 0.9945 

2200. 7.4 0.7221 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0.7556 0.0007 0.6895 91.3 5.047 0.9945 

9. 5.5 -1.068E-02 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 0. 0.0288 0. 1.4 2.9791 0.9963 

9. 7.4 -1.798E-02 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0. 0.0167 0. 4.1 5.047 0.9945 

2200. 5.5 0.7261 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 0.8932 0.0012 0.691 77.4 2.9791 0.9963 

27. 7.4 0.0171 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0.2111 0.0058 0.024 11.4 5.047 0.9945 

730. 5.5 0.4811 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0.6235 0.0012 0.4838 77.6 5.047 0.9945 

81. 5.5 0.1094 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 1.0876 0.0054 0.1216 11.2 2.9791 0.9963 

81. 7.4 0.1122 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0.536 0.0029 0.1488 27.8 5.047 0.9945 

3. 7.4 -1.674E-02 2.108E-07 9.161E-10 1.504E04 5.893E01 3.171E-03 5.969E-06 0. 0.0495 0. 1.4 5.047 0.9945 

730. 5.5 0.4861 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 0.911 0.0023 0.4841 53.1 2.9791 0.9963 

240. 5.5 0.2971 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 1.1633 0.0042 0.316 27.2 2.9791 0.9963 

27. 5.5 0.0166 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 0.6337 0.0101 0.0255 4.0 2.9791 0.9963 

3. 5.5 -1.248E-02 6.437E-07 2.544E-09 1.139E04 4.293E01 7.333E-03 8.758E-06 0. 0.0859 0. 0.5 2.9791 0.9963 
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Table Affinity kinetics of 2555_01_A04 antibody binding to cobratoxin n=1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table Affinity kinetics of 2555_01_A04 antibody binding to elapitoxin n=1 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

730 7.4 0.915 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.0787 0.0022 1.0335 95.8 1.7507 0.9978 

2200 7.4 1.1912 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.1741 0.0009 1.1574 98.6 1.7507 0.9978 

240 7.4 0.6063 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.3335 0.0051 1.1772 88.3 1.7507 0.9978 

27 7.4 0.1128 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.8126 0.0124 0.8314 45.9 1.7507 0.9978 

9 7.4 0.0416 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.9853 0.0271 0.4372 22 1.7507 0.9978 

81 7.4 0.2778 3.19E-08 1.76E-10 1.55E+04 7.57E+01 4.92E-04 1.24E-06 1.5428 0.0077 1.1072 71.8 1.7507 0.9978 

27 5.5 0.1118 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.9688 0.0277 0.3045 15.5 3.6746 0.9918 

2200 5.5 1.1884 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.1785 0.0021 1.1044 93.7 3.6746 0.9918 

81 5.5 0.2764 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.7002 0.0157 0.6025 35.4 3.6746 0.9918 

240 5.5 0.6041 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.4643 0.0101 0.9067 61.9 3.6746 0.9918 

9 5.5 0.0414 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.337 0.0658 0.0768 5.7 3.6746 0.9918 

730 5.5 0.913 1.48E-07 1.27E-09 1.65E+04 1.38E+02 2.43E-03 4.83E-06 1.1297 0.0045 0.9397 83.2 3.6746 0.9918 

Conc. (nM) Dissociation pH Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax Rmax Error Req Req/Rmax(%) Full X^2 Full R^2 

81 5.5 0.5294 9.49E-10 2.44E-12 2.61E+05 4.87E+02 2.48E-04 4.40E-07 0.5389 0.0002 0.5326 98.8 0.9559 0.9987 

1 5.5 0.0301 9.49E-10 2.44E-12 2.61E+05 4.87E+02 2.48E-04 4.40E-07 0.5967 0.0023 0.3062 51.3 0.9559 0.9987 

1 7.4 0.0309 4.38E-10 2.19E-12 2.64E+05 6.04E+02 1.15E-04 5.13E-07 0.6269 0.0027 0.436 69.5 1.4463 0.9982 

81 7.4 0.5251 4.38E-10 2.19E-12 2.64E+05 6.04E+02 1.15E-04 5.13E-07 0.5318 0.0002 0.5289 99.5 1.4463 0.9982 

27 7.4 0.3441 4.38E-10 2.19E-12 2.64E+05 6.04E+02 1.15E-04 5.13E-07 0.4715 0.0006 0.464 98.4 1.4463 0.9982 

3 7.4 0.093 4.38E-10 2.19E-12 2.64E+05 6.04E+02 1.15E-04 5.13E-07 0.7254 0.0018 0.633 87.3 1.4463 0.9982 

3 5.5 0.092 9.49E-10 2.44E-12 2.61E+05 4.87E+02 2.48E-04 4.40E-07 0.8202 0.0016 0.6231 76 0.9559 0.9987 

9 5.5 0.2011 9.49E-10 2.44E-12 2.61E+05 4.87E+02 2.48E-04 4.40E-07 0.6053 0.001 0.5476 90.5 0.9559 0.9987 

9 7.4 0.203 4.38E-10 2.19E-12 2.64E+05 6.04E+02 1.15E-04 5.13E-07 0.6206 0.0012 0.5918 95.4 1.4463 0.9982 

27 5.5 0.3387 9.49E-10 2.44E-12 2.61E+05 4.87E+02 2.48E-04 4.40E-07 0.4966 0.0005 1.36E-05 96.6 0.9559 0.9987 
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Table Affinity kinetics of 2551_01_B11 antibody binding to cobratoxin n=1 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

9 5.5 0.1144 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.3822 0.0095 0.4655 33.7 0.6331 0.998 

81 5.5 0.6283 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.1295 0.0042 0.9267 82 0.6331 0.998 

3 5.5 0.0393 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.4934 0.0192 0.2162 14.5 0.6331 0.998 

1 5.5 0.0144 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.8554 0.0526 0.0991 5.3 0.6331 0.998 

240 5.5 1.014 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.1205 0.0019 1.0435 93.1 0.6331 0.998 

27 5.5 0.2449 1.77E-08 9.81E-11 9.67E+04 5.23E+02 1.71E-03 2.00E-06 1.0524 0.0056 0.6353 60.4 0.6331 0.998 

0.33 7.4 0.004 6.85E-09 3.81E-11 6.76E+04 3.51E+02 4.62E-04 9.23E-07 0.1711 0.0649 0.0079 4.6 0.1106 0.9993 

9 7.4 0.0557 6.85E-09 3.81E-11 6.76E+04 3.51E+02 4.62E-04 9.23E-07 0.8751 0.0051 0.497 56.8 0.1106 0.9993 

3 7.4 0.0352 6.85E-09 3.81E-11 6.76E+04 3.51E+02 4.62E-04 9.23E-07 1.602 0.0111 0.4881 30.5 0.1106 0.9993 

240 7.4 0.5442 6.85E-09 3.81E-11 6.76E+04 3.51E+02 4.62E-04 9.23E-07 0.6629 0.0013 0.6445 97.2 0.1106 0.9993 

27 7.4 0.2748 6.85E-09 3.81E-11 6.76E+04 3.51E+02 4.62E-04 9.23E-07 1.5911 0.0077 1.2692 79.8 0.1106 0.9993 
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Table Affinity kinetics of 2554_01_E01 antibody binding to cobratoxin n=1 

 
Table Affinity kinetics of 2554_01_E01 antibody binding to elapitoxin n=1 

Conc. (nM) Dissocition pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

81 7.4 0.5624 7.75E-09 4.54E-11 3.50E+04 1.56E+02 2.71E-04 1.03E-06 1.4936 0.0056 1.3632 91.3 1.1514 0.9983 

27 7.4 0.2652 7.75E-09 4.54E-11 3.50E+04 1.56E+02 2.71E-04 1.03E-06 1.8323 0.0085 1.4237 77.7 1.1514 0.9983 

729 7.4 1.1446 7.75E-09 4.54E-11 3.50E+04 1.56E+02 2.71E-04 1.03E-06 1.1575 0.0009 1.1453 98.9 1.1514 0.9983 

9 7.4 0.104 7.75E-09 4.54E-11 3.50E+04 1.56E+02 2.71E-04 1.03E-06 2.1203 0.0132 1.1394 53.7 1.1514 0.9983 

243 7.4 0.8627 7.75E-09 4.54E-11 3.50E+04 1.56E+02 2.71E-04 1.03E-06 1.1406 0.0026 1.1053 96.9 1.1514 0.9983 

27 5.5 0.256 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 2.0021 0.0108 1.0017 50 1.5477 0.9973 

81 5.5 0.5544 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 1.5854 0.0068 1.1894 75 1.5477 0.9973 

9 5.5 0.102 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 2.2002 0.017 0.5506 25 1.5477 0.9973 

243 5.5 0.853 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 1.1458 0.0031 1.0314 90 1.5477 0.9973 

3 5.5 0.0372 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 2.2326 0.0392 0.2235 10 1.5477 0.9973 

729 5.5 1.1394 2.70E-08 1.43E-10 3.58E+04 1.81E+02 9.65E-04 1.57E-06 1.1609 0.0012 1.1195 96.4 1.5477 0.9973 

Conc. 
(nM) 

Dissocition 
pH 

Respons
e 

KD (M) KD 
Error 

ka 
(1/Ms) 

ka Error kdis 
(1/s) 

kdis 
Error 

Rmax Rmax 
Error 

Req Req/Rmax(
%) 

Full 
X^2 

Full 
R^2 

SSG KD SSG 
Rmax 

SSG 
R^2 

9 7.4 0.1285 8.90E-
10 

3.66E-
12 

1.75E+0
5 

4.41E+0
2 

1.56E-
04 

5.08E-
07 

0.572
8 

0.0013 0.521
3 

91 0.7118 0.9984 6.19E-
10 

0.5207 0.3912 

3 5.5 0.0613 2.21E-
09 

5.95E-
12 

1.89E+0
5 

4.42E+0
2 

4.18E-
04 

5.53E-
07 

0.769
3 

0.002 0.442
9 

57.6 0.648 0.9983 6.19E-
10 

0.5207 0.3912 

81 5.5 0.4064 2.21E-
09 

5.95E-
12 

1.89E+0
5 

4.42E+0
2 

4.18E-
04 

5.53E-
07 

0.429
1 

0.0003 0.417
7 

97.3 0.648 0.9983 6.19E-
10 

0.5207 0.3912 

81 1 0.388 8.90E-
10 

3.66E-
12 

1.75E+0
5 

4.41E+0
2 

1.56E-
04 

5.08E-
07 

0.424
9 

0.0003 0.420
3 

98.9 0.7118 0.9984 6.19E-
10 

0.5207 0.3912 

27 1 0.2383 8.90E-
10 

3.66E-
12 

1.75E+0
5 

4.41E+0
2 

1.56E-
04 

5.08E-
07 

0.425
3 

0.0007 0.411
8 

96.8 0.7118 0.9984 6.19E-
10 

0.5207 0.3912 

1 7.4 0.0204 2.21E-
09 

5.95E-
12 

1.89E+0
5 

4.42E+0
2 

4.18E-
04 

5.53E-
07 

0.286
9 

0.0025 0.089
3 

31.1 0.648 0.9983 6.19E-
10 

0.5207 0.3912 

1 7.4 0.0228 8.90E-
10 

3.66E-
12 

1.75E+0
5 

4.41E+0
2 

1.56E-
04 

5.08E-
07 

0.692
7 

0.003 0.366
4 

52.9 0.7118 0.9984 6.19E-
10 

0.5207 0.3912 

9 5.5 0.1271 2.21E-
09 

5.95E-
12 

1.89E+0
5 

4.42E+0
2 

4.18E-
04 

5.53E-
07 

0.496
2 

0.0011 0.398
4 

80.3 0.648 0.9983 6.19E-
10 

0.5207 0.3912 

3 7.4 0.0624 8.90E-
10 

3.66E-
12 

1.75E+0
5 

4.41E+0
2 

1.56E-
04 

5.08E-
07 

0.726
3 

0.002 0.560
1 

77.1 0.7118 0.9984 6.19E-
10 

0.5207 0.3912 

27 5.5 0.2348 2.21E-
09 

5.95E-
12 

1.89E+0
5 

4.42E+0
2 

4.18E-
04 

5.53E-
07 

0.403
5 

0.0006 0.372
9 

92.4 0.648 0.9983 6.19E-
10 

0.5207 0.3912 
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Table Affinity kinetics of 2558_2_G09 antibody binding to cobratoxin n=1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table Affinity kinetics of 2558_2_G09 antibody binding to elapitoxin n=1 

 
 

 
 
 
 

Conc. (nM) Dissociation pH Response KD (M) KD Error kon(1/Ms) kon Error kdis(1/s) kdis Error RMax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

0.33 7.4 0.0047 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 1.8703 0.0479 0.1652 8.8 0.2015 0.9994 

1 7.4 0.0212 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 1.8287 0.0171 0.4149 22.7 0.2015 0.9994 

240 7.4 0.7516 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 0.7975 0.0006 0.7863 98.6 0.2015 0.9994 

3 7.4 0.0591 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 1.8448 0.0087 0.8638 46.8 0.2015 0.9994 

9 7.4 0.1109 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 1.1293 0.0044 0.8192 72.5 0.2015 0.9994 

27 7.4 0.4293 3.41E-09 1.43E-11 1.10E+05 4.01E+02 3.73E-04 7.67E-07 1.5936 0.0051 1.415 88.8 0.2015 0.9994 

1 5.5 0.0244 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.6577 0.0475 0.1743 10.5 1.6919 0.997 

240 5.5 1.2709 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.2694 0.0015 1.2259 96.6 1.6919 0.997 

3 5.5 0.0609 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.4233 0.018 1.82E-03 0.371 26.1 0.997 

81 5.5 0.8982 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.1976 0.0038 1.42E-02 1.0837 90.5 0.997 

9 5.5 0.1843 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.3754 0.0097 2.77E-03 0.707 51.4 0.997 

27 5.5 0.4106 8.51E-09 5.30E-11 1.58E+05 9.56E+02 1.35E-03 2.07E-06 1.1374 0.006 5.62E-03 0.8649 76 0.997 

Conc. (nM) Dissociation pH Response KD (M) KD Error ka (1/Ms) ka Error kdis (1/s) kdis Error Rmax RMax Error Req Req/Rmax(%) Full X^2 Full R^2 

27 5.5 0.2629 1.99E-09 4.69E-12 2.39E+05 4.95E+02 4.76E-04 5.35E-07 0.405 0.0005 0.3772 93.1 0.7138 0.9983 

3 7.4 0.0665 6.20E-10 2.51E-12 2.34E+05 5.11E+02 1.45E-04 4.96E-07 0.5562 0.0014 0.4609 82.9 0.995 0.9985 

9 5.5 0.1509 1.99E-09 4.69E-12 2.39E+05 4.95E+02 4.76E-04 5.35E-07 0.5062 0.001 0.4145 81.9 0.7138 0.9983 

9 7.4 0.1603 6.20E-10 2.51E-12 2.34E+05 5.11E+02 1.45E-04 4.96E-07 0.5396 0.0011 0.5048 93.6 0.995 0.9985 

1 5.5 0.0209 6.20E-10 2.51E-12 2.34E+05 5.11E+02 1.45E-04 4.96E-07 0.5475 0.0024 0.338 61.7 0.995 0.9985 

27 7.4 0.2856 6.20E-10 2.51E-12 2.34E+05 5.11E+02 1.45E-04 4.96E-07 0.4168 0.0006 0.4074 97.8 0.995 0.9985 

81 5.5 0.447 1.99E-09 4.69E-12 2.39E+05 4.95E+02 4.76E-04 5.35E-07 0.4493 0.0002 0.4385 97.6 0.7138 0.9983 

81 7.4 0.4833 6.20E-10 2.51E-12 2.34E+05 5.11E+02 1.45E-04 4.96E-07 0.4909 0.0002 0.4871 99.2 0.995 0.9985 

3 5.5 0.0644 1.99E-09 4.69E-12 2.39E+05 4.95E+02 4.76E-04 5.35E-07 0.639 0.0015 0.3841 60.1 0.7138 0.9983 

1 7.4 0.0195 1.99E-09 4.69E-12 2.39E+05 4.95E+02 4.76E-04 5.35E-07 0.7335 0.0026 0.2452 33.4 0.7138 0.9983 


