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DEVELOPMENT OF ANTI-CANCER ANTIBODY FRAGMENTS WITH IMPROVED  

CHARACTERISTICS THROUGH ANTIBODY ENGINEERING APPROACHES  

Merve Arslan,  

Dokuz Eylül University Izmir International Biomedicine and Genome Institute,  

  

ABSTRACT  

Cancer is a complicated disease influenced by various factors, cells, and signaling 

pathways. Vascular Endothelial Growth Factor (VEGF) induces angiogenesis and can be 

found in several cancer types. Since VEGF acts as immunosuppressive in tumor 

environment, dual-blockade of angiogenesis and immune checkpoints such as Programmed 

Death-Ligand 1 (PD-L1) becomes a successful combinatorial cancer therapy.  

Antibody formats, such as single-chain antibody fragments (scFvs), are detailly-studied for 

targeted therapy approaches. Yet, they require antibody engineering to enhance 

developability properties such as affinity, stability, and specificity. One of the important 

regions for antibody engineering is the Vernier zone regions. Vernier zone is selected 

residues within antibody’s framework and are capable of affecting antigen binding. The 

impact of Vernier zone on other antibody characteristics like stability and specificity has 

yet to be fully understood.  

Controlled multi-targeting combinatorial therapies show outstanding success in cancer over 

mono-specific targeting. One controlled multi-specific format is dual-specifics which hold 

the advantage of having two antigen recognition capacities for the size of one.  

Antibody formats, both in constructional and targeting manners, against VEGF and/or PD- 

L1 remain uninvestigated in terms of the recent antibody engineering applications. In this 

thesis, I aimed to develop improved anti-VEGF scFv fragments for cancer therapies. First, 

I generated anti-VEGF scFv with improved affinity-stability. Further, I established a novel 

strategy to modulate the mono-specificity of generated anti-VEGF scFv to dual-specificity 

against PD-L1 to increase the therapeutic efficacy. Many valuable implications on the 

importance of Vernier zone regions on affinity, stability, and specificity have been 

highlighted within thesis chapters.  

Keywords: Anti-Vascular Endothelial Growth Factor, single-chain antibody fragments, 

antibody engineering, antibody developability, Vernier zones, dual-specificity  

ANTİKOR MÜHENDİSLİĞİ YAKLAŞIMLARI İLE İYİLEŞTİRİLMİŞ ÖZELLİKLERE  

SAHİP ANTİ-KANSER ANTİKOR FRAGMANLARININ GELİŞTİRİLMESİ  

Merve Arslan,  

Dokuz Eylül Universitesi Izmir Uluslararası Biyotıp ve Genom 

Enstitüsü  
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ÖZET  

Kanser, çeşitli faktörlerin, hücrelerin ve sinyal yolaklarının katılımıyla ortaya çıkabilen 

karmaşık bir hastalıktır. Vasküler Endotel Büyüme Faktörü (VEGF) tümör anjiyogenezini 

uyarır ve çeşitli kanser türlerinde bulunabilir. Ayrıca VEGF immünosüpresif görevi 

görmektedir, buna bağlı olarak anjiyogenez ve immün kontrol noktalarının, Programlanmış 

Ölüm-Ligand 1 (PD-L1) gibi, ikili blokajı başarılı kombinatoryal kanser tedavisi sunmaktadır.  

Tek zincirli antikor fragmentleri (scFv) gibi antikor formatları, hedefe yönelik tedavi 

yaklaşımları için çokça çalışılmaktadır. Yine de, afinite, stabilite ve spesifilik gibi 

geliştirilebilirlik özelliklerini iyileştirmek için antikor mühendisliği gerekmektedir. Antikor 

mühendisliği için önemli bölgelerden biri Vernier bölgeleridir. Vernier bölgeleri, bir antikorun 

çerçevesi (framework) boyunca seçilmiş rezidülerdir ve antijen bağlanmasını etkileme 

yeteneğine sahiptir. Spesifiklik ve stabilite gibi diğer antikor özellikleri üzerinde Vernier 

bölgesinin rolleri açıklanmayı beklemektedir.  

Kanserde monospesifik hedefleme ile başarılı bir tedavi elde etmek zordur ve çoklu 

hedeflemeli tedaviler kanserde üstün başarı göstermektedir. Bu yaklaşımlardan biri, aynı 

antijen bağlama bölgesi ile iki farklı antijene bağlanabilen dual-spesifik antikorlardır. Dual- 

spesifik antikorlar, bir antikor sekansıyla iki antijen tanıma kapasitesiyle avantajlıdır.  

VEGF ve/veya PD-L1'e karşı farklı yapısal ve hedefleme antikor formatları, son antikor 

mühendisliği uygulamaları açısından henüz araştırılmamıştır. Bu tezde kanser tedavileri için 

iyileştirilmiş özelliklerde scFv fragmentleri geliştirilmesi amaçlanmıştır. Bu amaç için, 

afinite-stabilite özellikleri iyileştirilmiş anti-VEGF scFv geliştirilmiştir. Devamında, 

geliştirilen anti-VEGF scFv’nin terapötik etkinliğini artırmak için, Vernier bölgeri üzerinden 

antikora yeni spesifiklik kazandırma üzerine özgün bir strateji geliştirilmiş, anti-VEGF 

scFv'nin monospesifik özelliği PD-L1'e karşı dual-spesifik özelliğe çevrilmiştir. Tez 

bölümlerinde, Vernier bölgelerinin afinite, stabilite ve özgüllük üzerindeki önemine ilişkin 

değerli çıkarımlar tartışılmıştır.  

Anahtar Kelimeler : Vasküler Endotel Büyüme Faktörü, Tek zincirli antikor fragmentleri, 

antikor mühendisliği, antikor geliştirilebilirliği, Venier Bölgeleri, dual-spesifiklik  
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1. INTRODUCTION AND AIM  

   

1.1. Antibody structure and function  

  
Antibodies are glycoproteins that include two identical light (LC) and heavy chains (HC). 

Associated light and heavy chain forms a heterodimer through disulfide bonds. Pairing with 

another identical heterodimer through disulfide bonds constructs the intact antibody structure 

[1]. In the light chain, there are a constant domain (CL) and a variable domain (VL). There are 

two classes, V  and V  for the human light chain [2]. The heavy chain includes a variable 

number of domains due to its according to isotypes. IgA, IgD, and IgG have three constant 

domains (CH1, CH2, CH3) and a variable domain (VH) while IgE and IgM contain an extra 

domain (CH4). IgG is the superabundant antibody in the circulating system that takes around 75 

% of the human immunoglobulins [3]. All the domains of antibody heavy and light chains share 

the same structural conformation called “immunoglobulin fold”. This fold is mainly specified 

with anti-parallel β-sheets and loops [4].  

  

Antibody structure at its simplest can be divided into two; a region for antigen-binding, called 

fragment antigen binding (Fab), and the receptor binding region, called fragment crystallizable 

(Fc). Fc consists of the hinge region, CH2, and CH3 domains. Two CH3 domains pack each other, 

providing stability of the Fc region and overall antibody. Two CH2 domains have little or no 

contact between [5]. However, domains have a glycosylation site at residue N297 that different 

oligosaccharide motifs alter the effector immune functions [6]. The interface between CH2 and 

CH3 serves as an epitope for Protein A, Protein G, and Fc receptors, effects the CH2 orientation, 

thus the Fc receptor binding [7]. The hinge region between CH1 and CH2 has three sub-regions; 

the N-terminal upper hinge enables the Fabs to move in a significant level of conformational 

flexibility abiding by Fc, the core hinge consists of several cysteine residues therefore, disulfide 

bonds that stabilize heavy chain dimerization, C-terminal lower hinge enables the Fc to rotate 

relative to Fab and some residues have potential to be included in Fc receptor binding [8].  
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Figure 1. 1 Antibody (IgG) structure  

  

  

A) Schematic and B) Crystal structure of the IgG. Yellow lines indicate disulfide bonds. The 

glycans are shown in cyan in the crystal structure.  

  

The Fab region comprises paired variable regions, VH and VL, and paired constant regions, CH1 

and CL. Constant domains pack closely and utilize a disulfide bond while variable regions pack 

through only hydrophobic interactions. The orientation between variable and constant domains 

called elbow angle affects the overall flexibility and the stability of the Fab [9]. Each variable 

region consists of nine -sheets, packed together through non-covalent interactions and one 

disulfide bond [4].  

  

The antigen-binding site, paratope, within variable regions (Fv) is formed by six loops called 

complementarity determining regions (CDRs) on variable chains (LCDR1-3 and HCDR1-3). 

These loops are intrinsically hypervariable, in both the primary sequences and the length, 

naturally originate from somatic hyper-mutations in mature B cells, providing diversity and 

required specificity [10]. CDRs have a unique “canonical structure” defined by their loop 

conformation, loop length, conserved amino acids within the loop, and framework nearby the 

CDRs [11]. Unique canonical structure affects the overall features of antibody-antigen 

interaction.  
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Figure 1. 2 Variable regions  

  

  

Schematic (A) and (B) crystal structure of variable regions.  

  
Antibodies’ target protein is called an antigen, the regions within the antigen recognized by 

antibodies are referred to as epitopes [12]. Paratopes can recognize (i) linear or continuous 

epitopes where the residues within the epitope are continuous in primary sequence, (ii) 

conformational or discontinuous epitopes where the residues within the epitope are from 

different conformational regions, and come together due to secondary structure, and (iii) hybrid 

epitopes where the linear epitopes are forms a conformational epitope due to secondary structure 

and can be recognized in both ways [13].  

  

CDRs are separated by highly conserved non-CDR regions called frameworks (FWs) that 

constitute a core β-sheet structure and display the CDRs on the tip of the variable domains 

(Figure 1.2) [14]. FWs are essential for antibody folding which can alter the biophysical and 

biochemical properties of the antibody [15, 16]. The most dramatic effect of the FWs on 

antibodies can be observed during the humanization approaches of non-human antibodies. 

Humanization is an antibody engineering application to reduce the immunogenicity of the 

antibody produced in non-human species such as mouse [17], rabbit [18], and chicken [19]. 

CDR grafting is the most common approach for humanization that CDRs from non-human 

parental antibodies are transferred within the human frameworks [20]. Although human 

frameworks are chosen based on the highest homology with the parental antibody frameworks 

[21, 22], the antibody affinity is reduced in most of the cases [23-25]. Thus, CDR grafting is 

generally followed by back mutations of some residues to parental antibody residues to re-gain 

antibody affinity [24].  
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Figure 1. 3 Vernier zone residues on variable frameworks  

  

  

In 1988, it is shown that some residues that are back mutated are really important in the packing 

and loop structure of the CDRs [26]. Later they are called Vernier zone residues [27], as they 

are located within the FW regions and play a foundational role in the CDR structure and antigen 

binding. Vernier zone includes 30 residues, 16 in the heavy variable region and 14 in the light 

variable region (Figure 1.3). Conformationally close Vernier zone residues pack and act 

together in the interaction network to support CDRs to have proper canonical structure for 

antigen binding. Thus, modification of Vernier residues affects the CDR reshaping, therefore 

humanization applications rely on retaining of these important residues [28]. However, it is also 

shown that it is not necessary to back-mutate all the Vernier zone residues to regain antibody 

affinity. Some of the residues contribute drastically to affinity based on the closeness to the 

main CDR in the antigen interaction [29]. For example, Bevacizumab (Avastin), an approved 

anti-VEGF antibody, developed in 1997 by humanization including CDR grafting and back 

mutations of total of 7 residues; 1 Vernier zone residue in light chain, 5 Vernier zone residues 

in heavy chain and 1 FW residue in heavy chain (Figure 1.4) [17].  
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Figure 1. 4 Humanization of Bevacizumab  

  

  

Back mutated residues of (A) VL and (B) VH. Vernier zone residues and framework residues are 

colored cyan and orange, respectively.  

  

1.2.Antibody affinity and specificity  

  
Antibody-antigen interactions require binding to its target with high specificity and with a 

sufficiently high affinity as characterized by nanomolar to picomolar dissociation constants, KD. 

The sequence and length diversity of the CDRs due to the higher number of possibilities of 

V(D)J combinations of genes mainly determine the antibody affinity and stability. The CDR3s 

of heavy chain and light chain are the most variable ones, while the other CDRs are only 

encoded by the V-gene segment, resulting in a decreased number variation compared to CDR3s 

[30]. Besides, HCDR3 exhibits substantial length variation among natural antibodies, making 

it the most diverse and crucial region for determining affinity [30, 31]. Furthermore, apart from 

the residues directly involved in binding, non-CDRs typically play roles in the “canonical 

structure” of CDR loops, which is essential for antigen recognition, as explained in section 1.1 

[32].  

  

The parts of an antibody and an antigen that form the binding interface are called paratopes and 

epitopes, respectively, and the binding strength is called antigen affinity. Paratopes are typically 

enriched in aromatic side chains (phenylalanine, tyrosine, tryptophan) which dominate 

interfacial contacts, while smaller and hydrophilic amino acids (serine, threonine, asparagine, 

aspartate) surround the aromatic residues and provide hydrogen bonding between the epitope 
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and the paratope [33, 34]. Thanks to its unique physicochemical nature, tyrosine provides two 

advantages for favorable contacts: (i) amphipathicity, i.e., the ability to tolerate the change from 

hydrophilic to hydrophobic upon protein binding [35], and (ii) the capacity of forming variable 

contacts, including nonpolar, hydrogen-bonding and π-interactions. Furthermore, tyrosine is 

relatively inflexible, which limits the loss of conformational entropy upon binding, thereby 

contributing to a higher specificity [36].  

  

The binding strength of an antibody to its target can be expressed via a dissociation constant 

(KD) or a binding free energy (ΔG). KD is the protein concentration (antigen or antibody, 

whichever is limiting) at which the number of bound complexes in solution is equal to those 

unbound. This is the point of kinetic equilibrium at which for every cognate protein pair that 

dissociates, a new one forms right away. A low KD value implies that the antibody-antigen pair 

has either a high rate of association (meaning they can rapidly diffuse toward each other) or a 

low rate of dissociation (meaning the bound complex has a high lifetime), or a combination of 

both. Because the rates of association show little variation among interacting protein pairs, it is 

usually the rate of dissociation, that is the primary determinant of KD [37].  

Dissociation constants are expressed in concentration units, and nano- to picomolar values are 

common among high-efficacy antibodies [38]. The experimental techniques for measuring KD 

involve surface plasmon resonance (SPR) [39], isothermal titration calorimetry (ITC) [40], 

nuclear magnetic resonance (NMR) chemical shifts [41], spectroscopic measurements via 

fluorescent labeling [42], microscale thermophoresis (MST) [43], and the more recently 

developed bio-layer interferometry (BLI) [44]. Enzyme-linked immunosorbent assay (ELISA) 

is a relatively faster alternative, while accuracy could be a drawback [45]. There are also in 

silico prediction tools such as Prodigy [46], mCSM-AB2 [47], BeAtMuSiC [48], MutaBind2 

[49].  

  

The success of antibodies for its applications lies heavily on the specificity of antibody-antigen 

interactions. Multi-specificity, also known as cross-reactivity, is a significant phenomenon in 

the immune recognition [50]. Multi-specificity is typically associated with the potential for self- 

reactivity and/or autoimmunity. However, it has been shown that it is a conserved event of the 

immune system [51]. Antibody's ability to acquire multi-specificity through somatic mutations 

impacts their omnipresence in the repertoire [52, 53]. Natural antibodies exhibit a degree of 
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inherent specificity, although only a limited number of them possess the ability to interact with 

multiple antigens with significant affinities [54]. Recent findings suggest that multi-specific 

antibodies could play a critical role in enhancing the immune system's repertoire [55, 56]. 

Nevertheless, due to evolutionary pressures, there is a delicate equilibrium between effectively 

combating pathogens and preventing autoreactivity, even though the presence of multi- 

specificity carries the risk of triggering autoimmune responses. [57, 58].  

  

The understanding of the specificity of antibodies remains a complicated challenge in the 

antibody development [59]. Exploring the underlying reasons for mono-specificity, multi- 

specificity, and non-specificity is highly challenging. While multi-specificity may have some 

advantages in therapeutic approaches, caution must be exercised to avoid compromising the 

antibody developability [60]. Studies have demonstrated that approved antibodies tend to 

exhibit greater specificity compared to those in clinical trials [61] and this discrepancy in 

specificity could be influenced by various factors, such as the biochemical properties of the 

amino acids within CDRs [62]. The impact of several properties, including glycosylation, 

charge, and hydrophobicity on the antibody specificity has been shown specificity [63-66].  

  

1.3.Antibody formats  

  
Therapeutic antibodies are well-established tools in targeted therapy approaches. Numerous 

antibodies can be found in various constructional formats such as Fab, scFv, nanobodies ((VHH 

or single domain antibody (sdAb)), and targeting formats such as diabodies, bispecific, dual- 

specific antibodies, continue being developed for their therapeutic efficacies [67]. The most 

common format for therapeutic antibodies is mono-specific full-length IgG structure. There are 

currently 158 full-length antibodies, 4 Fab, 1 scFv, 1 sdAb, 1 sdAb-Fc, and 1toxin conjugated 

disulfide-stabilized Fv antibody fragment (dsFv) approved for mono-specific targeting 

(extracted from Antibody Society, approved therapeutic monoclonal antibodies, date accessed: 

21 April 2023). However, several factors, different cells, and signaling pathways are involved 

in cancer. Thus, it is difficult to achieve a successful treatment with mono-specific targeting 

and combinatorial therapies are successful in the cancer [68-70]. Bispecific antibodies, which 

possess two distinct binding sites, are the most prevalent format for multi-targeting. These 

antibodies exhibit affinity towards two different antigenic epitopes. The first bispecific antibody 

is proposed in the 1960s [71, 72], the concept and the approaches to generate bispecific 
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antibodies are improved with the recent engineering studies [73]. There are currently 10 

fulllength antibodies, 1 tandem scFv (diabody with two different scFv), 1 triple sdAb, 1 

CrossMab (Fab x Fab-Fab-Fc) and 1 scFv- T cell receptor (TCR) fusion protein approved for 

bispecific targeting (extracted from Antibody Society, approved therapeutic monoclonal 

antibodies, date accessed: 21 April 2023). In addition to these, diabody is an antibody format in 

that the same antibody fragments are fused to increase avidity, accumulated binding strength of 

the multiple affinities [74, 75]. Another extensively studied format is the dual targeting 

antibody, which can bind two different antigens using a shared sequence. This approach is 

established in Fab fragments as an engineering platform, therefore called dual targeting Fab 

(DutaFab) [76]. The most common constructional and targeting formats are represented in 

Figure 1.5.  

  

  

  

 
  

  

Figure 1. 5 Antibody formats  

  

  

1.4.Antibody engineering  

  
Since its first literature appearance of the term “antibody” nearly 130 years ago [77], antibodies 

continue to be studied and developed extensively. The introduction of the hybridoma 
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technology [78] and the first reported crystal structure in the 1970s [79, 80] pioneered a 

groundbreaking phase in antibody engineering. The irreplaceable role of antibodies in the 

adaptive immunity [81, 82] is intrinsically linked to their biopharmaceutical potential, 

encouraging the antibody developability efforts of the modern pharmaceutical industry and 

academia. The current market size of the therapeutic was around 3.6 billion Dollars last year, 

and it is expected to grow annually by 6.4% through 2028 [83].  

  

Discovery is the very first step in the development cycle of an antibody, and it can be 

immunization-dependent or immunization-independent. Methods of discovery include in vitro 

[84-86] and in vivo [87-89] display systems, transgenic animals [90, 91], or human B cell 

derivation [53, 92, 93]. After the discovery, the antibody undergoes a set of routine engineering 

steps to improve its biophysical and biochemical properties. These include developability 

properties which at the discovery stage often don’t meet the expectations of a therapeutic 

profile. Important developability properties are affinity, specificity, stability, and 

solubility/aggregation and generally, it is challenging to predict these properties that affect the 

overall antibody success. The challenges associated with developability can arise during the 

production process due to the intricate and complex nature of the protein. These challenges can 

lead to decreased antigen binding affinity, immunogenic responses, and waste of resources. It 

is advantageous to improve these properties with antibody engineering strategies. Engineering 

efforts can be classified into two broad categories: (i) directed evolution and (ii) computational 

approaches including rational design.  

  

Directed evolution strategies include display systems that allow screening of an antibody library 

(naïve, immune, synthetic, or semi-synthetic) [94]. Display systems can be classified into two 

main groups: (i) in vitro (phage, ribosome, mRNA display) and (ii) in vivo (bacterial, yeast, 

mammalian surface display) [95]. Phage and yeast display methods have been widely preferred 

thanks to their easy screening process [96]. A recommendation of the European Union 

Reference Laboratory for alternatives to animal testing (EURL ECVAM)’s Scientific Advisory  

Committee (ESAC) states that “when a scientifically valid alternative [to animal-derivation of 

antibodies] is available, then it simply must be used” [97]. In this context, display systems fulfill 

and simplify the necessary ethical research guidelines and regulations.  
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Computational approaches include molecular dynamics (MD) simulations, three-dimensional 

structure modeling (de novo design) or modeling of antibodies with known sequences without 

crystallization data (homology modeling) based on existing antibody structures, and antibody- 

antigen docking [98]. Databases are also needed to design and analyze antibodies. Databases 

may contain sequence (abYsis), structure (Protein Data Bank, PDB), experimental results 

(Immune Epitope Database, IEDB), or a combination of these [99-101].  

  

Rational design approaches follow a more targeted route by identifying and improving the 

specific regions of an antibody structure [95]. With the recent advancements in the field, in 

silico approaches for antibody discovery and development are referred to third generation after 

first-generation in vivo approaches and second-generation in vitro approaches [102]. The 

success of an antibody candidate is defined by the overall favorable combination of its 

developability properties [103]. Progress in web-based rational design tools can direct the 

efforts toward problematic regions and help to improve solubility, stability, and aggregation 

properties (Figure1.6) [95].  

  

  

  

  

  

 
   
Figure 1. 6 Candidate antibody regions for rational design  
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Exposed residues can be altered for improved solubility/ aggregation while both exposed and 

core residues can be altered to increase stability. CDRs primarily impact specificity and affinity, 

while the inclusion of tags/linkers can be advantageous for enhancing functionality. The figure 

is adapted from [95].  

1.5. Thesis 

objectives   
Targeted therapy is a significant area of focus in the development of biological drugs, and 

antibodies play a pivotal role as one of the most important agents in this regard. Recent 

advancements in antibody engineering applications have significantly expanded the repertoire 

of therapeutic antibodies, with numerous types now progressing through clinical trials or 

receiving approval. It is important to expand the capability of antibody engineering approaches 

to provide tightly controlled, reproducible antibody quality defined by developability 

properties. Antibody developability efforts in the early development phase yield benefits, as 

these efforts reduce the number of failed antibodies in later stages, therefore preventing the loss 

of resources and time. Herein, antibody sequence and structure information, and molecular level 

of understanding of antibody developability are invaluable for the engineering efforts.  

  

Therapeutic strategies through blocking VEGF/VEGFR interaction in cancer are successful that 

are related to tumor angiogenesis which is a recognized hallmark of cancer. However, the 

benefits of the single targeting VEGF and the currently approved antibodies are limited. 

Overexpression of PD-L1 on cancer cells suppresses the anti-tumor response, therefore, 

blocking PD-L1 becomes important in immune checkpoint blockade strategies. Since VEGF 

supports the immunosuppressive tumor environment, dual blockade of angiogenesis and 

immune checkpoints (VEGF and PD-L1) becomes a recent combinatorial cancer therapy with 

great potential. But a therapeutic antibody that targets these antigens is yet to be discovered. 

There are a limited number of approved anti-VEGF (Table 2.1, Chapter 2) and anti-PD-L1 

(Table 5.1, Chapter 5) antibodies in cancer therapies. Antibody formats, both in constructional 

and targeting manners, against VEGF and/or PD-L1 remain uninvestigated in terms of the 

recent antibody engineering applications.  

  
In this thesis, first, I aimed to (i) generate an scFv fragment targeting VEGF (ii) evaluate the 

role of Vernier zone residues on antibody affinity-stability trade-off using VEGF targeting scFv 

(iii) improve the developability of the parental anti-VEGF scFv through modulation of non- 
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CDR regions. Second, I aimed to (iv) enlighten the antibody specificity modulation through 

dual-specific antibodies, (v) evaluate the role of Vernier zone residues on antibody affinity- 

specificity trade-off utilizing VEGF and PD-L1 targeting as a case study, (vi) establish a novel 

antibody engineering strategy to gain dual-specificity through modulation of non-CDR regions, 

and as a result (vii) generate a dual-specific scFv fragment against VEGF and PD-L1.  

  

1.5.1. Development of anti-VEGF scFv from its full-length antibody  

  
In chapter 2, I present the design of the scFv fragment with two different flexible linkers from 

full-length humanized antibody Bevacizumab, the methods used to optimize production in 

bacterial expression, purification, and characterization of scFv to obtain protein in higher 

yields and purities. Thereafter, I analyzed the effect of the linkers, non-repetitive and 

repetitive, on scFv characterization. scFv with a non-repetitive linker that developed within 

the scope of this chapter was chosen as parental scFv for further rational design studies.  

  

1.5.2. Development of anti-VEGF scFv with improved affinity-stability properties  

  
In chapter 3, I present the rationally designed mutations near or within the Vernier zone region 

of the scFv to improve the antibody affinity-stability profile. I developed several scFv variants 

from the parental scFv with site-directed mutagenesis, produced in bacterial expression 

system, purified, and compared the biophysical and biochemical properties with optimized 

methods within the scope of chapter 2. Next, I present the molecular dynamic studies (in 

collaboration with Kale Lab, IBG) of the promising scFv variants with improved affinity 

and/or stability that helps us to enlighten antibody affinity-stability trade-off. Here an 

improved variant that shows the highest affinity increase to target VEGF, was chosen as 

parental scFv for further specificity modulation studies.  
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Figure 1. 7 Overview of thesis - 1  

1.5.3. A novel specificity engineering strategy: Development of dual-specific scFv via 

Vernier zone diversification  

  

In Chapter 5, I present a very first proof-of-concept study demonstrating the engineering 

strategy employed to develop a dual-specific antibody. Some parts of this chapter are carried 

out in collaboration with Callewaert Lab, VIB-UGent, Belgium. The role of antigen-facing, 

non-hypervariable loop called light Vernier 4, LV4, evaluated on modulation of antibody 

specificity through directed evolution approaches. Mono-specific, affinity-stability improved 

anti-VEGF scFv is used as a template for the studies. Based on the conclusions of Chapter 4 

results, a site-saturated synthetic library is designed within the LV4. Library generation 

methods are optimized to obtain higher transformation efficiencies. The corresponding library 

is displayed on the yeast surface. Sorting experiments are performed against the second antigen 

PD-L1. The sequence of the enriched scFv clones was identified. Flow cytometry analyses are 

carried out to distinguish the inherited and acquired binding profiles of parental and enriched 

scFvs against antigens. Here an enriched scFv variant that shows significant PD-L1 binding 

while retaining the VEGF binding is discovered. We show that rationally designed, a small set 

of mutations within non-CDR regions have great potential to gain new antigen specificity. This 

novel engineering strategy offers a new road in specificity modulation and can reduce the cost 

of experimental burden while still requiring follow-up engineering efforts for further 

improvements.  
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Figure 1. 8 Overview of thesis - 2.  

2. Design, production, purification, and characterization of an anti-VEGF scFv  

  
2.1.Introduction  

  
2.1.1. Single chain antibody fragments (scFvs)  

  
Variable fragment (Fv) consists of the variable domains of the heavy and light chains of an 

antibody which are connected with a disulfide bond [104]. Single chain antibody fragment 

(scFv) is the engineered version of Fv of an antibody where the variable domains are coupled 

together via a linker instead of a disulfide bond. ScFv format offers several advantages over a 

full-length antibody: (i) the small size of around 25 kDa makes them suitable for protein 

engineering approaches [105], (ii) scFv format does not require PTM that allows them to be 

suitable for large-scale production in different microbial expression systems, therefore faster, 

lower cost, in higher yields [106, 107], (iii) since the variable chains linked to each other on 

gene level, there is no need to balance the expression of variable domains [108], (iv) their small 

size provides better tissue penetration in cancer immunotherapy compared to larger formats 

[109].  

  

Omitting the Fc region in the scFv format can be evaluated from two perspectives. Antibody 

effector functions are induced by the interaction between the Fc region and its complementing 

proteins or Fc receptors in the immune system. Lack of Fc region makes scFvs advantageous 

as it still functions as inhibiting/blocking [110, 111] (interrupts its function) or neutralizing 

[112] (abolishes its downstream cellular effects) antibody without unnecessarily activating 

immune system [113]. Thus, they are considered less immunogenic [108, 114]. On the other 

hand, they possess low stability, and high aggregation propensity [115, 116]. Therefore, protein 

aggregation-mediated immune activation should be taken into account [117]. Also, scFvs have 
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a shorter half-life ( 5-6 hours [118]) which requires more frequent dosing [119]. These 

drawbacks generally can be easily solved via protein engineering approaches such as fusion 

proteins and rational design [95, 118, 120].  

  

scFvs and its fusion designs have been successfully expressed in several expression systems 

[121]. Escherichia coli (E.coli) is one of the heavily utilized bacterial strains for recombinant 

protein production. The advantages of using E.coli as a bacterial expression can be listed as the 

species are well-known, readily available, and easy and cheap to handle [122]. It also provides 

high cell density with fast growth kinetics [123, 124]. scFvs can be produced in the E.coli as 

soluble, functional proteins or aggregated, inclusion bodies. To enable soluble production, an 

expressed protein is directed to E.coli’s periplasmic space through the utilization of a signal 

peptide [125]. This oxidizing environment includes chaperones and disulfide isomerases [126], 

which promotes the formation of disulfide bonds which is critical to the assembly of a functional 

Fv [127]. On the other hand, direct expression of scFvs into the cytoplasm of E.coli induces the 

constitution of insoluble aggregates, called inclusion bodies, requiring in vitro refolding for the 

disulfide bonds formation and correct folding to be functional [128].  

  

The scFv linker is a critical parameter that significantly influences both in vivo and in vitro 

properties [129, 130]. The linker between the chains plays a key role for a correct VH-VL 

antigen-binding interface, thereby impacting the overall function of the scFv. Therefore, the 

design of the peptide linker is crucial for the successful scFv pairing [129, 131]. The overall 

profile of the scFv, including expression level, affinity/specificity, folding, oligomeric state, 

stability, and in vivo activities, can potentially be influenced by the length and sequence 

composition of the linker [131-134]. The Glycine-serine (GS) repeat sequence is widely 

employed in scFv design, primarily because of its inherent flexibility. Various lengths and 

combinations of GS linkers have been investigated for scFv fragments, with (G3S)n and (G4S)n 

motifs being the most prevalent one's [130, 135-137]. The optimal length of the linker can be 

tailored within the range of 5 to 35 amino acids to enhance the performance of scFvs for diverse 

applications [131, 138]. If the scFv linker exceeds 12 residues in length, the genetically fused 

VH and VL domains form an operating scFv, typically exhibiting high monomeric properties. 

On the other hand, scFvs with shorter linkers, shorter than 12 a.a., might form multimers by 

interacting with other scFv molecules [139, 140]. Although GS linkers offer the desired 

flexibility for correct scFv folding, their repetitive nature can pose challenges in PCR-based 



 

  16  

engineering strategies [141] and may induce immunogenic responses [142]. Hence, alternating 

non-repetitive linkers that offer similar flexibility, might be employed to enhance in vitro 

properties of scFvs.  

2.1.2. Angiogenesis and Anti-Vascular Endothelial Growth Factor (VEGF) strategies  

  
Angiogenesis is a complex process of forming new blood vessels from existing ones, occurring 

in multiple stages. New blood vessel formation is important for normal developmental stages 

[143], wound healing [144], and the female reproductive cycle in adulthood [145]. However, it 

is deregulated in various diseases [146-149]. Also, excessive, or abnormal angiogenesis 

contributes to the tumor growth which is established as a hallmark of the cancer [150]. The high 

level of oxygen and nutrient needs in tumor cells cannot be met by the existing vascular 

network. This initiates the secretion of angiogenic growth factors [151]. The most found tumor- 

secreted angiogenic molecule is VEGF. VEGF is upregulated in tumor cells and binds its 

cognate tyrosine kinase receptors (VEGFRs) on endothelial cells. This leads to downstream 

signaling for endothelial cell proliferation and migration, matrix reorganization, and 

degradation, therefore tumor angiogenesis, metastasis, and growth [152, 153]. VEGF is a 

member of a family that includes subtypes of VEGF-A, VEGF-B, VEGF-C, VEGF-D, and 

placental growth factor (PIGF). VEGF-A is the most prominent member of the family. Due to 

its dominant role in VEGF-related pathways, VEGF-A is usually named VEGF in the literature 

[154].  

  

VEGF is a critical molecule in cancer angiogenesis. Thus, blocking the binding of VEGF to its 

receptor suppresses the tumor growth [155]. As a result, there has been significant elevation in 

the development of therapeutic approaches targeting VEGF, and numerous drugs targeting 

VEGF are currently in use. [156, 157]. Currently there are 5 approved antibodies (out of 180) 

and 8 antibodies (out of 138) in late-stage clinical studies that blocks the VEGF/VEGFR 

interaction for ophthalmologic and cancer therapies (Table 2.1 – Accessed date 21 April 2023) 

[158]. Bevacizumab (Avastin, Genentech) is the first approved anti-VEGF monoclonal 

antibody in 2004 [159].  

  

Bevacizumab is first reported as the humanized mouse anti-VEGF antibody by site directed 

mutagenesis of several framework and CDR residues. Bevacizumab binds to all human VEGF 

isoforms (VEGF-A) with 0.5 nM affinity [17]. The bevacizumab binding epitope of VEGF was 
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determined by x-ray crystallization as a Fab-ligand complex [160], that overlaps with the 

receptor binding epitope of VEGF (VEGFR2) [161]. It has been shown that Bevacizumab 

suppresses the tumor growth in preclinical models by regressing and normalizing of existing 

vessels, inhibiting new vessel growth [17, 162, 163]. However, the best efficacy results of 

Bevacizumab have been reported when it is combined with chemotherapy agents [164-166].  

  

Table 2. 1 VEGF/VEGFR blocking antibodies approved and in late-stage clinical studies  

  

  
Approved antibodies  

 

  
Antibody  

  
Target  

  
Format  

  
Specificity  

  
Therapeutic Area  

  
Bevacizumab  

  
VEGF  

  
Full-length  

  
Monospecific  

  
Cancer  

  
Brolucizumab  

  
VEGF  

  
scFv  

  
Monospecific  

  
Ophthalmology  

  
Faricimab  

  
VEGF  

  
Full-length  

  
Bispecific (Ang-2)  

  
Ophthalmology  

  
Ramucirumab  

  
VEGFR  

  
Full-length  

  
Monospecific  

  
Cancer  

  
Ranibizumab  

  
VEGF  

  
Fab  

  
Monospecific  

  
Ophthalmology  

  
Antibodies in late-stage clinical studies  

 

  
Antibody  

  
Target  

  
Format  

  
Specificity  

  
Therapeutic Area  

  
Sevacizumab  

  
VEGF  

  
Full-length  

  
Monospecific  

  
Cancer  

  
JY-025  

  
VEGFR  

  
Full-length  

  
Monospecific  

  
Cancer  

  
601  

  
VEGF  

  
Full-length  

  
Monospecific  

  
Ophthalmology  

  
9MW0211  

  
VEGF  

  
Full-length  

  
Monospecific  

  
Ophthalmology  

  
ABL001  

  
VEGF  

  
Full-length  

  
Bispecific (DLL4)  

  
Cancer  

  
Ivonescimab  

  
VEGF  

  
Full-length  

  
Bispecific (PD-1)  

  
Cancer  

  
Navicixizumab  

  
VEGF  

  
Full-length  

  
Bispecific (DLL4)  

  
Cancer  

  
Tarcocimab  

  
VEGF  

  
Full-length  

  
Monospecific  

  
Ophthalmology  
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Since the approval of the first anti-VEGF antibody Bevacizumab, induced local invasiveness, 

distant metastasis is related to anti-angiogenesis approaches [167, 168], tumor cells evolved to 

resistance to anti-angiogenesis therapies [169]. VEGF role is established as an 

immunosuppressive in tumor microenvironment [170-172]. Also, powerful protein engineering 

approaches applied for antibodies, different constructional formats (such as Fab, scFv-Fc) and 

targeting formats (such as diabodies, bispecific) of antibodies are developed to a greater extent. 

Thus, the number and benefits of the current anti-VEGF antibodies remained limited and 

uninvestigated in terms of the recent developments.  

2.1.3. Chapter overview and publications  

  
Due to their smaller size and the ability to apply diverse engineering techniques, scFvs are 

highly preferred in both diagnostic and therapeutic fields. Despite sharing the same sequences 

of the variable chains, biophysical and biochemical properties of scFv generally do not match 

to parent antibody due to lack of the constant domains and structural smallness. Also genetically 

linking of the variable chains can alter the domain dynamics and relative orientation.  

  

The linker between the variable chains in scFv plays a crucial role by covalently joining these 

domains, and it can significantly impact the biophysical, chemical properties, and in vivo 

activity of the scFv. Consequently, the design of the scFv linker is a vital aspect in ensuring 

successful scFv construction, with the preference for flexible linkers that facilitate the correct 

pairing of variable chains. The flexibility of the linker is defined by its length and sequence 

composition. Here, glycine-serine (GS) linkers are favored in scFv design due to their high 

flexibility. However, despite the flexibility advantage provided by GS linkers, their repetitive 

sequence poses challenges for PCR-based engineering strategies and may also contribute to 

immunogenicity.  

  

In this chapter, we have developed scFv constructs using two distinct types of linkers: a 

repetitive GS linker and an alternative non-repetitive linker. We designed scFv fragments from 

commercial anti-VEGF humanized antibody, Bevacizumab. We have optimized (i) the 

production of the scFv in E.coli expression system, (ii) the purification via affinity 

chromatography (his-tag and Protein L), (iii) biophysical and biochemical characterization. 

Finally, we have compared the effect of two different linkers on scFv characteristics utilizing 

optimized methods within this chapter. The results from this chapter highlights that the non- 
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repetitive linker showed a better in vitro profile such as a higher monomer ratio, higher thermal 

stability, and lower immunogenicity.  

  

The results from this chapter were published in Scientific Reports as an original research paper 

in 2022 [173]. This study was also selected for poster presentation in BIO-Turkey International 

Biotechnology Congress 2021, 9-11 Sept 2021.  

2.2.Material and Methods  

  
2.2.1. scFv construction  

  
scFv fragment of the full-length anti-VEGF antibody was designed from bevacizumab (Brand 

name Avastin), and the sequence was obtained from the database, DrugBank with an accession 

number DB00112 [174]. Antibody residues were numerated according to the Kabat numbering. 

Variable domain residues were determined by PyMol analysis of the crystal structure of 

Bevacizumab, 1BJ1 [160]. Seventeen amino acids length of the linker was chosen from a 

previously described non-repetitive flexible linker library with a one amino acid difference 

(SPNSASHSGSAPQTSSAPGSQ) [141]. Variable domains fused with this linker, were cloned 

into pET17-b expression plasmid with a leader sequence (PelB), FLAG-tag, and hexa-histidine- 

tag. The same scFv construct is also generated with a repetitive GS linker for further 

comparisons, named scFv-L2. These scFv constructs in pET-17b expression vectors are ordered 

from GenScript.  

  

2.2.2. Cell growth, carbon utilization, and protein expression  

  
Heat shock protocol (42 °C for 42 seconds) was performed for scFv plasmid transformation into 

E.coli strain BL21 (DE3) PLysS (Thermo Scientific, EC0114). It was plated on LB agar, Fisher 

plate containing 100μg/mL ampicillin (plasmid resistance) and 25μg/mL chloramphenicol (cell 

resistance). These antibiotic contents were used for all growth steps. Agar plate was incubated 

at 37 °C for overnight (16-18 hours). A single colony was picked from agar plate for expression, 

plate was stored in the 4°C refrigerator up to one week. Picked single colony was inoculated 

into 5 mL LB broth and incubated at 37 °C for overnight (16-18 hours) with shaking at 250 

RPM. 1 mL of this starter culture was mixed with 50% sterile glycerol, stored at -80°C freezer 

for further growths.  
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Absorbance at 600 nm of this starter culture was measured, required volume of the starter 

culture to start growth at 0.05 of OD600 in 300 mL growth medium was calculated. Calculated 

volume was inoculated into 300 mL auto-induction medium [175] (1 % tryptone, 0.5 % yeast 

extract, 25 mM (NH4)2SO4 , 50 mM KH2PO4 , 50 mM Na2HPO4 , 1 mM MgSO4, 0.5 % glycerol, 

0.05 % glucose, 0.2 % α-lactose) in a one-liter flask, grown at 10 °C, 18 °C, 30 °C for 48 hours 

with shaking at 250 rpm. After 48 hours growth, cells were pelleted at 10000 x g for 20 minutes 

at 10 °C (Avanti), then the supernatant was collected for purification, stored at 4 °C up to one 

week.  

  

Carbon utilization determination by HPLC  

  
Time dependent change in the amount of carbon sources in auto-induction medium (glucose, 

glycerol, lactose, galactose, acetic acid, ethanol) were monitored via an organic acid column 

(Transgenomic ICSep ICE-ION-300, ICE-99-9850) in HPLC (Shimadzu LC-2010) with 

refractive index detector (RID-10A). Standards were prepared in a range of 0.15-20 g/L (0 - 

2000 ppm) except glycerol (0 – 5000 ppm). Retention time and peak area count of standards 

were determined in 0.0085 N H2SO4 at oven temperature 70 ºC, flow rate 0.4 mL/min for 40 

mins. Supernatant samples were collected every 6 hours, filtered through 0.45 µm before 

analysis. The amount of the carbon sources at each datapoint were calculated according to the 

standard curves that were determined based on the peak area count at increasing concentrations.  

  

2.2.3. Protein purification and detection  

 pH of supernatant was arranged to 7-7.4 with 5 M NaOH solution for histidine tag purification 

steps. pH adjusted supernatant was either loaded to prepacked nickel sepharose affinity resin 

column, HisTrap, (Cytiva, 17524802) or incubated with 1 mL of His-Pur Ni-NTA resin 

(Thermo Scientific, 88221) per 100 mL supernatant. Supernatant was applied directly onto the 

column, washed, and eluted via peristaltic pump with a 2.5ml/min flow rate. Resin-supernatant 

mixture was incubated for 2 hours or overnight and loaded onto a 10 mL vacuum column. 

Purification steps proceeded according to manufacturer protocol. 20 mM KH2PO4, 500 mM 

NaCl, 25- or 40-mM imidazole, pH 7.4 buffer was used as binding and wash buffer, 20 mM 

KH2PO4, 500 mM NaCl, 250-500 mM imidazole, pH 7.4 buffer was used as elution buffer.  

Eluted protein sample was buffer exchanged into PBS, (1.8 mM KH2PO4, 10 mM Na2HPO4,  

2.7mM KCl, 137 mM NaCl) and concentrated through membrane filtration (Amicon® Ultra-4 

Centrifugal Filter Units, MWCO 10 kDa, Merck, UFC8010). The protein amount was 
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determined using a calculated extinction coefficient and molecular weight of scFv by Nanodrop 

2000 at 280 nm.  

After collecting the histag-purified protein samples from 3-5 expression, either unfold-refold 

method or protein L affinity chromatography was performed to achieve better purity (>95%). 

For unfolding-refolding; the histag-purified protein sample volume was arranged to 100 mL 

with 1X PBS, then arranged to 200 mL with binding buffer containing 20 mM imidazole and 

6M GdnHCl. 200 mL unfolded-sample was incubated with 1 mL Ni-NTA resin for 2 hours at 

+4 ºC, loaded onto a 10 mL vacuum column. Protein was eluted with 10 mL elution buffer 

containing 250 mM imidazole and 6 M GdnHCl. Elution sample was loaded into MWCO 3.5 

kDa dialysis membrane (Serva, 4431001), membrane left into 3-liter 1X PBS at +4 ºC for 

overnight, concentrated through MWCO 10 kDa membrane filtration. For Protein L binding, 

histag-purified protein sample was diluted with binding buffer to 10 column volume (CV), 

applied directly onto the prepacked Protein L column (Cytiva, 29048665), washed, and eluted 

via peristaltic pump with a 1 ml/min flow rate. Purification steps proceeded according to 

manufacturer protocol. 100 mM Na2HPO4, 150 mM NaCl, pH 7.2 buffer was used as wash 

buffer, 100 mM glycine pH 2.6-2.7 was used as elution buffer, 1 M Tris-HCl at pH 9 was used 

as neutralization buffer. Eluted protein sample buffer exchanged into PBS and concentrated 

through MWCO 10 kDa membrane filtration. The protein amount is determined using a 

calculated extinction coefficient and molecular weight of scFv by Nanodrop 2000 at 280 nm.  

  

SDS-PAGE and Coomassie staining was used to assess the purity of the protein. SDS gel was 

prepared according to TGX™ FastCast™ Acrylamide Kit, 12% protocol (Bio-rad, 1610175).  

  

Coomassie staining for 1 hour and de-stained with dH2O for overnight. Gel was visualized in 

Bio-rad. Western blot analysis was used to detect the target protein scFv in purified protein 

sample. Mini-PROTEAN® Tetra Cell and Mini Trans-Blot® Module system (Bio-Rad, 

1658029) was used to perform Western Blot. 1/10000 diluted Mouse anti-flag and 1/10000 

diluted anti-mouse hrp conjugated antibodies were used primary and secondary respectively. 

ECL substrate (Thermo Scientific, 32106) and 1M H2SO4 were used for visualization in Bio- 

Rad ChemiDoc Imaging System.  

2.2.4. Biophysical and biochemical characterization  
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Monomer/dimer ratio determination by HPLC-SEC  

  
Monomer/dimer ratio of the soluble scFv in PBS was determined via an size exclusion column 

(Tosoh Bioscience, TSK-gel SuperSW3000 column, 18675) in HPLC (Shimadzu LC-2010) 

with UV-VIS detector. Retention time of standards (thyroglobulin, immunoglobulin G, bovine 

serum albumin, myoglobin, uracil) were determined in phosphate buffer (100 mM KH2PO4, 

100 mM Na2HPO4, 100 mM K2SO4) at oven temperature 25 ºC, flow rate 0.3 mL/min for 20 

mins. The injected amount of scFv was 5 µg at the same conditions with standards. The 

absorbance values were monitored at 280 nm. Retention time of scFvs was determined using 

the molecular weight of standards.  

  

Thermal melting point determination by Differential Scanning Fluorimetry (DSF)  

  
Thermal shift studies of pure scFvs were determined with a hydrophobic dye, SYPRO Orange 

dye (Sigma, S5692) via ABI 7500 Fast RT-PCR, in continuous ramp mode at 0.05% ramp rate. 

Fluorescence signals were recorded in the melt curve filters, 580 ± 10 nm for the excitation 

filter and 623 ± 14 nm for the emission filter, between 25-99°C. For optimal, concentrations of 

dye and protein were determined as 2x and 2 M, respectively. Thermal melting points (Tm 

values) from the Hill equation fitted data were defined via the in-house python scripts.  

  

Binding kinetic determination by SPR and ELISA for affinity  

Surface Plasmone Resonance (SPR)  

Binding affinity kinetics were determined using a Biacore T200 instrument. VEGF at 1000 nM 

concentration was immobilized on a CM4 chip (Cytiva, 29104989), at a flow rate of 10 µl/min 

for around 1 min in HBS-EP (0.01 M HEPES, 0.15 M NaCl, 0.0003 M EDTA and 0.005% v/v 

Surfactant P20) buffer, pH 7.4 (Cytiva, BR100188). Target RU was determined at 300 RU for 

VEGF immobilization. In a range of 0-100 nM scFv were subsequently injected at a flow rate 

of 30 µl/min onto the VEGF-coated surface in HBS-EP buffer, pH 7.4 with 0.05% w/v BSA. 

The data obtained were corrected by comparing them to a control flow cell that did not contain 

VEGF. Additionally, the data were further corrected by comparing them to the flow cell with 

buffer injection. Data from the SPR curves were analyzed using the manufacturer's software, 

BiaEval 3.0. KD, kon and koff values were calculated by fitting curves to a 1:1 binding model.  



 

  23  

SPR curves were extracted from the software and plotted using in-house python scripts.  

  

Enzyme-Linked ImmunoSorbent Assay (ELISA)  

  
Apparent biding affinity was determined using the ELISA assay. Each well in high protein 

binding 96-well plate was immobilized with 1 ng VEGF (Gibco, PHC9394) in 100 uL of PBS, 

at +4 ºC for overnight. On the morning of the following day, wells were incubated with 100 µl 

of 10% w/v skim milk PBS blocking solution with 80 rpm agitation (orbital shaker) at room 

temperature for 6-8 hours. Wells were washed, in a range of 0 nM to 1000 nM scFvs in 100 uL 

PBS and were added into wells as three replicates at +4 ºC for overnight. On the morning of the 

following day, wells were washed, and subsequently incubated with 1/5000-10000 diluted 

mouse anti-flag IgG antibody and 1/5000-10000 diluted anti-mouse IgG HRP conjugated 

antibody. Afterward, wells were incubated with TMB substrate solution (Thermo Scientific, 

34028) at room temperature for 15-30 minutes depending on color change in the wells. Next, 

100 µl of 1M H2SO4 as a stop solution was added to wells and the plate was read at 450 nm by 

a plate reader. Absorbance units were background (no antigen) corrected. Antibody incubation 

occurred in 100 µl 1% w/v skim milk PBS-T solution with 80 rpm agitation at room temperature 

for 1 hour, wells were washed between antibody incubations. Three times 300 µl 1X PBS 

washing is used in all washing steps. The KD value from the ELISA absorbance readings was 

determined using the Hill1 equation fit by utilizing the in-house Python scripts.  

  

Aggregation analysis of scFv  

 scFvs (0.5 mg/mL, 25 μL, in 1X PBS) were incubated at 60 °C, and 220 rpm agitation on a heat 

block. At several time points (0-420 minutes), protein aliquots were centrifuged at 17,000 g at 

4°C for 10 minutes. Protein concentrations of soluble fractions were measured using NanoDrop 

2000 (absorbance at 280 nm). The aggregation kinetic value from the absorbance readings was 

calculated fitting the data to single exponential function (y = a(1-exp(-bx)), where a is the final 

amplitude, b is apparent aggregation rate constant (kapp, s
-1) and x is time [176]. Percent insoluble 

aggregation was calculated by subtracting soluble protein concentration from total 

concentration after thermal (60°C) and mechanical (220 rpm) stress for 4 hours [173].  

  

2.2.5. In silico 

analysis   
The linker’s flexibility scores were derived according to the average flexibility index of amino 

acids [177, 178]. Flexibility values were determined according to amino acid content and length 
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of the Linker 1 (L1) and Linker 2 (L2). The linker’s immunogenicity scores were predicted via 

the webserver, IEDB T Cell Epitopes Immunogenicity Prediction Tool  

(http://tools.immuneepitope.org/main/) [179].  

2.3.Results  

  
2.3.1. Analysis of Bevacizumab variable domains  

  
Bevacizumab is a full-length IgG antibody, developed to neutralize VEGF. Complex structure 

of Fab fragment with the ligand VEGF is determined and published in Protein Data Bank with 

the PDB ID 1BJ1. 1BJ1 contains homo-dimer VEGF molecules, each VEGF pair with the Fab 

fragment of the Bevacizumab. Variable and constant regions are linked to each other with a 

short linker region (8 and 7 residues for heavy and light chain, respectively). The C-terminal 

of the sequences of the variable domains are determined after the last β-sheet and the first 2 

residues of the linker region for heavy and light chains (Figure2.1A). The full sequence of 

variable domains is extracted from DrugBank databank with the accession number DB00112. 

Variable domain sequences are shown in Figure 2.1B and 2.1C for light and heavy chains.  

Residues are numarated based on the universal Kabat numbering system [180].  

  

2.3.2. scFv design and construction of expression vector  

  
Light and heavy chains pair with covalent disulfide bonds and non-covalent interactions. 

Variable domain pairing is driven by only non-covalent interactions. Generally, a flexible 

peptide linker is used to covalently link to variable domains of the heavy and light chains to 

form proper scFv pairing. For this scFv design, seventeen amino acids length of linker is chosen 

from previously described non-repetitive flexible linker library [141]. pelB is a 22 amino acids 

long peptide sequence which, when genetically fused to a protein, directs the protein to the 

bacterial periplasm and cleaved by the organism before the secretion of the target protein [181]. 

pelB sequence is fused to N-terminal of the scFv to increase secretion to supernatant. 

Commonly used Flag-tag and hexa-histidine tag are fused to C-terminal of the scFv for further 

purification, detection, and characterization steps. Factor Xa protease site is added between the 

C-terminal of the scFv and the tags to dispose of these tags in any case requiring scFv protein 

without tags. Designed scFv is cloned into multiple cloning site of common pET-17b expression 

vector via NdeI and XhoI restriction sites to use in bacterial expression system (GenScript). 

pET17-b expression vector contains T7 promoter which allows lac-operon induction, ampicillin 

http://tools.immuneepitope.org/main/)
http://tools.immuneepitope.org/main/)
http://tools.immuneepitope.org/main/)
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resistance gene for selection and and N-terminally T7 tag. Designed scFv expression vector 

map is shown in Figure 2.2.  

  
  
Figure 2. 1 Variable domains of Bevacizumab  

  

  

A) View of the antigen VEGF bound to Fab fragment of Bevazicumab Inset shows the scFv 

fragment of the crystal structure shown in cartoon. The C-terminal amino acids of the variable 

chains are indicated in red, the N-terminal amino acids of the linker region between variable 

and constant regions are indicated in cyan. B-C) Variable chain sequences of the Bevacizumab. 

Variable light chain (B) and variable heavy chain (C) are numbered according to Kabat 

numbering system, CDRs are indicated italic and underlined.  
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Figure 2. 2 scFv expression vector  

  

  

Protein parameters are determined based on the sequence of secreted scFv into supernatant 

which does not include the PelB sequence via Expasy-ProtParam web-tool. Parameters are 

listed in Table 2.2.  

  

Table 2. 2 scFv protein parameters  

  

  

*Extinction coefficient (EC) is in units of M-1cm-1, at 280 nm measured in water.  

  
2.3.3. scFv expression and purification  

  
Three temperatures 10 °C, 18 °C, 30 °C and two pH ranges 6.8 and 7.8 were screened in 

autoinduction medium. Highest protein secretion was detected in the supernatant at 18 °C, pH 

6.8 and 30 °C, pH 7.8 while higher amount of cell proteins was detected at 30 °C, pH 7.8. There 

were no growth and protein expression at 10 °C in both pH ranges. Although 30 °C, pH 7.8. 

  
Number of amino acids  296  

  
Molecular weight (Da)  32635.56  

  
Number of atoms  

  
4442  

  
Extinction coefficient*  68550  

  
Formula  C1441H2136N390O468S7  

  
Theoretical pI  5.60  

  



 

  27  

yielded similar to 18 °C, pH 6.8, 18 °C, pH 6.8 were selected as optimized scFv expression 

conditions considering higher temperatures accelerate the protein degradation (Figure 2.3).  

  
  

Figure 2. 3 scFv expressions in different temperature and pH conditions  

  

  

Expression level of the scFv was compared at three temperatures and two pH ranges. Purified 

scFv molecular weight 32 kDa. Western blot is labelled as WB.  

  
Time dependent change in the amount of carbon sources in auto-induction medium were 

monitored via refractive index detector in HPLC. The retention time and standard curve of the 

carbon sources were summarized in Table 2.3. The time-dependent change in the amount of 

carbon sources in supernatant was calculated using the determined standard curve equation of 

each compound.  

  

Glucose in the supernatant was consumed from the beginning of the growth and run out after 

12-18 hours. Lactose consumption started after or parallel to glucose consumption with the 

absence of glucose and run out between the 24-30 hours. As hypothesized, galactose and 

glucose increased as byproducts of lactose, then used as carbon source and run out between the 

36-48 hours. Glycerol consumption started after 20 hours of the growth. The level of the all the 

carbon sources were monitored near-zero at the 48 hours of the growth. (Figure 2.4A). The scFv 

expression was observed parallel to growth in western blot analysis (Figure 2.4B). The 

induction of the protein expression started after the 24 hours of growth and the intensity of the 

protein level in the supernatant increased in the process of the time. However, the intensities of 
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the protein level after 42 hours of growth were found similar. Due to the lack of lactose, and 

fixed intensity of the protein level in the supernatant, 48 hours of growth was determined for 

the termination of the growth.  

  

Table 2. 3 HPLC standard curves  

  

 Compound  Retention time (min)  Standard curve *  R2  

Lactose  13.46  y = 429.30x + 2272.02  0.99  

    
Glucose  

  
15.94  

  
y = 404.68 + 10427.00  1  

    
Galactose  

  
17.17  

  
y = 416.88x + 7574.70  0.99  

    
Glycerol  

  
22.76  

  
y = 332.72 – 4556.10  0.99  

  

* x : concentration (ppm) y: peak area  

  

 
  

Figure 2. 4 HPLC analysis of consumed carbon sources  
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A) Time-dependent change of carbon sources in auto-induction medium. B) Time-dependent 

change (0h-54h) of expressed scFv protein in supernatant, purified scFv was used as a control, 

labelled as C in western blot (WB).  

Hexa-histidine tag (his-tag) of scFv protein was utilized for the first step of purification. Two 

approaches, Ni+2 affinity Sepharose column (HisTrap) and His-Pur Ni-NTA resin, were used 

interchangeably. Both approaches yielded similar (4.2 mg protein/ liter culture and 3.7 mg/ liter 

culture for column purification and resin purification, respectively) and showed same impurity 

profile in SDS Page (Figure 2.5A). To decrease the impurities in His-tag purification steps, two 

approaches were utilized, (i) increasing imidazole (ImH) concentration of binding buffer to 

decrease the non-specific bindings, (ii) 10% glycerol addition to binding (containing 25 mM 

imidazole) and elution buffer (containing 250 mM imidazole) that glycerol addition might 

decrease the interaction between scFv and impurities and the non-specific interaction between 

resin and impurities. Increasing imidazole concentration in binding buffer resulted lower 

concentrations of eluted fraction (Figure 2.5B) while glycerol addition did not decrease the 

impurity level in purified sample (data not shown). Binding buffer containing only 25 mM 

imidazole was used for all his-tag purifications.  

  

  

  

  

 
  
Figure 2. 5 SDS-PAGE profiles of the his-tag purification  

  
A) Comparison of the prepacked his-tag column and his-tag resin purifications. B) Comparison 

of the different ImH concentrations on purity profile.  
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To increase the purity of scFv obtained from his-tag purification, two approaches were 

considered, (i) unfold-refold of proteins, (ii) protein L purification. Both approaches were 

increased the scFv purity over 95%. However, unfold-refold method resulted degraded scFv 

and decreased the long-term stability of the scFv (Figure2.6A). Protein L affinity 

chromatography yielded higher purity, no detectable degradation and scFv recovery calculated 

over 65% (Figure2.6B). In this experiment, we successfully expressed and purified scFvs with 

both non-repetitive and repetitive linkers.  

  

 
  
Figure 2. 6 Polishing approaches to increase protein purity  

  
A) Unfold-refold method. B) Protein L purification. M: Marker, L: Load, FT: Flow-through, E, 

E1-5: Elution fractions.  

  
2.3.4. scFv 

Characterization   
Multimeric formation of the scFv was determined using HPLC-SEC. The dimeric and 

monomeric forms were distinguished based on their respective retention times, which were 

determined to be 11.79 ± 0.05 and 13.34 ± 0.06, respectively. The distribution of multimeric 

and monomeric forms in the solution was quantified by analyzing the peak area count. The 

results revealed that the monomeric form accounted for 95.69 ± 0.70%, while the dimeric form 

constituted 4.31 ± 0.64% of the total (Figure 2.7A). The thermal stability of scFv was 

determined by diffential scanning fluorimetry. Thermal melting point of the scFv was 

determined at 51. ± 0.4 °C. (Figure 2.7B). Aggregation propensity of scFv was monitored under 

heat and mechanical stress conditions. By assuming that the protein loss corresponds to the 

aggregated fraction, the aggregation kinetic value was determined as 0.0011 s-1 based on the 
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absorbance readings (Figure 2.7C). Binding kinetics of scFv was analyzed based on their 

bindings to their ligand, VEGF. SPR was used and corresponding association (kon), dissociation 

(koff) constants, and binding affinity (KD) were determined 3.9x104 (M-1s-1), 9.9x10-5 (s-1), 2.51 

x10-9 (M) (Figure 2.7D).  

  

  

  

  

 
  
Figure 2. 7 Biophysical and biochemical characterization of scFv  

  

  

A) SEC chromatogram of scFv from SE-HPLC analysi B) Thermal melting point of scFv from 

DSF C) Aggregation kinetics D) Binding kinetics.  

  
Furthermore, scFv with non-repetitive linker named scFv-L1 compared to scFv with repetitive 

GS linker named scFv-L2 in terms of their biophysical and biochemical characteristics, results 

are summarized in Table 2.4. Both linkers have sufficient amino acid lengths for correct 

structural pairing of variable chains to form monomeric scFv. Flexibility of the linkers were 

assessed via calculating the average of the flexibility score of each amino acids within the linker 

sequences, and both linkers showed close flexibilities. Immunogenicity scores were determined 
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by IEDB tool [179]. A higher score indicates the bigger probability of starting an immune 

response. scFv-L2 showed a higher immunogenicity score than scFv-L1.  

2.3.5. Linker comparison  

 scFv-L1 and scFv-L2 were expressed, purified with high purity and characterized as described 

above. The distinction in molecular weight, around 1 kDa, resulting from the difference in linker 

sequences, was observed and highlighted through Coomassie staining (Figure 2.8A). The linker 

effect on the multimeric formation of the scFvs was determined calculating the peak area count 

by HPLC-SEC. Significant monomer percentage difference was observed between scFvs, 

where scFv-L1 showed more than 95% monomer, scFv-L2 showed around 66.5% monomer 

(Figure 2.8B). However, their aggregation profiles were similar (Table 2.4). Thermal melting 

points were determined 51.4 °C and 50.2 °C for scFv-L1 and scFv-L2, respectively. This 

showed that scFv-L1 was thermally more stable than the scFv-L2 (Table 2.4C). Binding kinetics 

of were determined as 0.38 nM, and 2.51 nM, for scFv-L1, scFv-L2, respectively (Table 2.4C). 

scFv-L2 showed slightly better binding kinetics than the scFv-L1.  

  

 
  
Figure 2. 8 In vitro profiles of the scFvs  

  
A) SDS-PAGE profiles of the scFvs, B) Oligomeric states of the scFvs  

Table 2. 4 Properties of scFv-L1 and scFv-L2  

  
Characterization  scFv-L1  scFv-L2  
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Schematic representation  

 

  

Linker sequence  SPNSASHSGSAPQTSSAPGSQ  GGGSGGGSGGGSGGGS  

Molecular Weight (kDa)  32.8  31.9  

Flexibility score  0.47  0.53  

Immunogenicity score  -1.09  -0.06  

Monomer %  95.7 ± 0.7  66.5 ± 3.2  

Insoluble Aggregates %  88.5 ± 2.8  90.2 ± 4.3  

Thermal Stability (°C)  51. ± 0.4  50.2 ± 0.6  

 Binding Affinity (nM)  2.51 ± 0.01  0.83 ± 0.02   
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2.4. Discussio

n   
ScFvs offer several advantages when compared to their full-length counterparts. These include 

cost-effective and large-scale production using bacteria, as well as the availability of diverse in 

vitro display technologies that facilitate the enhancement of various antibody characteristics. 

Consequently, the number of scFvs in both clinical trials and the market is in rapid increase, 

driven by these advantageous features. Biophysical and biochemical properties of scFvs are 

mainly determined by their sequence and structure. The linker between variable domains of 

scFv genetically connects them and has the potential to affect scFv properties. Thus, linker 

design is an important parameter for the scFv characteristics. GS linkers are the most preferred 

linkers because of their demonstrated flexibility. However, the repetitiveness of the GS linker 

might be problematic during PCR-based assembly of variable heavy and light chains, Therefore, 

this might bring the variation in linker length [182, 183]. There are a limited number of linkers 

alternative to GS linkers and different linker approaches are established for different antibody 

designs [138, 184-186].  

  

In this chapter, I presented the design of the scFv fragment with two different flexible linkers, 

one with a non-repetitive sequence of "SPNSASHSGSAPQTSSAPGSQ", one with a repetitive 

sequence of ((G3S)4, from full-length humanized antibody Bevacizumab, the methods used to 

optimize production in bacterial expression, purification, and characterization of scFv to obtain 

protein in higher yield and higher purities. Thereafter, I analyzed the effect of the linkers, non- 

repetitive and repetitive, on scFv characterization. scFv with non-repetitive linker that 

developed within the scope of this chapter was chosen as parental scFv for further rational 

design studies. Here it is concluded that scFv with non-repetitive linker showed better in vitro 

profile by having higher temperature melting point, higher monomer ratio which is desired for 

better long-term stability, lower immunogenicity score and lower aggregation rate. Despite scFv 

with non-repetitive linker showed lower antigen affinity, this property can be improved with 

rational design approaches. In addition to these results, biological activity of the scFvs are 

compared to their full-length version, Bevacizumab in zebrafish (Danio rerio) angiogenesis 

assays. Results showed that scFvs were more effective than their full-length version that might 

be resulted from their smaller size [173]. scFvs derived from full-length monoclonal antibody 

Bevacizumab, showed their potential that can be improved by further studies.  
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3. Investigation of scFv developability through rational design approaches : affinity- 

stability trade-off  

  

3.1. Introducti

on   
3.1.1. Antibody trade-offs   
“Trade-off” can be defined as the event where two desired outcomes are compromise each other. 

The quality of the protein is determined by its (i) biophysical properties such as folding, 

stability, affinity, (ii) functional properties such as its function, specificity, solubility, and 

evolutionary properties such as its primary amino acid sequence and gaining new function 

[187]. Thus, the number of the trade-offs in proteins increases due to the higher number of 

desired properties at the same time. In antibody engineering field, most common trade-offs 

include affinity, specificity, stability, and solubility. The success of the antibodies depends on 

these developability properties and how the trade-offs are managed during the early 

development stage of the antibody. Gaining insight of the developability properties in molecular 

level is challenging, that might be a limit to produce optimized, effective therapeutic antibodies 

[188].  

  

The generation of antibodies with increased affinity often negatively correlated with the stability 

[189-191]. In amino acid level, hydrophobic amino acids content of the CDRs is important for 

primary antigen recognition while exposed hydrophobic residues contribute to aggregation and 

lower stability [59, 192]. Even if affinity improvement studies generally focus on the CDRs 

[193, 194], several studies show that non-CDR regions can impact overall structure of the 

antibody, therefore affinity and the stability [195, 196]. When engineering the affinity of a 

molecule, it is crucial to ensure the overall stability is maintained. To achieve this, it becomes 

essential to perform co-screening of both stability and affinity, and to employ compensatory 

mutation design. These approaches are necessary to identify optimal variants that strike a 

balance between enhanced affinity and maintained stability [197, 198].  

3.1.2. Chapter overview and publications  

  
We rationally designed mutations on an anti-VEGF scFv that is optimized with a non-repetitive 

linker in chapter 2 to determine mutations to improve affinity stability and overcome the trade- 

off. Our focus was on the specific residues near the salt bridge, an ionic interaction formed 

between the residues 94 and 101 of heavy chain. This salt bridge is known to be a highly 
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conserved interaction that plays a crucial role in supporting the canonical structure of the 

HCDR3 [199, 200]. Modifying or altering this interaction might be unfavorable for both 

stability and affinity [201]. Here we considered the interacting residues of this salt bridge to 

have the potential to evaluate the affinity-stability trade-off. We chose one position from the 

light chain (VL-Y49) and four positions from the heavy chain (VH-V2, VH-Y27, VH-S76, VH- 

V102) based on their in silico analysis We designed 9 mutations, recombinantly produced in 

E.coli expression system and determined their stability and affinity by differential scanning 

fluorimetry (DSF) and surface plasmon resonance (SPR). The mutations on VH-V102, VH- 

V102Y and VH-V102D, showed an increase in both affinity and stability which is promising to 

understand the underlying reasons that alter affinity-stability properties. Then, we performed 

molecular dynamics simulations for gaining molecular-level understanding. We concluded that 

interactions near the conserved salt bridge are crucial for affinity via affecting the HCDR3 

orientation towards VEGF and for stability via affecting the VH-VL interface. Thus, secondary 

interactions, that are modulated with the mutations within the scope of this chapter, play an 

essential part in the co-evolution of affinity-stability. Since the Vernier zone is a common region 

in all antibodies, implications from this chapter can be easily applied to other antibodies.  

The results from this chapter were published in Biochimica et Biophysica Acta (BBA) – 

Proteins and Proteomics as an original research paper in 2023 [202] . Some parts of this study 

were selected for poster and oral presentations in congresses; “Onkolojide İz Bırakanlar 

Zirvesi”, 14-19 Nov 2019, Antalya, Turkey – Oral presentation, V. Turkey in vitro Diagnostic 

Symposium, 19-21 Feb 2020, Izmir, Turkey – Oral presentation, European Molecular Biology 

Organisation (EMBO) Virtual Practical Course, Integrative modeling of biomolecular 

interactions, 30 May – 5 June 2021 - Poster presentation. A part of this study was also presented 

and published as a congress proceeding Proceeding of the 2nd International Ion Channel and 

Cancer Congress (IonCC2019) in the Turkish Journal of Biochemistry [176].  

3.2. Material and Methods  

  
3.2.1. Rational design analyses of mutational regions   
ScFv structure without linker was extracted from Bevacizumab PDB structure, 1BJ1 [160]. 

Either structure or sequence of the scFv was used as input to different protein analysis 

webservers, Tango [203], Waltz [204], Pasta 2.0 [205], AggreScan [206], Aggrescan3D [207], 

CamSol sequence and CamSol structural [208, 209] that predict destabilizing, solubility- 

decreasing or aggregation-prone regions. The residues that were detected as problematic on at 
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least 5 of the 7 servers were determined as hotspot regions for further analysis. Hydrogen bonds 

(H-bonds), salt bridges, and hydrophobic interactions between wild-type scFv and VEGF were 

defined by PDBePISA-Interfaces [210] and verified by PyMOL 2.2 and molecular dynamics 

analysis. The interacting residues of the salt bridge between K94:D101 at the end of HCDR3 

loop were analyzed by PyMOL 2.2 software. Vernier zone residues were determined according 

to the literature [26, 27, 211]. All the conservation data of the residues were extracted from 

AbYsis database [100]. Residues: VL-Y49, VH-V2, VH-Y27, VH-S76, and VH-V102 were 

chosen for further mutational design. The secondary structure of the wild-type scFv and mutated 

scFvs were determined by using in silico prediction tool called SABLE [212].  

  

3.2.2. scFv construction and expression  

  
The anti-VEGF wild type scFv generation was detailed in previous chapter. The mutated 

antibodies were prepared via using QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent) with the primers listed in Table 3.1. The scFv mutants were transformed and expressed 

by using the optimized protocols within the scope of chapter 2.  

Table 3. 1 Primers used for scFv mutants  

  
  Mutant  Forward (5’ to 3’)  Reverse (5’ to 3’)  

1  VL-Y49K  ggcaaggcacccaaggttcttattaagttcacaagctcgt  acgagcttgtgaacttaataagaaccttgggtgccttgcc  

2  VL-Y49N  caacgagcttgtgaaattaataagaaccttgggtgcc  ggcacccaaggttcttattaatttcacaagctcgttg  

3  VL-Y49D  ggcacccaaggttcttattgatttcacaagctcgttg  caacgagcttgtgaaatcaataagaaccttgggtgcc  

4  VH-V2F  gccgggtagtcaggagttccagttggttgaaag  ctttcaaccaactggaactcctgactacccggc  

5  VH-Y27A  gtttaagctgtgcagcatcaggggccacatttacaaattatggtatga  tcataccataatttgtaaatgtggcccctgatgctgcacagcttaaac  

6  VH-Y27F  gctgtgcagcatcagggttcacatttacaaattatggt  accataatttgtaaatgtgaaccctgatgctgcacagc  

7  VH-S76R  ttcacttgacacttccaaaaggacagcgtacttacaaatg  catttgtaagtacgctgtccttttggaagtgtcaagtgaa  

8  VH-V102Y  tacggttcatcccattggtatttcgattattggggtcaggggac  gtcccctgaccccaataatcgaaataccaatgggatgaaccgta  

9  VH-V102D  catcccattggtatttcgatgattggggtcaggggacat  atgtcccctgaccccaatcatcgaaataccaatgggatg  

  

  

  

3.2.3. Protein purification and characterization   
Wild type and mutated scFvs were expressed and purified according to optimized protocols 

within the scope of chapter 2. Briefly, supernatants were collected after at high centrifugation. 

Protein-containing supernatants were either incubated with His-Pur Ni-NTA resin (Thermo 

Fisher) or loaded onto the HisTrap column and purified according to recommended commercial 
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protocol. Purified protein was buffer exchanged into 1X PBS (pH 7.4) through membrane 

filtration. After, purification proceeded with HiTrap TM Protein L column (GE Healthcare) 

according to recommended commercial protocol. Protein purities were confirmed on SDS- 

PAGE and Western Blot. The protein amount was determined using a calculated extinction 

coefficient and molecular weight of scFv by Nanodrop 2000 at 280 nm.  

  

Thermal melting points of the scFvs were determined according to optimized protocol within 

the scope of chapter 2. Briefly, thermal melting points were determined by DSF by using a 

hydrophobic dye, at ABI 7500 Fast RT-PCR. For optimal, dye and 5 µM scFv were defined and 

used for all studies. Tm values were defined using in-house Python scripts by utilizing Hill 

equation fit. Binding kinetics of the scFvs were determined by utilizing the optimized protocols 

in chapter 2. Briefly, VEGF was immobilized on a CM4 chip, a range of concentration of scFvs 

(0-100 nM) were injected onto VEGF-immobilized surface. Collected data were corrected 

based on VEGF included and only buffer data. Obtained sensograms from the SPR were 

analyzed via manufacturer's software, BiaEval 3.0. KD, kon and koff were determined by fitting 

the sensogram curves to a 1:1 binding model.  

  

3.2.4. Molecular dynamic and in silico analyses  

  
ScFv fragments in crystal structures were prepared from the full-length antibody, Bevacizumab, 

crystal structure by excluding the constant regions. Mutations were introduced by using the 

Wizard Mutagenesis tool of PyMOL. Homo sapiens distributions of the residue of interest were 

collected from AbYsis database (www.abysis.org). For molecular dynamics (MD) simulations, 

MD simulations were performed under Kale Lab collaboration at IBG. Details of simulation 

and the analyses were given in our published article [202]. Briefly, prepared scFv structures 

with VEGF were solvated in water box by supplying required buffer environment. After 

sufficient amount of energy minimization, simulations were recorded at 310K, 1 atm, for 500 

ns with 2 fs of integration time steps that resulted 5000 trajectories. For analyses, CDRs and 

FWs of the scFvs were determined according to Kabat numbering system [213] by using 

SabPred-Anarci server [214]. The contacts between variable domains were quantified as 

stability indicator. The contacts between scFv and VEGF were quantified as affinity indicator. 

Contacting residues were defined based on cutoff of 5 Å. Center of mass of the residues and/or 

atoms were utilized to quantify the distance between given residues and/or atoms. Root mean 
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square fluctuations (RMSFs) were determined utilizing the alpha carbon atoms of the proteins. 

The buried surface area between variable chains were quantified by extracting the solvent- 

accessible surface area (SASA) of the paired variable chains from the sum of the SASAs of the 

unpaired variable chains. Analyses and visualizations were performed by utilizing in- VMD- 

Python libraries Python’s Numpy. Gromacs, in-house Python scripts.  

3.3. Results  

  
3.3.1. Rational behind mutational designs   
The anti-VEGF scFv was previously designed and characterized with a non-repetitive linker 

[173]. The wild-type structure of the scFv was evaluated in different aspects to determine 

mutational regions for improving affinity or stability or both in favor of affinity-stability trade- 

off. Destabilizing regions, VEGF interaction residues, Vernier zones, and HCDR3 of the scFv 

were analyzed considering sequence, structure, conservation, and intramolecular interactions 

and the residues humanized and back-mutated during the humanization [17].  

  

Five residues, one from variable light domain (VL-Y49) and four from variable heavy domain 

(VH-V2, VH-Y27, VH-S76, VH-V102) are elected for co-evaluation of affinity and stability 

through secondary and tertiary interactions of the salt bridge, between K94 and D101 within 

the heavy chain that underlies the HCDR3 (Figure 3.1A).  

  

VL-Y49 is a conserved light chain framework residue. It plays role at the VL-HCDR3 interface.  

This residue is included in π-π contacts with VH-Y100E which is an HCDR3 residue. Besides, 

VH-Y100E might have a hydrophobic or a anion-π contact with VH- D101 [215]. Therefore, 

these interactions make an anion-π-π interaction at the interface (Figure 3.1B). For VL-Y49, we 

designed three mutations, Y49N, Y49K and Y49D by considering the new formation of anion- 

π-amino, anion-π-cation and anion-π-anion interactions, respectively. Also, by replacing the 

aromatic amino acid with charged or neutral amino acids, we aimed to improve solubility that 

might be possible to increase stability. However, we also aimed to observe the disruptive effect 

of VL-Y49D mutation due to possible of back-force between two charged amino acids, 

D49:D101.  

  

VH-V2 is one of the Vernier zone residues that is a neighbor to HCDR1 residues (VH-S25, VH- 

G26, VH-Y27), salt bridge residue VH-K94 and the key residue VH-V102 within 4 Å. However, 

it has contact with only VH-G26. For VH-V2, we designed one mutation, V2F to evaluate both 
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its importance on overall structure and its effect as a core residue (36% solvent accessibility) in 

the middle of the Vernier zone residues. It was also considered to create new π-π contacts with 

VH-Y27 by substitution to aromatic amino acid phenylalanine.  

VH-Y27 is another Vernier zone residue, that is a part of structural loop within the HCDR1.  

This residue makes important interactions within HCDR1 and plays role on loop structure. For 

VH-Y27, we designed two mutations, Y27A and Y27F. Y27A is designed to evaluate the 

importance of aromatic side chain in local packing of the structure. The most common residue 

phenylalanine (48%) followed by tyrosine (18%) and phenylalanine in this position previously 

shown that makes extra interaction with the other Vernier residues, VH-29 and VH-71, forms a 

contiguous triad, resulted unique canonical structures of the HCDRs [27]. In addition to these, 

back mutation of residue 27 to phenylalanine improved antigen binding based on changing the 

packing between CDR and framework residues in early humanization studies [27]. We 

introduced the Y27F mutation to compare the two highly conserved amino acids.  

  

VH-S76 is located within the fourth antigen-facing non-CDR loop. This residue interacts with 

VH-A24 in our structure. The most common residue asparagine (66%) followed by serine 

(22%). Naturally occurring asparagine in this position previously shown that interacts with VH- 

Y27 and VH-T28 (it is also threonine in our structure), stabilize the motion of the HCDR1. 

Naturally occurring serine in this position, interacts with VH-S25 (it is also serine in our 

structure) [216]. For VH-S76, we designed one mutation, S76R to evaluate both its importance 

on overall structure and its effect on stability and affinity while being very distant residue from 

the antigen binding region. It was also considered to create a local increased solubility by 

substitution to positively charged arginine.  

  

VH-V102 is one of the HCDR3 residues and does not interacts with VEGF. In this position, 

highly shared residue is tyrosine (33%) followed by valine (24%) in Homo sapiens. Besides, 

this residue is important for canonical structure of the HCDR3 by helping the stabilization of 

the loop. For VH-V102, we designed two mutations, V102Y and V102D (Figure 3.1C). We 

introduced the V102Y mutation to compare the two highly conserved amino acids. We designed 

V102D mutation to evaluate possible interaction with salt bridge residue VH-K04 and possible 

improvement in stability based on replacing a residue with charged residue at a solvent 

accessible position.  
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Figure 3. 1 Designed mutations near of the conserved salt bridge.  

  
Mutations near the conserved salt bridge between K94:D101 of the VH. A) View of the anti- 

VEGF scFv and antigen VEGF. B-D) Zoomed mutational landscape designed within this thesis 

chapter 3. B) VL-Y49, C) VH-V102, D) VH-V2, VH-Y27, VH-S76.  
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Figure 3. 2 Homo sapiens amino acid distributions of selected positions in this thesis  

3.3.2. Affinity and stability profiles of designed scFvs  

  
The conserved salt bridge between K94:D101, that underlies the HCDR3, play roles in stability 

of this loop (Figure 3.2). HCDR3 is the fundemantal binding region for most antigen 

interactions [217], thus we rationally designed nine mutations around this salt bridge, mostly 

on residues included in Vernier zone. We aimed to improve both affinity and stability with 

designed mutations, considering HCDR3 importance due to its variable light chain interface. 

As a first set of the mutational landscape, we chose residues VH-V102 and VL-Y49, as a second 

set of the mutational landscape, we chose VH-V2, VH-Y27 and VH-S76 to observe the effects 

on affinity and stability. In silico prediction of secondary structures of scFvs showed that single 

point mutations are well tolerated (Figure 3.3).  

However, when we checked the expression of mutants in supernatants, mutants VL-Y49D, VH- 

V2F could not be produced and VH-Y27F could not be purified (Figure 3.4A). The other 

mutated scFv proteins were produced and purified from the supernatant in high purities (Figure 

3.4B-D). Here, we designed the Y49D mutation by considering its disruptive effect that resulted 

in insufficient expression. On the other hand, even VH-V2F and VH-Y27F are the mutations to 

a more conserved residue for this specific position, the hydrophobic, bulky nature of the 

phenylalanine may have been disruptive to structure folding and stability. This resulted in the 

VH-V2F mutant not being produced completely and the VH-Y27F not being purified.  
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Figure 3. 3 In silico prediction of secondary structures wild type and mutated scFvs.  

  

  

(A) WT (B) VL-Y49D (C) VL-Y49K (D) VL-Y49N (E) VH-V102D (F) VH-V102Y (G) VH-V2F 

(H) VH-Y27A (I) VH-Y27F (J) VH-S76R.  
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Figure 3. 4 SDS-PAGE and Western Blot (WB) analysis of scFvs  

  
SDS-PAGE and WB analysis of scFvs after bacterial expression and purification. A) WB of 

expression supernatants, SDS-PAGE analysis of mutants B) WT, VL-Y49N, VL-Y49K, VH- 

V102D, VH-V102Y C) VH-Y27A, D) VH-S76R, Marker (M).  

  

Thermal stabilities of the mutants, VL-Y49N, VL-Y49K, VH-Y27A, VH-S76R VH-V102D, VH- 

V102Y were determined 44.4 °C, 46.8 °C, 46.6 °C, 48.3 °C, 51.8 °C and 54.6 °C, respectively. 

It is showed that, V102Y mutation showed the highest increase in thermal melting point, VH- 

V102D mutation showed the small change in thermal melting point while the other mutations 

showed worse thermal melting point compared to wild type scFv (Figure 3.5).  

  

 
  

Figure 3. 5 Thermal stability profiles of the WT and mutants  

Binding kinetics of the mutants were determined as 1.96 ± 0.11 nM, 1.09 ± 0.08 nM, 0.60 ±  

0.01, 2.50 ± 0.01, 0.50 ± 0.01, 1.42 ± 0.03 for VL-Y49N, VL-Y49K, VH-Y27A, VH-S76R, VH- 

V102D, VH-V102Y, respectively. (Figure 3.6A-G). All the scFvs have better affinities 
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compared to WT, 2.51 ± 0.01 nM, except VH-S76R. VH-V102D showed approximately 5-fold 

better binding to VEGF compared to WT. Although VL-Y49N, VL-Y49K, VH-Y27A, VH-S76R 

mutations increased the affinity against VEGF, same improvement was not observed in their 

stabilities.  

  

 
  

Figure 3. 6 Experimental affinity profiles of wild type and mutated scFvs.  

  
SPR profiles of all mutants (A) WT (B) VL-Y49N (C) VL-Y49K (D) VH-V102D (E) VH-V102Y 

(F) VH-Y27A (G) VH-S76R. F) KD (nM), kon (M
-1s-1), koff (s

-1) values of the WT and mutants.  

3.3.3. Molecular dynamic analyses  

  
Based on their experimental results, VH-V102 mutants are promising to overcome antibody 

affinity-stability trade-offs. Also, VL-Y49 mutants are in the core of the HCDR3- VL interface. 
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We further chose VH-V102 and VL-Y49 mutations to evaluate the effects of secondary 

interactions of these residues on their local interactions.  

  

Here, we first calculated the RMSF values of the simulated scFv structures. The RMSF values 

stayed in a range of 6 to 10 Å. Therefore, we concluded scFv and VEGF maintained their 

binding complex, overall flexibility of the antibody-antigen complex remained unchanged after 

introducing the selected mutations (Figure 3.7).  

  

 
  

Figure 3. 7 Flexibility profile of the scFvs during the MD simulations  

  

  

After that, we quantified the mean total contacts between heavy and light chain considering 

stability indicator and the mean total contacts between scFv and VEGF considering affinity 

indicator. Here, experimental results were supported by calculated data coming from MD 

trajectories. V102Y and V102D mutations gained both stability and affinity contacts. Y49K and 

Y49N mutations only gained affinity contacts while losing the stability contacts in the interface. 

We observed the highest stability and affinity contacts decrease in Y49D mutations explains 

that this mutation could not be produced and characterized recombinantly. At the end, each 

mutation fell into the same window of the chart according to both experimental data and 

simulated data. Therefore, we concluded data coming from MD simulations can be used for 

further analysis to gain insight for affinity-stability trade-off due to supporting the experimental 

data (Figure 3.8).  

Since, mutations on Y49 showed the stability decrease, we utilized the mutations on V102 as 

rescue mutations. Here we combined the Y49N with V102Y and V102D in the MD simulations. 

Even both double mutations designs gained antigen contacts and might show better affinity 

profile, they lost the stability contacts with light chain. Even they showed lower stability 
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contacts than the Y49D mutation, the one could not be produced recombinantly. Therefore, 

those double mutations were not taken for further experimental production and characterization 

process.  

  

  

 
 Figure 3. 8 Affinity-stability differences of scFv mutations compared to scFv wild type.  

  
The green window indicates increase in both affinity and stability, orange window indicates the 

decrease in affinity and increase in stability or, increase in affinity and decrese in stability, red 

window indicates decrease in both affinity and stability. A) Contact count difference of 

mutations coming from MD trajectories. B) Experimental value difference of mutations coming 

from wet-lab analyses.  

  

We further aimed to explain these affinity and stability changes in molecular level. In pairwise 

contact analysis, we observed changes in HCDR3 contacts for specific regions that might lead 

to affinity or stability increase/decrease (Figure 3.9). Since all the mutations led to gain in 

affinity contacts with VEGF, we observed increase in contacts between HCDR3 and antigen at 

the first 5-6 residues of the HCDR3. On the other hand, stability decreased mutations showed 

decrease in contacts between HCDR3 and light chain interface at the last 4-5 residues of the 

HCDR3 (Figure 3.9). Most importantly, highest gain of contacts was observed in mutations 

with highest affinity increase V102Y and V102D. We concluded that HCDR3 loop of our scFv 

utilize the loop at its two faces (between 95-100B), VEGF interacting face, taking role in antigen 

binding and effective in affinity, light chain interacting face (between 100B-102), taking role in 
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interface interactions and effective in stability. Hence, we emphasized that the HCDR3 plays a 

crucial role not only in affinity but also in stability.  

  

 
  
Figure 3. 9 Contact count differences of scFv mutations compared to scFv wild type.  

Heavy chain contacts, light chain contacts, and antigen contacts are colored orange, yellow and 

green, respectively. A) VL-Y49N, B) VL-Y49K, C) VL-Y49D, D) VH-V102Y, E) VH-V102D. 

The top panel represents the light chain and antigen contacts of the heavy chain. The middle 
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panel represents the heavy chain and antigen contacts of the light chain. The bottom panel 

represents the heavy and light chain contacts of antigen.  

  

Then, we quantified the buried surface area between the variable chains to express the change 

in stability. Since packing between light and heavy chains effects the overall stability [218, 

219], the buried surface are between those chains should be stayed similar to wild type. As 

expected, stability-decreased mutations showed worse buried surface areas than the wild type’s 

which means heavy and light chain packing changed due to introduced mutations and lost 

contacts. These contacts lose made the variable chains distant from each other, some of the 

interfacing areas became solvent accessible which might lead to stability decrease (Figure 

3.10). On the other hand, buried surface area value of stability increased mutations remained 

similar or higher than the buried surface area of wild type. Here we concluded that stability- 

decreased mutations affected the interfacing area unfavourably between variable chains.  

  

 
 Figure 3. 10 Buried surface area of scFvs between variable chains.  

  
A) Crystal structure representation of the quantified BSA (gray area). B) Calculated mean of 

BSA of each mutation plotted with Tm points.  

Further, we aimed to explore the molecular level interactions of the mutations and compared to 

wild type. Here, when the important anion-π-π interactions between D101-Y100E-Y49 

modulated with Y49 mutations, the distance between these residues were increased or disrupted 

with Y49 mutations (Figure 3.11A). However, the distance between these residues remained 
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similar to scFv wild type version with the V102 mutations (Figure 3.11C). We also checked 

the other HCDR2 – light chain interfacing residues and there was drastic change in other 

residues at the interface. We concluded that the π-π interaction between Y49-100E was crucial 

for heavy – light chain interface, this stacking is critical for contribution of HCDR3 to overall 

scFv stability. Most importantly, we observed an extra salt bridge that formed after the 

introduction of V102D mutations. Since it has been showed that one charged amino acid can 

have more than one ionic interaction with other amino acids [17, 220], the salt bridge residue 

K94 not only maintained its parental ionic interaction but also gained an extra ionic interaction 

with the replaced aspartate with valine on position 102 (Figure 3.11B, Figure 3.11D). We 

concluded that triple ionic interactions between the positions K94-D101-D102 might stabilize 

the HCDR3 better and affect the affinity favorably. At the end, this mutation was resulted with 

five times better binding affinity compared to wild-type.   
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Figure 3. 11 scFv affinity and stability interactions at molecular level understanding.  

  

  

A) The schematic representation of anion-π-π interaction between D101-Y100E-Y49 within 

HCDR3 – light chain interface. B) The schematic representation of the parental salt bridge 

between K94-D101 and the triple salt bridge between K94-D101-D102. C) Distances between 

alpha carbon atoms of residues Y49-Y100E and residues Y100E-VH-D101 residues. D) 

Distances between the interacting parental salt bridge atoms of K94 and D101. Inset shows the 

distance between interacting newly formed salt bridge atoms of K94 and D102.  

Next, we observed an orientation change in HCDR3 abiding by antigen in mutated scFvs 

compared to wild-type scFv (Figure 3.13A). We quantified the altered orientation due to 

mutations by calculating the angle between HCDR3 and VEGF where the center of mass of the 

variable domains, antigen, and middle of HCDR3 were utilized (Figure 3.13B). Here, 
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quantified angles showed that all the scFvs with mutations had smaller angles which means they 

gained closer orientation to the antigen. This angle changes to smaller ones might explain the 

affinity increase in all mutations compared to the wild-type. Most importantly, the smallest 

angle was observed within the scFv with mutation V102D which was supported by the 

experimental data by having the 5 times more binding affinity compared to wild-type. We 

concluded that introduced mutations contributed to affinity increase by altering the orientation 

and/or stabilizing the HCDR3 loop structure (Figure 3.13B).  

  

  

  

  

  
   

Figure 3. 12 The altered angle between HCDR3 and VEGF  

  
A) Crystal structure representation of the HCDR3 loop orientations of wild type and mutation 

V102D. B) The angle between HCDR3 and VEGF where the center of mass of the variable 

domains, antigen, and middle of HCDR3 were utilized. C) Quantified angle changes of 

mutation introduced scFvs compared to wild-type scFv Angle data calculated from the MD 

trajectories.  

3.4. Discussi

on   
Antibodies and its different formats are generated for various applications and developability 

engineering efforts might bring trade-offs because of the complex intramolecular interactions 

of the antibodies [187]. Improving affinity during the antibody development process is desired 

but these efforts might affect the other properties Affinity-stability is the most shared trade-off 

of the antibody engineering efforts [188, 197, 221]. HCDR3 could be the key region for both 

A   B   
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affinity and stability due to both being in antigen-binding interactions and being at the interface 

of variable domains.  

  

In this chapter, even though HCDR3 is the first choice to modulate affinity in engineering 

approaches, no mutations were introduced directly into the HCDR region. Instead, we 

considered the residues which are either Vernier zone or close to Vernier zone residues to alter 

the affinity and stability profile of the generated scFv. For that, we designed nine mutations and 

obtained affinity and stability increases in two mutations on heavy chain residue V102, V102Y, 

and V102D. This residue not only permitted mutations that changed the orientation of the 

HCDR3 to a more favorable position toward antigen but also maintained or gained interactions 

at the light chain interface resulted in an increase in stability. Results from this chapter suggested 

that HCDR3 loop is not only an affecting factor for affinity but also an affecting factor for 

stability. In addition to these, the very conserved ionic interaction between heavy chain K94-

D101 residues underlies the HCDR3 loop. Whenever, an extra salt bridge is created next to the 

parental one, both affinity and stability increased. A more-depth analyses showed that complex 

salt bridge resulted from V102D mutation made HCDR3 lean on VEGF further which could 

explain its affinity increase.  

  

Here, we demonstrate the importance of Vernier zone residues for antibody engineering efforts 

although they are underestimated in current literature.  

4. A proof-of-concept study on antibody specificity modulation : mono- to dual- specificity   

  

4.1.Introduction  

  
4.1.1. Yeast display systems  

  
The antibody engineering techniques has significantly accelerated the progress of therapeutic 

antibody development. Various protein engineering approaches can be employed to enhance 

crucial properties of antibody fragments, including affinity, specificity, and stability. [222]. 

Affinity improvement and/or maturation is an essential step for therapeutic antibody 

development because it determines biological activity and clinical efficacy [222]. One of the 

affinity maturation approaches for higher affinities to target antigens is the modulation of 

antigen-binding regions of antibodies by display techniques [96]. Display techniques (e.g., 

phage display, mammalian, and yeast surface display) are the most powerful screening 
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techniques for that kind of purpose, as they enable very rapid screening of antibodies with the 

desired characteristics from synthetic/semi-synthetic or natural antibody libraries [94].  

  

Among the display systems, yeast surface display is a well-founded directed evolution strategy 

for the discovery and development of antibody fragments with advantages. Within this method, 

the proteins being showcased undergo folding in the endoplasmic reticulum of eukaryotic yeast 

cells, where they can take advantage of quality-control mechanisms of the yeasts [87]. It 

requires less time/cost compared to other eukaryotic systems [223]. Also, it enables quantitative 

screening via Fluorescence-Activated Cell Sorting (FACS), allowing for direct observation of 

the equilibrium activity and statistics of the sample throughout the screening process [224, 225]. 

Methylotrophic yeast P.pastoris is the most preferred yeast species for recombinant protein 

production due to higher cell density, higher protein yield and less glycosylation [226]. There 

are many antibody display studies on Pichia pastoris with different cell wall proteins adapted 

from other species such as agglutinin proteins (S. cerevisiae cell wall agglutinin protein 1, Sag1) 

[227, 228]. There is also a cell wall anchor protein “protein with internal repeats of P.pastoris” 

(PpPIR1) [229]. PpPIR1 system of P.pastoris has only been used for non-antibody proof-of- 

concept display studies [230, 231]. This is the first study testing the PpPIR1 system for scFv 

antibody fragment according to our literature research.  

4.1.2. Bispecific 

antibodies   
The many of different and complex biological pathways are associated with tumor growth that 

often pose challenges for the success of the treatment while using mono-specific targeting 

agents. Lately, the development of different targeting formats of antibodies, such as bispecific 

antibodies, has emerged as a strategy to enhance therapeutic efficacy [232]. Bispecific 

antibodies can bind to two distinct antigens [233]. Presently, there are 14 bispecific antibodies 

out of the 180 approved antibodies, and this number is increasing based on their clinical success 

[234]. The most preferred approach to generate bispecifics involves two different antibodies 

targeting separate antigens, each located on separate arms of the antibody structure [235]  

(Figure 4.1A). But then, dual specifics, might be referred to as “Two-in-One”, possess the 

capability to bind to two antigens individually using the same antigen-binding site [236] (Figure 

4.1B).  

  

Antibody specificity modulation have an immense potential for discovering more efficient 

antibodies for therapeutic approaches. Generally, HCDRs are the main driver in antigen 
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binding. Hence, LCDRs might be possible paratope for second antigen binding. Very first 

proof-of-concept engineering approaches implemented on mono-specific antibodies to obtain 

dual specifics [61, 236-241]. Bostrom et al. utilized a LCDR library of anti-Human Epidermal 

Growth Factor Receptor 2 (HER2) antibody, Herceptin, discovered dual specific antibodies 

with different affinities against VEGF and HER2 [237]. Their study demonstrated that 

introducing specific mutations in the LCDRs was adequate to achieve dual-specific antibodies 

capable of binding to both HER2 and VEGF. This pioneering technique provided evidence that 

monospecifics can be engineered to acquire dual- and/or multi-specificity by introducing 

mutations in the avaiable CDRs.  

  
  

Figure 4. 1 Antibody targeting formats.  

  
A) Bispecific antibody, two different variable regions target two different antigens. B) Dual- 

specific antibody, same variable region targets two different antigens. Antigens were shortened 

as Ag1 (green) and Ag2 (pink). Constant regions were indicated in different shades of gray. 

Variable heavy chains were indicated in orange and dark blue, variable light chains were 

indicated in yellow and light blue.  

  

Efforts to modulate antibody specificity and/or affinity predominantly focus on the 

complementarity-determining region (CDR) regions. The primary distinctions among variable 

domains of antibodies lie in the properties of CDR loops such as amino acid content, and. In 

contrast, the non-CDR regions are typically conserved and exhibit a high degree of structural 

similarity, formed by several core β-sheet structures [242]. While some studies highlight the 

significance of non-CDR regions in biophysical properties [188] and humanization [28, 243], 

their contributions to affinity/specificity are often underestimated [188, 244]. The Vernier zone, 
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a critical non-CDR region, has the potential to influence the canonical structure of CDR loops 

[26, 27]. However, no study has yet investigated the relationship between Vernier zone and 

antibody specificity [242]. While Vernier zone is commonly engineered/back-mutated during 

humanization applications to restore affinity, the features of Vernier zone have potential to 

impact various antibody properties, such as specificity.  

  

4.1.3. Dual blockade of VEGF and PD-L1  

  
Antibodies used in cancer treatment can be used alone or in combination for targeted therapy 

approaches. Programmed Death-Ligand-1 (PD-L1) has emerged as a crucial protein in the 

cancer therapies and diagnostics. PD-L1, expressed by tumor cells, is presented on the surface, 

binds to the programmed-death-protein-1 (PD-1) on T cells in the immune system, causing 

immunosuppression against cancer [245]. Anti PD-L1 therapy is emerging as an effective and 

successful treatment for cancers with high PD-L1 expression. It has been reported that the 

combination of the anti-angiogenesis and anti-immunosuppression approaches in cancer 

treatment increases drug efficacy in various cancers [246]. The crosstalk between 

immunosuppression and angiogenesis indicates that the remodeling of the cancer vessel 

network can enhance the effectiveness of cancer immunotherapies. Dual targeting of PD-L1 

and VEGF has great potential for a combinatorial treatment approach [247, 248].  

  

Currently there are 9 approved antibodies (out of 180) and 4 antibodies (out of 138) in late- 

stage clinical studies that blocks the PD-L1/PD-1 interaction for cancer therapies (Table 5.1, 

extracted from Antibody Society [158]).  

  

Table 4. 1 PD-L1 blocking antibodies approved and in late-stage clinical studies  

  
 Approved antibodies   

Antibody  Target  Format  Specificity  Therapeutic Area  
Tagitanlimab    

  

  

  

  

PD-L1  

Full-length  Monospecific  Cancer  

Sugemalimab  Full-length  Monospecific  Cancer  

Socazolimab  Full-length  Monospecific  Cancer  

Envafolimab  sdAb-Fc  Monospecific  Cancer  

Durvalumab  Full-length  Monospecific  Cancer  

Cosibelimab  Full-length  Monospecific  Cancer  

Avelumab  Full-length  Monospecific  Cancer  
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Atezolizumab  Full-length  Monospecific  Cancer  

Adebrelimab  Full-length  Monospecific  Cancer  

 Antibodies in late-stage clinical studies   

Antibody  Target  Format  Specificity  Therapeutic Area  

Retlirafusp alfa  
  

  

  

PD-L1  

Full-length 

(PD-1 fusion)  Bispecific (TGF-β)  Cancer  

Erfonrilimab  sdAb-Fc *  Bispecific (CTLA4)  Cancer  

Bintrafusp alfa  Full-length  Bispecific (TGF-β)  Cancer  

TQB2450  Full-length  Monospecific  Cancer  

*Erfonrilimab is a novel fusion antibody design, two anti-PD-L1 single domain antibodies are positioned in place of variable 

domains, two anti-CTLA4 single domain antibodies are positioned in place of CH1-CL. This sdAb design is fused to Fc 
region.  

4.1.4. Chapter overview  

  
High specificity is one of the important determinants of an antibody’s success. Mono-specificity 

is usually desired to prevent off-target binding but controlled multi-specificity could be 

advantageous in treatments requiring more than one antigen target. There is a promising multi- 

specific format called dual-specific antibodies which can exhibit binding to two distinct 

antigens while utilizing the same complementarity determining regions. Dual-specific binding 

is generally modulated from mono-specific binders via diversification of the CDRs, but roles 

of non-CDR regions in antibody specificity is underrepresented in the literature.  

  

One of important non-CDR regions is Vernier zone. Although its role in affinity is documented, 

its effect on specificity is not clear. We previously showed that interaction between a non-CDR 

antigen facing loop including Vernier zone residues (Light-Vernier-4, LV4) and CDRs might 

be key to gain dual-specificity, detailed in Chapter 4. Here, we hypothesized that diversification 

of LV4 loop of a mono-specific antibody can lead to a dual-specific binding without any direct 

mutations in CDRs.  

  

In this chapter, mono-specific single-chain antibody variable fragment against Vascular 

Endothelial Growth Factor (VEGF) was used as a template. Two residues of the LV4 loop were 

diversified, and the corresponding library was displayed on the surface of Pichia pastoris with 

S. cerevisiae cell wall protein Sag1. Screening was performed for a second antigen, 

Programmed Death-Ligand-1(PD-L1), to obtain a dual-specific antibody. In this context, Sag1 

display system was optimized for scFv antibody fragment, prepared scFv library was sorted to 

obtain PD-L1 binding scFvs. One enriched clone, with NQ motif in the corresponding residues, 
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showed PD-L1 binding in the therapeutic range, ~50 nM and preserved its VEGF binding after 

mutations. Our study is a novel approach to modulate specificity of the antibody that is not 

required large libraries including CDRs.  

4.2. Material and Methods  

  
4.2.1. Generation of wild type scFv and scFv library display plasmids  

  
The anti-VEGF scFv gene was amplified from pET-17b bacterial expression plasmid by adding 

either SfiI/PacI or EcoRI/ApaI restriction sites. For the PpPIR1 based display plasmid 

construction, the scFv gene with N-terminal EcoRI and C-terminal ApaI restriction sites was 

ligated with the orientation of PpPIR1-VL-linker-VH-Myc-6xHis into yeast surface display 

plasmid. For the Sag1 based display plasmid construction, the scFv gene with N-terminal SfiI 

and C-terminal PacI restriction sites was ligated with the orientation of Flag-VL-linker-VH-V5- 

Sag1 into yeast surface display plasmid (P. pastoris pPSDZeoSfiIPacI-FLAGV5-AOX1 surface 

display vector). Then, either DH5a or TOP10 electrocompetent E.coli cells were transformed 

with these ligation products and isolated plasmid DNAs were verified by DNA sequencing 

(Eurofins Genomics). KOD DNA Polymerase (TakaraBio) or Phusion DNA Polymerase (NEB) 

were used for amplification. All restriction enzymes and T4 DNA ligase were provided from 

NEB. Low salted LB-Broth medium (10g/L tryptone, 5 g/L yeast extract, 5g/L sodium chloride) 

and low salted LB-Agar plate (LB-Broth content, 15 g/L agar) were used for bacterial growth. 

20 μg/mL zeocine was used for antibiotic selection of positive clones. Promega PureYield 

Plasmid System or Macherey-Nagel NucleoSpin Plasmid System were used for plasmid 

isolation.  

  

The two residues of fourth loop on light chain (residues 68 and 69) were determined for 

specificity modulation. A library was designed by replacing each position with 20 different 

amino acids, the total library size was determined as 4x102. The scFv gene library was prepared 

by overlapping PCR with degenerative primers (Overlap extension PCR). Overlapping 

fragment 1 was 242 bp amplified by adding SfiI restriction site at N-terminus and degenerative 

codons at selected positions with the scFv-FW-SfiI primer and Degenerative-2aa-RV primer. 

Overlapping fragment 2 was 561 bp amplified by adding PacI restriction site at C-terminus with 

the scFv-VL71-FW primer and scFv-RV-PacI primer. For the assemble of overlapping 

fragments, first 3 cycles of the PCR was amplified without primers, relied on the overlapping 

sequences generated in the first part. Both fragments were presented in the PCR reaction in 
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equal amount (75-125 ng). After the 3 cycles without primers, scFv-FW-SfiI and scFv-RV-PacI 

primers were added into reaction, assemble fragment was amplified for 25 cycles. Assemble 

fragment (788 bp) was identified on a 1% agarose TAE gel containing SYBRSafe DNA Gel 

Stain (ThermoScientific S33102).  

  

The fragment library prepared via overlap PCR were cloned in Sag1 surface display vector (P. 

pastoris pPSDZeoSfiIPacI-FLAGV5-AOX1) described in the section 5.2.1. Enough vector and 

library fragment were digested with SfiI and PacI, vector was purified from agarose gel and 

insert was purified with the NucleoSpin cleanup kit. Prepared vector and insert were ligated in 

a 1:3 molar ratio with T4 DNA ligase (NEB) using temperature cycle ligation incubation (TCL) 

[249]. E.coli TOP10 cells were freshly prepared for electroporation. Electroporation was 

performed in several of pre-chilled 2 mm electroporation cuvettes. 40-50 μl electrocompetent 

cells were incubated with 2 μl of ligation reaction per cuvette. Electroporation was performed 

at 2.5 kV for 4-5mscec. Cells were pooled and recovered in SOC medium (5 g/l yeast extract, 

20 g/l tryptone, 0.5 g/l NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) for 1 h at 37 °C.  

Then recovered cultures are plated on low salted LB agar plates containing 20 ug/mL zeocine. 

To assess library diversity, a serial dilution of the recovered cells was plated. Following 

overnight incubation at 37 °C, all colonies were collected from the agar plates and combined. 

The plasmid library was subsequently isolated from cells using NucleoBond Xtra Midi preps 

(Macherey-Nagel) and eluted in TrisHCl pH 8.5. Plasmid DNAs were isolated from randomly 

picked six colonies in the library and diversity were verified by DNA sequencing (Eurofins 

Genomics).  

  

4.2.2. P.pastoris transformation and library generation  

  
The yeast surface display of antibody fragments was performed using the Pichia pastoris GS115 

strain. Optimized P. pastoris transformation procedure was followed [250]. Briefly, a fresh 

colony of GS115 was inoculated in 5 mL YPD (1% yeast extract, 2% peptone, 2% glucose 

monohydrate) and incubated overnight at 28°C, 250 rpm. Overnight pre-culture has inoculated 

into 250 mL of YPD. Culture was grown to 1.5 OD600 nm at 28°C and 250 rpm. Then cells were 

harvested by centrifugation at 1500-2000 g for 5 min at 4°C. Cells were resuspended in 

LiAc/DTT solution and incubated for 30-45 mins at room temperature at 100 rpm. Then cells 

were harvested washed twice with ice cold 1 M sorbitol. Collected cells were resuspended in 1 
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M ice cold sorbitol and stored the cells on ice until electroporation or flash-freezed for further 

use. Plasmids were digested with PmeI for linearization of the plasmid library in the AOX1 

promotor. Linearized plasmids were desalted by a PCR purification kit (Promega). 100-150 ng 

of linearized plasmid DNA was mixed with 80-100 µL of competent yeast cells, incubated on 

ice for 5 minutes. Electroporation was performed in a pre-chilled 2 mm electroporation cuvette 

at 1.5kV for 3msec. Ice cold 1 M sorbitol or YPD was immediately added after pulsing the cells. 

After 3-6 hours recovery, cells were spreaded on YPD agar plates containing 20 ug/mL zeocine. 

Plates were incubated at 28°C and 250 rpm for 2-3 days. Single colonies were chosen for 

overnight growth in YPD medium, then 15% glycerol stocks were prepared for further studies.  

  

The yeast surface display of antibody fragments was carried out utilizing the Pichia pastoris  

GS115 strain. Optimized P. pastoris transformation procedure was followed as described above. 

Freshly prepared electrocompetent GS115 cells were used for transformation. A mixture of 100-

150 ng of linearized plasmid DNA and 80-100 µL of competent cells was prepared and 

incubated on ice for 5 minutes. Electroporation was performed in multiple pre-chilled 2 mm 

electroporation cuvette at 1.5kV for 3msec. YPD was immediately added after pulsing the cells. 

Following a 6-hour recovery period, a serial dilution of the retrieved cells was plated to assess 

library diversity. The remaining transformed cells were then subjected to liquid selection by 

inoculating them into YPB broth at a ratio of 1/25, supplemented with 20 µg/mL zeocin. The 

culture was subsequently incubated at 28°C and 250 rpm for 24 hours. Then 15% glycerol 

stocks were prepared.  

  

4.2.3. Flow cytometry analyses  

  
GS115 cells transformed with the expression constructs were inoculated into 5 mL of YPD 

medium and incubated overnight (~16 - 24 h) at 30°C, 200 rpm. The overnight culture was then 

used to inoculate 15 mL of BMGY medium with a starting optical density at 600 nm (OD600) 

of 0.1. The culture was grown at 30°C until the OD600 reached a range of 6-10. Then , the cells 

were harvested by centrifugation at 3000 × g for 10 minutes at room temperature and 

resuspended in 15 mL of BMMY medium. The culture was supplemented with 1% methanol 

(final concentration) at 12-hour itime points during the induction period. After 24 or 48 hours 

of growth, the cells were harvested by centrifugation at 1500 × g for 5 minutes at 4°C.  
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Harvested cells were washed twice with washing buffer (1X PBS Buffer, 2 mM EDTA, protease 

inhibitor, pH 7.4), resuspended in cold washing buffer. 100 uL of OD600 1-2/mL cells were 

pelleted and resuspended in 100 uL staining buffer (1X PBS Buffer, 1% BSA, 2 mM EDTA, 

protease inhibitor, pH 7.4). Cells were incubated either with 10 nM biotinylated VEGF 

[SinoBiological 11066-H27H-B] for 2 hours or with primary antibody of interest for 1 hour. 

1/100 mouse anti myc-tag antibody (ProteinTech 67447-1-Ig) or 1/100 mouse anti-his tag 

antibody (ProteinTech 66005-1-Ig) were used for PpPIR1 display system. 1/100 mouse anti- 

flag tag antibody or 1/200 anti-flag rabbit antibody (SigmaAldrich F7425) was used for Sag1 

display system. Cells were pelleted and washed twice with staining buffer. Cells were pelleted 

in 100 uL staning buffer and incubated with secondary antibody/reagent of interest. 1/200 anti- 

mouse Alexa Fluor 488 conjugated antibody (ProteinTech SA00013-1) was used for primary 

mouse antibody incubated cells. 1/500 anti-rabbit Alexa Fluor 488 conjugated antibody 

(LifeTech A11008) was used for primary rabbit antibody incubated cells. 1/400 Streptavidin- 

PE (Pharmingen 554061) or 1/200 Streptavidin-Alexa Fluor 568 (ThermoScientific, S11226) 

was used to detect VEGF binding. Following the incubation with secondary reagents, the cells 

were subjected to washing with 200 µL of ice-cold staining buffer. Subsequently, the cells were 

resuspended in 150 µL of ice-cold staining buffer for flow cytometric analysis. 10000 events at 

minimum were recorded per sample using a BD FACS Melody flow cytometry cell analyzer.  

  

4.2.4. Fluorescence activated cell sorting (FACS) analyses  

  
The protocol described in section 5.2.4 was followed for sorting preparation. After 24h 

methanol induction of AOX1 promoter the cells were harvested at 1500 g for 5 minutes at 4°C. 

Harvested cells were washed twice with washing buffer (1X PBS Buffer, 2 mM EDTA, protease 

inhibitor, pH 7.4), resuspended in cold washing buffer. 100 uL of OD600 2/mL cells were 

pelleted and resuspended in 100 uL staining buffer (1X PBS Buffer, 1% BSA, 2 mM EDTA, 

protease inhibitor, pH 7.4). Cells were incubated with biotinylated PD-L1 (Sinobiological, 

10084-H08H-B) in a range of concentrations (100 nM to 1 nM, decreasing in each sorting) for 

2 hours and 1/200 anti-flag mouse antibody was added after 1 hour incubation of the antigen. 

Cells were pelleted and washed twice with staining buffer. Cells were pelleted in 100 uL staning 

buffer and incubated with 1/200 anti-mouse Alexa Fluor 488 conjugated antibody (ProteinTech 

SA00013-1), 1/200 Streptavidin-Alexa Fluor 568 (ThermoScientific, S11226) and 1/500 DAPI 

(ThermoScientific D1306). After the incubation with secondary reagents, cells were washed 
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with 200 uL ice-cold staining buffer and resuspended in 150 uL ice-cold staining buffer for 

FACS. 10000 events at minimum were recorded per sample. Sorted cells were recovered in 2X  

YPD containing 1/100 penicillin-streptomycin for 12h. Then 20 ug/mL zeocine was 

supplemented and cells were allowed to recover another 24 hours. 15% glycerol stocks of 

sorting cells were prepared. Recovered cells previous sorting was used for the next sorting. 100 

nM and 50 nM PD-L1 were used for first sorting, 25 nM PD-L1 was used for second sorting, 5 

nM and 1 nM PD-L1 were used for third sorting. For the fourth sorting, 5 nM and 1 nM PD-L1 

were used to assess the increase in binding population percentage.  

  

4.2.5. Affinity measurements on P.pastoris via flow cytometry  

  
Affinity measurements on GS115 were applied as described above. 100 uL of OD600 = 1/mL 

cells were pelleted for each condition. The cell pellets were then resuspended in 100 uL of 

biotinylated VEGF (SinoBiological, Cat# 11066-H27H-B) over a range of concentrations 

(0.015 nM-100 nM), incubated for 2 hours and 1/200 anti-flag rabbit antibody (SigmaAldrich 

F7425) was added after 1 hour incubation of the antigen. Cells were pelleted and washed twice 

with staining buffer. Cells were pelleted in 100 uL staning buffer and incubated with 1/500 anti- 

rabbit Alexa Fluor 488 conjugated antibody (LifeTech A11008), 1/400 Streptavidin-PE 

(Pharmingen 554061). After the incubation with secondary reagents, the cells were rinsed with 

200 µL of ice-cold staining buffer and then suspended in 150 µL of ice-cold staining buffer for 

subsequent flow cytometric analysis. 10000 events at minimum were recorded per sample using 

a BD FACSMelody flow cytometry cell analyzer.  

4.3. Results  

  
Founding study  

  

As a very early investigation on dual-specifics, we presented the results of in silico investigation 

of dual-specific antibodies [211]. In this study, we conducted a structural analysis of six 

different antibodies, including dual-specifics and parental mono-specific template, aiming to 

gain insights into the determinants of dual-specificity. These dual-specifics exhibited the 

capability to selectively interact with two different antigens with varying affinities. Our findings 

revealed that a specific cluster of residues within the Vernier zone region played a crucial role 

in conferring dual specificity. A limited amount of intramolecular interactions were observed 

between a particular Vernier zone, referred to as LV4, and the LCDR1 within mono-specific 
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template, and a notable interactional alteration occurred, leading to closer contacts between the 

LV4 and LCDR1 loops in the derived dual-specific antibodies. In this study, we showed that 

previously underestimated Vernier zone regions might help us to modulate antibody specificity 

in a controlled manner. We concluded that modulation of Vernier zone – CDR interactions 

might be a new road to understanding antibody specificity and gaining dual-specificity (Figure 

4.2). The results from this chapter were published in Proteins: Structure, Function and 

Bioinformatics as an original research paper in 2019 [211].  

  

 
  

Figure 4. 2 Overview of founding study for dual-specifics  

  

  

Anti-VEGF scFv displayed via Sag1 system maintains its binding for VEGF  

  
Prior to generation of yeast display libraries and applying sorting procedure, the applicability 

of the yeast surface display technique via two different cell wall anchor proteins (Sag1 and 

PpPIR1) for anti-VEGF scFvs was evaluated. The expression and antigen binding activity of 

the scFv on yeast were tested using an anti-VEGF scFv gene that was generated and 

characterized at chapter 2 and 3 within the scope of this thesis.  

  

Two different cell wall anchor proteins of the yeast species were used for the surface display of 

scFv. PpPIR1 display system was orientated as PpPIR1-VL-linker-VH-Myc-6xHis (Figure 

4.3A) that expression could be detected via myc-tag or his-tag. Sag1 display system was 

orientated as Flag-VL-linker-VH-V5-Sag1 (Figure 4.3B) that expression could be detected via 

flag-tag or his-tag. In both system, antigen conjugated biotin and fluophore conjugated 

streptavidin interaction was utilized to detect antigen binding of the displayed scFvs.  
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Figure 4. 3 Orientation of the generated yeast surface display plasmids.  

  

  

A) PpPIR1 display system, B) Sag1 display system.  

  
In PpPIR1 display system, expression was detected on 86 % of the total cell population via his- 

tag while expression couldn’t be detected via myc-tag with two different fluorescent dye 

(Figure 4.4A-C). Besides, ~ 10 % of the total cell population showed VEGF binding (Figure 

4.4D). Since the expression cassette was typically integrated in the genome of P.pastoris to 

obtain stable expression strains , VEGF binding was expected as much as detected expression 

level.  

  

In Sag1 display system, expression and antigen binding were detected through flag-tag and 

fluophore conjugate streptavidin. ScFv display level on yeast cells was typically observed in a 

range ~80-100% percentage of the total population depending on their antibody expression 

level. Antigen binding ability of the displayed scFvs via Sag1 were also observed similar 

percentage to detected expression level (Figure 4.5A-B).  
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Figure 4. 4 Flow cytometry analysis of scFv display via PpPIR1 cell wall anchor protein.  

  

  

A) Display level detected through FITC conjugated anti myc-tag antibody, 6.37% of the cell 

population. B) Display level detected through mouse anti myc-tag antibody, AF488 conjugated 

anti-mouse antibody, 36.8% of the cell population. C) Display level detected through mouse 

anti flag-tag antibody, AF488 conjugated anti-mouse antibody, 88.7% of the cell population D) 

Antigen binding of anti-VEGF scFvs displayed on yeast, 10.1% of the cell population. 

Biotinylated VEGF and streptavidin PE couple was used to monitor antigen binding. The yeast 

cells were induced for two days for scFv expression.  
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Figure 4. 5 Flow cytometry analysis of scFv display via Sag1 cell wall anchor protein.  

  

  

A) Display level detected through rabbit anti flag-tag antibody, AF488 conjugated anti rabbit 

antibody, 97.4 % of the cell population. B) Antigen binding of anti-VEGF scFvs displayed on 

yeast, 98.7% of the cell population. Biotinylated VEGF and streptavidin PE couple was used to 

monitor antigen binding. The yeast cells were induced for two days for scFv expression.  

  

As a result, anti-VEGF scFvs were sufficiently displayed on yeast via Sag1 display system and 

maintained their affinities to VEGF. Thus, all the further studies were carried on utilizing Sag1 

display system.  

  

After confirming the utility of Sag1 display system for anti VEGF scFvs, wild type scFv was 

tested in terms of its antigen binding affinity on the yeast. Binding affinity of soluble scFv was 

previously analyzed based on it’s binding to ligand, VEGF via Surface Plasmon Resonance 

(SPR) (Chapter 3, Figure 3.6). Binding affinity of surface displayed scFv was analyzed based 

on its binding to in a range of 0 nM to 100 nM VEGF via flow cytometry at 24h and 48h of 

induction (Figure 4.6A-B). No substantial difference was observed between the 24-hour and 

48-hour induction periods. Binding affinities were determined as 1-5 nM for surface displayed 

scFv.  
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Figure 4. 6 Antigen binding curve of displayed scFv.  

  

  

A) Flow cytometry graphs of the percentage of antigen binding cell population increases with 

increasing antigen concentration from 0 nM to 100nM at 24h and 48h induction. B) Bar plot of 

the percentage of the antigen binding cell population. The expression of scFv was monitored 

using anti-rabbit anti-flag primary antibody and a goat anti-rabbit secondary antibody (AF488) 

conjugate. Data were collected from this experiment. Biotinylated VEGF and streptavidin PE 

couple was used to monitor antigen binding.  

  
Rational behind in silico library design for specificity modulation  

  
In silico analysis was performed to determine paratopes of anti VEGF scFv to its antigen VEGF. 

Four of the CDRs, HCDR1-3 and LCDR3 of this template showed direct contacts with VEGF 

(paratope) while LCDR1, LCDR2 and LV4 loops were conformationally distant from the VEGF 

epitopes and showed no contact with VEGF (Figure 4.7A-B). Thus, a significant amount of 

light chain paratope was determined available for a second antigen-binding without disturbing 

the VEGF binding.  
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Figure 4. 7 Light paratope is available for second antigen binding.  

  

  

Interaction plot between anti VEGF scFv and VEGF. A) Heavy chain residues interactions (top 

panel), Light chain residues interactions (middle panel), VEGF residues interactions (bottom 

panel). The available paratope is squared in magenta. B) Top-down view of anti-VEGF scFv. 

VEGF paratope is squared in green, VEGF binding residues are highlighted in green in the scFv 

structure.  

  

The residues G68 and T69 were identified as critical Vernier zone residues on LV4, responsible 

for establishing contacts with the neighboring LCDR1. The backbone and side chains of 

residues 68 and 69 on the LV4 loop were found to be the key components involved in interacting 

with specific residues in LCDR1. (Figure 4.8A-B). A hypothesis was put forward suggesting 

that modifying these residues could potentially bring LCDR1 and LV4 closer together, thereby 

influencing antibody specificity. Based on these, a library was designed by replacing residues 

68 and 69 with 20 different amino acids to determine the importance of the residues on antibody 

specificity modulation. Thus, the total library size was determined as 4x102.  
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Figure 4. 8 LV4 is the key region for second paratope  

  

  

A) The structural view of the LCDRs and LV4 region. B) Interaction between LV4 and LCDR1 

residues. LV4 faces to LCDR1, interactions are grouped together on positions G68, T69 of LV4.   
The non-interacting residues are colored in gray.   
PD-L1 binding sorting shows enrichment in the library  

  
Prior to sorting of the library, generated library was tested whether it maintains its binding to 

VEGF. ~ 80 % of the total cell population showed VEGF binding at 10 nM VEGF 

concentration. It was ensured that designed mutations for specificity modulation did not affect 

the VEGF binding of the scFv (Figure 4.9A).  

  

Then, a series of sorting steps were conducted to obtain PD-L1 binder scFvs. First, PD-L1 

binding flow cytometry analysis was performed at increasing PD-L1 concentrations (5 to 100 

nM) to determine starting concentration of the PD-L1 binding sorting in FACS. It was shown 

that the percentage of the PD-L1 binding cell population was increased in increased antigen 

concentrations (Figure 4.9B). Although highest percentage of the cell population was observed 

at 100 nM PD-L1 incubation, to be able to exclude the non-specific binders, 50 nM of PD-L1 

concentration was chosen as starting concentration and sorted cells were carried forward in the 

selection process.  

  
  

Figure 4. 9 VEGF and PD-L1 binding of generated library  
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A) Generated library maintained its binding to VEGF. B) The bar plot of the percentage of the 

PD-L1 binding scFv population in the library.  

  

Further to enrich the PD-L1 binding scFv variants in the libraries, four affinity sorts were 

performed using FACS (Sort 1 to Sort 4). In each sorting, enriched libraries incubated with 

decreasing PD-L1 concentrations in a range of 50 nM at Sort 1 (S1), 25 nM at Sort 2 (S2), 1nM 

at Sort 3 (S3), 1 nM at Sort 4 (S4) respectively. In each sorting, cell population with highest 

antigen binding signal and highest expression signal were sorted. The selected sorted cell 

window and the percentage of the sorted cell population were indicated in Figure 4.10. While 

broader cell population were sorted at first two round of the sorting (S1 and S2) in terms of 

screening all the possible PD-L1 binding candidates, it was shifted to narrowed sorting window 

at S3 to be able to distinguish the binders. In the final round of PD-L1 affinity sorting, S3 and 

S4 libraries were compared to each other in terms of their PD-L1 binding affinity at same 

concentration (1 nM) to observe that the S3 library is an enriched distinct population that 

possesses a higher binding affinity (Figure 4.10). As a result, sorted libraries at decreasing PD- 

L1 concentrations in each sorting were enriched a distinct population that showed a better 

binding affinity than the one before. After the S3 and S4 ibrary recoveries, cells were spreaded 

on agar plates and a number of clones were sent for sequencing.  
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Figure 4. 10 A distinct PD-L1 binding population was enriched in the library.  

  
Mouse anti flag-tag primary antibody and anti-mouse AF 488 conjugated antibody were used 

to monitor scFv expression. Biotinylated VEGF and streptavidin PE couple was used to monitor 

VEGF binding.  

  

Unique variants from S4 libraries were taken into further investigation. The unique motifs that 

obtained at least two times in the population, counted for enrichment. The clones that were 

enriched but had point mutations on other positions did not include. The most enriched motifs 

were determined as DR, 40% of the population followed by HQ and NQ, 13 % population at 

those positions (Figure 4.11A-B).  
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Figure 4. 11 Enriched motifs from the synthetic library.  

  

  

A) Glam2 analysis of the clones. B) The presence of the most enriched motifs, DR, HQ and 

NQ.  

  

Further these clones, DR, HQ and NQ, were analyzed via flow cytometry whether if they 

showed binding difference to VEGF and PD-L1 compared to WT. The fluorescence signal 

percentage of the VEGF binding (at 10 nM) of enriched clones and WT were similar to each 

other that showed no significance in ANOVA test (Figure 4.12A). On the other hand, the clone 

with NQ motif showed significant PD-L1 binding (at 100 nM) compared to WT. The other 

enriched clones DR and HQ were resulted same PD-L1 binding to WT (Figure 4.12B). Here it 

was shown that VEGF binding of clones preserved with those mutations, while PD-L1 binding 

was gained with NQ mutations.  

  

Subsequently, flow cytometric analysis was employed to assess the antigen binding affinity of 

the NQ clone (with altered residues) and the WT clone towards VEGF and PD-L1. The binding 

affinities of clone NQ and WT to VEGF were found to be very similar, with the highest value 

of 4.40 ± 0.90 for NQ and 5.44 ± 0.90 for WT. On other hand, the binding affinity of clone NQ 

to PD-L1 was determined 51.21 ± 14.03 while WT binding to PD-L1 could not be fitted due to 

having flat-line data in increasing concentration of the PD-L1 (Figure 4.13A-B).  
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Figure 4. 12 The VEGF and PD-L1 binding of enriched clones and WT.  

  

  

The VEGF (A) and PD-L1 (B) binding of enriched clones and WT. The ANOVA test showed 

that the PD-L1 binding of the clone with NQ motif found to be significant compared to WT 

while VEGF binding of all clones and WT remained similar, that is statistically non-significant.  

  

  

  

  

 
  
Figure 4. 13 Binding affinities of the clone NQ and WT for VEGF and PD-L1.  

4.4. Discussion  

  
In this chapter, we aimed to evaluate the role of an antigen facing loop, Light Vernier 4 (LV4) 

in the modulation of antibody specificity through one of the directed evolution strategy, yeast 
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display system and develop a dual-specific scFv antibody fragment. For this purpose, a 

monospecific anti VEGF scFv fragment that has been designed from a full-length monoclonal 

antibody, produced, and characterized with high stability and affinity, detailed in chapter 3, was 

used as a monospecific template. Although four of this template's CDRs are involved in antigen 

binding, the LCDR1 and LCDR2 loops are conformationally distant from VEGF epitopes and 

have no contact with VEGF. Thus, a significant amount of light chain paratope is available for 

a second antigen binding without disturbing VEGF binding.  

  

“Programmed-death-ligand-1, (PD-L1)” is overexpressed in cancer cells suppressing the T-cell- 

mediated anti-tumor response, thus blocking PD-L1 becomes important in immune checkpoint 

blocking strategies. Moreover, VEGF signaling plays a vital role in the immunosuppressive 

tumor microenvironment as well as its function in tumor angiogenesis. Combination therapy 

approaches have great potential to target both PD-L1 and VEGF. Thus, VEGF/PD-L1 dual 

targeting is chosen as a case study.  

  

Generating protein variants with single mutations and/or their combinations one by one and 

testing the effects of these mutations on desired features is a laborious, time-consuming, and 

costly process. To address this, we generated a synthetic library by utilizing in silico analysis 

and rational design approaches. On the other hand, preparing a purpose based synthetic library 

is not enough to be able to obtain antibody fragments with desired characteristics. Besides that, 

it is essential to employ a screening step to be able to sort those variants with the desired 

characteristics from the generated libraries. Yeast surface display is considered one of the most 

effective screening techniques for such purposes due to its ability to facilitate rapid screening 

of antibody libraries, allowing for the identification of antibodies with desired characteristics.  

  

Here we first evaluated the applicability of the yeast surface display technique via two different 

cell wall anchor proteins, PpPIR1 and Sag1, for anti VEGF scFv. We verified the scFv 

expression level and antigen binding activity of the scFvs on the yeast via Sag1. The scFv 

display level on yeast cells was typically in a range of ~90-100. In addition to that, the findings 

showed that the anti VEGF scFvs maintain their binding affinities to VEGF. Following 

validation of the yeast surface display system for anti VEGF scFvs, antigen binding of wild type 

scFv were assessed on yeast. The results showed that surface displayed scFv binds to VEGF at 

24 hours and 48 hours of induction similar, shows similar binding properties. Next, we 
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evaluated the starting concentration of the PD-L1 for sorting process. For that, we performed a 

flow cytometric analysis to assess the binding activity of scFv library against PD-L1 at 

increasing concentrations, 5 nM to 100 nM. The results showed that the PD-L1 binding signal 

increased as the PD-L1 concentration increased. However, as we were aiming to sort those scFv 

antibodies from the libraries that specific to PD-L1, we concluded that using 50 nM PD-L1 

would be efficient to cover all possible specific binding candidates while excluding the non- 

specific binders. We also evaluated the library whether it maintained its binding to VEGF. It 

was observed that scFv library maintained its binding to VEGF after the possible two mutations 

on the LV4 loop.  

  

A series of sorting steps were conducted to obtain VEGF-PD-L1 dual binding scFvs. After first 

two round of affinity sorting at high PD-L1 concentrations (50 nM and 25 nM), Last two rounds 

of FACS with low concentration PD-L1 (1nM) was applied to only enrich the PD-L1 specific 

variants in the libraries. During the last two rounds of the FACS, Sort 3 and Sort 4, top 1% 

population (~1-10x103 cells) were sorted that showed highest expression and PD-L1 binding 

signal were sorted. The recovered Sort 4 library were further plated. Then, a number of unique 

variants from Sort 4 library were taken into investigation in terms of sequence determination by 

sanger sequencing and in silico analysis. Sequencing resulted that we enriched 3 motifs in the 

library DR, HQ and NQ. When we compared the VEGF binding of these clones with WT, the 

clones maintained their VEGF binding after the mutations on light chain. The difference 

between VEGF binding of WT and the clones was found to be insignificant by ANOVA test. 

Upon comparing the PD-L1 binding of these clones with the WT clone, it was observed that 

one of the clones, namely NQ, exhibited significantly higher binding to PD-L1. The PD-L1 

binding of the other clones remained as same as WT.  

  

Finally, we verified the VEGF and PD-L1 binding of promising clone NQ by determining the 

binding kinetics, KD, in increasing concentration of the antigens. The binding affinities were 

found very similar to VEGF while only clone NQ showed increasing binding to increasing 

concentration of PD-L1.  

5. Conclusion and Future Perspectives  

  

In this thesis, first, we generated an scFv fragment targeting VEGF improved the developability 

properties, affinity and stability, through altering non-CDR residues. Further we focused on the 

antibody specificity modulation approaches. We investigated the role of a non-CDR region, 
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Vernier zone, on antibody specificity. Second, we established a novel antibody engineering 

strategy to gain dual-specificity through modulation of non-CDR regions, and as a result we 

generate a dual-specific scFv fragment against VEGF and PD-L1 for dual blockade of 

angiogenesis and immune checkpoint for advanced cancer therapies.  

  

The importance of the dual binding strategies is increased due to their potential. For future 

studies, this study gives insights on the concept of modulation of mono-specificity to dual- 

specificity for any antibody.   
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 1  | INTRODUCTION   

 

 

Abstract  
Understanding the determinants of antibody specificity is one of the challenging tasks 

in antibody development. Monospecific antibodies are still dominant in approved 

antibody therapeutics but there is a significant body of work to show that multispecific 

antibodies can increase the overall therapeutic effect. Dual-specific or “Two-in-One” 

antibodies can bind to two different antigens separately with the same antigen-binding 

site as opposed to bispecifics, which simultaneously bind to two dif- ferent antigens 

through separate antigen-binding units. These nonstandard dual- specific antibodies 

were recently shown to be promising for new antibody-based therapeutics. Here, we 

physicochemically and structurally analyzed six different anti- bodies of which two are 

monospecific and four are dual-specific antibodies derived from monospecific 

templates to gain insight about dual-specificity determinants. These dual-specific 

antibodies can target both human epidermal growth factor recep- tor 2 and vascular 

endothelial growth factor at different binding affinities. We showed that a particular 

region of clustered Vernier zone residues might play key roles in gaining dual specificity. 

While there are minimal intramolecular interactions between a certain Vernier zone 

region, namely LV4 and LCDR1 of monospecific tem- plate, there is a significant 

structural change and consequently close contact forma- tion between LV4-LCDR1 loops 

of derived dual-specific antibodies. Although Vernier zone residues were previously 

shown to be important for humanization applications, they are mostly underestimated 

in the literature. Here, we also aim to resurrect Ver- nier zone residues for antibody 

engineering efforts.  

  
KE YWOR DS   
antibody, dual specific, human epidermal growth factor receptor 2 (HER2), specificity, vascular 

endothelial growth factor (VEGF), Vernier zone  
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Monoclonal antibodies are one of the most important 

biological drugs being developed for targeted therapy. The 

specificity of antibody- antigen interactions is one of the 

main parameters for the success of antibodies for therapeutic 

purposes. Multi-specificity (or cross-reac- tivity) of 

antibodies is an important phenomenon due to their roles in 

immune recognition.1 Although multi-specificity is often 

associated with self-reactivity and autoimmunity, it turned 

out to be a conserved feature of the immune system.2 The 

ability of antibodies to become multi-specific with somatic 

mutations affects the prevalence of them in antibody 

repertoire.3,4 Natural antibodies are not exclusively spe- cific 

and some of them are known to interact with more than one 

anti- gen with decent affinities.5 It is recently shown that 

multi-specific antibodies could be an important feature of 

the immune system to enhance its repertoire.6,7 Although 

multi-specificity might lead to  
1448 autoimmunity, there is a fine balance between attacking 

pathogens and removing autoreactivity as a result of 

evolutionary pressure.8,9  

Due to genetic heterogeneity and complex biological 

pathways, cancer and certain infectious diseases are generally 

difficult to treat with a monospecific therapeutic agent. In 

recent years, different types of antibodies such as dual-

specific and bispecific antibodies have been developed to 

increase the therapeutic effect.10 Bispecific antibodies can 

simultaneously bind to two different antigens.11 There are cur- 

rently three bispecific antibodies among 87 antibodies 

approved either in EU or in US, and this number is expected to 

increase due to their clinic successes.12 Although there are 

many formats of bispecific antibodies, the most common form 

is having two different antibodies at separate arms each 

targeting different antigens.13 On the other hand, dual 

specific, also named “Two-in-One” antibodies, can bind to two 

different antigens separately with the same antigen-binding 

site.14 Modulation of antibody specificity can lead to many 

effective biopharmaceutical and diagnostic applications. 

Antibodies mostly uti- lize heavy chain complementarity 

determining regions (CDRs) as the main antigen-binding 

determinants. Thus, light chain CDRs can be available to 

engineer for affinity to a second antigen. Some antibody 

engineering techniques have been successfully applied to 

generate dual-specific antibodies from a monospecific 

antibody.14-20 Bostrom et al used a phage display library to 

derive novel dual-specific anti- bodies from a monospecific 

anti-Human Epidermal Growth Factor Receptor 2 (HER2) 

antibody.20 It was shown that several limited mutations on light 

chain CDRs are sufficient to obtain dual-specific antibodies 

recognizing both HER2 and vascular endothelial growth factor 

(VEGF). This pioneering approach proved that monospecific 

antibodies can be designed to develop dual (or multi) 

specificity through mutations in the light chain CDR regions.  
Antibody specificity is an important and complex issue in 

anti- body development, and it is still not completely 

understood.21 The relationship between mono-/multi-/non-

specificity is very hard to understand. Although multi-

specificity could be important for immune repertoire and 

biopharmaceuticals, caution must be taken not to impair 

antibody developability.22 It was shown that approved anti- 

bodies are more specific than those in clinical trials18 and this 

specific- ity difference might depend on many factors such as 

the aliphatic content of CDRs.23 Several properties such as 

hydrophobicity, iso- electric point, glycosylation, and charge 

are reported to affect anti- body specificity.24-27  
Antibody specificity and/or affinity modulation efforts are 

mostly based on CDR regions. The main differences between 

all antibody vari- able domains are content, structure, and 

conformations of CDR loops. Non-CDR framework regions are 

mostly conserved and have a high degree of structural 

conservation forming a core β-sheet structure.28 Although 

several studies point out that non-CDR regions are important 

for biophysical properties29 and humanization,30,31 their roles 

on affin- ity/specificity are underestimated.29,32 One of the 

important non-CDR regions is the Vernier zone. Vernier zone 

residues are located in the framework regions and underlie the 

complementary determining regions (CDRs). These residues 

potentially affect the conformation of  
CDR loop structures.33,34 Antibody humanization approaches 

mostly utilize Vernier zone residues to reshape CDR loops.30,35 

Back mutations on the Vernier zone can provide the desired 

canonical structure of CDRs to obtain restored binding 

affinity.36 However, there is no study investigating the 

relationship between Vernier zone residues and anti- body 

specificity.28 Although Vernier zone residues are mostly 

engineered for humanization efforts to regain/improve 

affinity, it can be hypothesized that features of Vernier zone 

residues might also affect many antibody properties such as 

binding specificity.  
In this study, we found that one of the Vernier zone regions play 

important roles in gaining dual specificity from a monospecific antibody. 

When sequence and structure of parental monospecific anti-HER2 anti- 

body are compared with those of dual-specific anti-VEGF/HER2 and 

monospecific anti-VEGF antibody variants, one of Vernier zone regions 

interacting with engineered LCDR1 stands out. The canonical structure of 

LCDR1 drastically changes and makes close contacts with the partic- ular 

Vernier zone region in dual-specific antibodies. This study shows that 

previously underestimated Vernier zone regions might help us to modulate 

antibody specificity in a controlled manner.  
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2 |  MATERIALS AND METHODS   

  
2.1 |  Homology modeling  

  
Data for all antibody sequences and properties were collected from 

Bostrom et al.20 ROSIE antibody server37 (Rosetta Online Server38) was used 

to build homology models of 3-1, bH3, bH4, and bH1-81. Because ROSIE 

antibody server models only variable regions of anti- bodies, sequences of 

heavy and light variable regions were given as input. Homolog templates 

were chosen based on BLAST from anti- body crystal structures in the 

Protein Data Bank (PDB). Template sea- rch was made independently for 

each CDR and framework regions, additional remodeling was done for the 

HCDR3 loop. Lowest energy refined models of 3-1, bH3, bH4, bH1-81, and 

crystal structures of Herceptin and bH1 were used for further steps. 3D 

protein structures of herceptin-HER2 (PDB ID: 1N8Z), bH1-VEGF (PDB ID: 

3BDY), and bH1-HER2 (PDB ID: 3BE1) complexes were extracted from the 

PDB.  

  

  

  
2.2 |  Interface refinement  

  
In order to obtain structures of 3-1, bH3, bH4, and bH1-81 antibodies in 

complex with VEGF and/or HER2, the HADDOCK-Refinement interface 

program was used.39 HADDOCK-Refinement is a molecular dynamics 

simulated refinement module under HADDOCK 2.2 web server.40 Refined 

homology models of 3-1, bH3, bH4, bH1-81 and their corresponding 

antigens (VEGF or HER2) were given as input. The same interface as in 

Herceptin and bH1 complex structures was used. Water refinement was 

performed with a default set of parame- ters. Structures with the best 

HADDOCK score were chosen for fur- ther analysis. HADDOCK score was 

calculated by Equation (1) below and parameters for data quality were 

represented in Supplementary Figures 1-7 and Table 1. The score is 

calculated as:  
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TAB L E 1  Variable light chain paratope interactions of antibodies with HER2 antigen [Color table can be viewed at wileyonlinelibrary.com]  

  

Note: LV: light chain Vernier zone region. Blue-colored box represents intramolecular interactions (<3.5 Å) of represented light chain residue with at least one Vernier zone region residue (refer to 

Figure 2 for LV1-5 regions). Yellow-colored box represents intermolecular H-bond and/or salt bridge interactions of represented light chain residue with HER2 epitope residues.  
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HADDOCK score = 1:0 × EvdW +0:2 × Eelec +1:0 × Edesol +0:1 × Eair  

  
where EvdW is the intermolecular van der Waals energy, Eelec is 

the intermolecular electrostatic energy, Edesol is the 

desolvation energy, and Eair is the ambiguous interaction 

restraints energy.41
  

  

  
 2.3  |  Data analysis  

  
Molecular visualization of structures was done by PyMOL (The 

PyMOL Molecular Graphics System, Version 2.2 Schrödinger, 

LLC). Hydrogen bonds (H-bonds), salt bridges, and 

hydrophobic interactions within interfacing residues of 

antibody-antigen complexes were defined by PDBePISA-

Interfaces tool42 and further confirmed by PyMOL 2.2 

software. Buried surface area (BSA) was calculated from the 

ratio of BSA to accessible surface area. Amino acid sequences 

of  
VH and VL domains of all antibodies were aligned with Clustal 

Omega.43 CDR and Vernier zone sequences44 of VH and VL 

domains were determined according to the Kabat numbering 

scheme for fur- ther analysis.  
The number and type of intermolecular interactions 

were also analyzed by using PRODIGY (PROtein binDing 

enerGY prediction) tool, which is a webserver to predict the 

binding affinity of protein- protein complexes from their 3D 

structures based on intermolecular contacts and properties 

derived from the non-interface surface.45 Default 

intermolecular contacts distance cutoff of 5.5 Å and default 

temperature of 25oC46 were used for the analysis. The total 

number of interfacial contacts are the sum of reported 

charged-charged, charged-polar, charged-apolar, polar-

polar, polar-apolar, and apolar- apolar contacts between 

particular antibody-antigen intermolecular interactions.  

  

  
 2.4  |  Computational alanine scanning  

  
Roles of light chain Vernier zone residues on antibody 

stability and affinity were analyzed by using 

structure/sequence-based tools, which measures the effects 

of alanine mutations on certain positions. Generated models 

or sequences of 3-1, bH3, bH4, bH1-81 and crystal structures 

or sequences of Herceptin-HER2 (1N8Z), bH1-VEGF (3BDY), 

and bH1-HER2 (3BE1) were used as input for computational 

alanine scanning. Three tools based on structural information 

were used: Cutoff Scanning Matrix47 (mCSM, 

http://biosig.unimelb.edu.au/ mcsm/), Site-Directed 

Mutator48 (SDM, http://marid.bioc.cam.ac.uk/ sdm2), and 

mCSM-AB49(http://biosig.unimelb.edu.au/mcsm_ab/). Two 

tools based on sequence information were used: I-

Mutant2.050  
(http://folding.biofold.org/cgi-bin/i-mutant2.0.cgi) and 

MUPro51 (https://www.ics.uci.edu/~baldig/mutation.html). 

Default tempera- ture and pH of 25oC and 7 were used in I-

Mutant2.0. Corresponding Vernier zone residues were 

substituted into alanine to measure the predicted change 

(WT/alanine) in Gibbs free energy (.6.6G, kcal/mol). mCSM-

AB is the only tool predicting antibody-antigen affinity 

changes upon mutation, rest gives stabilizing/destabilizing 

predictions.  
3 |  RESULTS AND DISCUSSION  

  
Antibody sequences of dual-specific antibodies are obtained from the study 

of Bostrom et al.3 The aim of their study was to generate a “Two-in-One” 

dual-specific antibody that would bind to both HER2 and VEGF with 

reasonable affinities. First, they designed a phage library based on 

diversifying 12 positions on light chain CDRs of HER2 binding Herceptin 

(residues 28-32 for LCDR1, 50, 51, 53 for  
LCDR2, 91-94 for LCDR3). Loop length was also varied by inserting 0-5 

residues on LCDR1 and 0-2 residues on LCDR3. Then, monospe- cific and dual-

specific clones were isolated and analyzed for HER2 and VEGF binding. On 

the following study, they found that interac- tions of HER2/VEGF dual-

specific antibodies are entropy-driven while parent herceptin-HER2 

interaction is mostly enthalpy-driven.2 Because dual-specific antibodies have 

very high potential for the development of next-generation therapeutics, 

further studies to explore this phenomenon are definitely needed.  
In this study, we analyzed structural and physicochemical character- 

istics of monospecific and dual-specific antibodies for HER2/VEGF dual 

binding to gain insights about the antibody specificity phenomenon. There 

are crystal structures available for monospecific Herceptin (in complex with 

HER2, PDB ID:1N8Z) and dual-specific bH1 (in complex with HER2, PDB 

ID:3BE1 and VEGF, PDB ID:3BDY, separately). Struc- tures of the rest of the 

antibodies 3-1 (VEGF monospecific), bH3, bH4, bH1-81 (HER2/VEGF dual 

specific) were homology modeled and their interaction surfaces were refined 

with structures of their respective anti- gens. Structure and interaction 

analysis was performed in detail and some interesting clues about antibody 

dual specificity were obtained.  

  

  
 3.1  |  Dual specificity is mediated by light chain  

  
HER2 binding affinities of all antibodies are in the low nanomolar range of 

Kds with the highest binding affinity for Herceptin, as expected (Figure 1A). 

However, VEGF binding affinities vary drasti- cally. Monospecific 3-1 and 

dual-specific bH1-81 have the highest VEGF binding affinity with Kds of 15 

and 41 nM, respectively. Both bH3 and bH4 have the worst VEGF binding with 

Kds in the micromo- lar range. It is important to note that the heavy chain 

sequence of all listed antibodies is the same. As expected, when the number 

of inter- facial contacts and interface area of antibody paratopes are 

compared, there is definitely a shift to light chain interaction for VEGF 

binding (Figure 1). While Herceptin has almost the same interface areas for 

its heavy and light chains, all VEGF binding interactions show a signifi- cantly 

larger light chain interface area (Figure 1A). This obvious shift is also 

confirmed with the increasing number of light chain interfacial contacts in 

VEGF binding except for bH3 and bH4, which are the worst VEGF binders 

(Figure 1B). When VH and VL structures of all antibodies are overlayed, HCDR 

loops align very well but there is a clear deviation in LCDR loops especially 

LCDR1 (Figure 1C). This shows that the light chain plays a key role in VEGF 

affinity, conse- quently dual specificity. Interestingly, dual-specific bH1-81 

also has a larger light chain interface area (Figure 1A) and a higher number 

of  
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FIG U R E 1  Paratope interaction interfaces of all antibodies used in this study. A, Interfaces of monospecific Herceptin and 3-1 are on the top, 

those of dual-specific antibodies for corresponding antigen [human epidermal growth factor receptor 2 (HER2): left side, vascular endothelial 

growth factor (VEGF): right side] are followed. Surfaces of heavy, light, and interface regions are represented in pink, orange, and yellow, 

respectively. Kd: dissociation constant, LC: interface area for light chain, HC: interface area for the heavy chain. B, Number of interfacial 

contacts  
(charged-charged, charged-polar, charged-apolar, polar-polar, polar-apolar, and apolar-apolar) for HER2 (top) and VEGF (bottom) bindings. C,  
Structure overlay of variable regions of Herceptin (magenta), 3-1 (cyan), bH1 (yellow), bH3 (pink), bH4 (gray), and bH1-81 (blue)  
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contacts with HER2 when its heavy chain interaction is almost the same 

as Herceptin's (Figure 1B); however, this trend does not increase its 

affinity for HER2. This also confirms that HER2 binding is mostly 

mediated by a heavy chain, and dual specificity for VEGF is mostly 

mediated by the light chain.  
There are many common core residues on the heavy chain for HER2 

binding interaction, which are Arg50, Arg59, Gly99, and Tyr100A 

(Supplementary Tables 2-6). While Arg50-Glu558, Gly99-Lys593, and  

Tyr100A-Pro571 interactions are common for all HER2 binding interac- 

tions, Arg59 changes its binding partner and interaction type in dual- 

specific antibodies (Asp560 for Herceptin, Gln561/Glu558 for dual spe- 

cifics). Losing Arg50-Asp560 salt bridge in dual-specific antibodies might 

have a role in a 70-260x fold affinity decrease in HER2 affinity (Figure 

1A). There are also some common core residues on the heavy chain for 

VEGF binding interaction, which are Arg50 and Gly99 (Supplementary 

Tables 7-11). Both Arg50-His86 and Gly99-Gln89  
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interactions are observed for all VEGF binding antibodies. As 

an exception, bH1 interacts with His86 of VEGF through 

Tyr33 and Tyr100A, not Arg50. There are only two residues 

on VEGF, His86, and Gln89, which form contact with heavy 

chain compared to at least six residues for HER2. This is in 

accordance with having a larger contact area of light chain 

for VEGF binding. Therefore, light chain contacts and 

interactions are comprehensively analyzed to get an insight 

about dual specificity.  

  

  
3.2 | Vernier zone residues are clustered as 

separate regions  

    
Vernier zone residues are known to be important for CDR 

conforma-  tion through Vernier zone-CDR interactions. 

They are usually used in humanization approaches as back 

mutation candidates to restore binding affinity of CDR-

grafted humanized antibodies.52 Although  there is a Kabat 

numbering based assignment of Vernier zone residues,33,44 

there is no comprehensive analysis of these regions.  

   
Here, we clustered Vernier zone residues around stems of CDR regions; we named 

and numbered them accordingly (Figure 2). There are six and five Vernier zone 

regions for heavy (HV1-6) and light (LV1-5) chains, respectively (Figure 2C). Unlike 

the rest of other regions, LV4 and HV4 are not subsequent or precedent of any 

CDR loop sequence. They are part of a loop facing antigen in the same direction 

as other CDRs. These loops reside on Framework-3 and they are non-

hypervariable.53,54 Some studies called this loop “CDR4” due to its potential effect 

on antigen binding.55 In this study, we show that one of Vernier zone regions, LV4, 

makes an extraordinary close con- tact with LCDR1 in dual-specific antibodies.  

3.3  | LCDR1-LV4 interaction is essential for dual 

specificity  

While the number of binding residues on LCDR2 and LCDR3 does not significantly 

change for VEGF vs HER2, there are more binding  
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FIG U R E 2  Schematic representation of variable regions of (A) heavy and (B) light chains. Complementarity determining regions (CDRs) are 

colored in red, Vernier zone residues are labeled as stars in cyan, disulfide bonds are represented in yellow. C, Variable chain sequences of all 

antibodies used in this study. CDR, framework (FW), and Vernier zone (HV for the heavy chain, LV for the light chain) regions are labeled and 

numbered according [Color figure can be viewed at wileyonlinelibrary.com]  
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TAB L E 2  Variable light chain paratope interactions of antibodies with VEGF antigen [Color table can be viewed at wileyonlinelibrary.com]  

  

Note: LV: light chain Vernier zone region. Blue-colored box represents intramolecular interactions (<3.5 Å) of represented light chain residue with at least one Vernier zone region residue (refer to 

Figure 2 for LV1-5 regions). Yellow-colored box represents intermolecular H-bond and/or salt bridge interactions of represented light chain residue with VEGF epitope residues.  
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residues on LCDR1 for VEGF interaction (Tables 1 and 2). This 

is in accordance with our previous statement of having more 

contacts on dual specifics' light chains, however, it seems like 

this increase is mostly mediated by LCDR1. We also 

investigated other intramolecular interactions of LCDR 

residues besides antigen and it is found that there is a 

significant amount of new contacts formed between LCDRs 

and Vernier zone residues. We observed that each LCDR 

region makes intramolecular interactions with specific 

Vernier zone regions: LCDR1 with LV4 only, LCDR2 with mainly 

LV3, LCDR3 with LV1 or LV2 (Tables 1 and 2). While there is 

no significant change in those intramolecular contact maps of 

LCDR2 and LCDR3 in HER2 vs VEGF binding modes, there is a 

significant increase in LCDR1-LV4 contact number for VEGF 

binding. For example, LCDR1s of bH1 and bH4 form more than 

three times more LV4 interactions for VEGF binding. At first, 

an increase in LV4 contact number can be attributed to an 

increase in the length of bH1 and bH1-81 LCDR1s. However, 

this LCDR1-LV4 interaction increase is true for all antibodies 

even the ones with the same length of LCDR1 as Herceptin's.  
In the study of Bostrom et al,20 an alanine scanning study 

was made to bH1 and bH1-44 (derived from bH1 via both 

heavy and light chain mutations) and LDCR1 residues I29 and 

Y32 showed a signifi- cant decrease on VEGF binding while 

keeping HER2 binding the same. I29A/Y32A converted a dual-

specific antibody to essentially mono- specific. This confirms 

our findings for the importance of LCDR1-LV4 interaction 

because both I29 and Y32 form <3.5 Å interface with the LV4 

region (Table 2).  

  

  
3.4 | Loops of LCDR1 and LV4 come closer for VEGF 

binding  

  
When the interaction of LCDR1-LV4 is investigated in detail, it is seen that 

those loops get significantly closer when compared to Herceptin structure 

(Figure 3A). Not only LV4 loop changes its conformation but also LCDR1 loops 

change its canonical structure bending toward LV4. This also increases the 

available surface area of the LCDR1 loop, which correlates with higher LCDR1 

contacts formed with both anti- gens (Figure 1). The most drastic increase in 

LCDR1 contact is for bH1-81-VEGF interaction (Supplementary Tables 8 and 

11). This might be due to unusual LCDR1/Ser34 interaction with LV4/Gly68 

(Figure 3B). Ser34-Gly68 and Ile29-Gly68 interactions interlock the  
LCDR1 loop in a conformation that residues in the middle (Thr30B,  
Ile30C, Ser30D, and Gly31) readily become available for VEGF binding 

(Supplementary Table 11).  
When conformations of all LCDR loops of antibodies are com- pared with 

Herceptin LCDRs, change in RMSD increases the most for LCDR1 (about 2× 

more RMSD difference from LCDR2,3, Figure 3A). Most of the LCDR1-LV4 

interactions are backbone mediated H-bond contacts (Figure 3B). While 

LCDR1 and LV4 loops of Herceptin is not close enough for any contact (more 

than 5 Å distance), all other dual- specific antibodies form close contacts. 3-

1 is not dual specific (only binds to VEGF), this might show that forming 

LCDR1-LV4 interaction is vital for light chain dominated binding of VEGF. 

There is a signifi- cant LV4-LCDR1 intramolecular interaction increase in VEGF 

bound  

  

  

FIG U R E 3 Interaction between LCDR1 and LV4 regions for dual-specific antibodies. A, Variable region structure overlay of Herceptin [human 

epidermal growth factor receptor 2 (HER2) bound], 3-1 [vascular endothelial growth factor (VEGF) bound], bH1 (HER2 bound), bH3 (HER2 bound), 

bH4 (HER2 bound), and bH1-81 (HER2 bound). LCDR1-LV4 contact formation is boxed, average root-mean-square deviation (RMSD) values of LCDR 

loops with respect to those of Herceptin are reported. B, Residue interactions between LCDR1-LV4 loops for VEGF and/or HER2 bound Herceptin, 3-

1, bH1, bH3, bH4, and bH1-81. Herceptin does not have any interaction while others have various backbone interactions [Color figure can be viewed 

at wileyonlinelibrary.com]  
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form for bH1 compared to that of HER2 bound (Figure 3B). 

Given that bH1-VEGF and bH1-HER2 are experimentally 

determined structures, this drastic increase in LCDR-LV4 

contacts in VEGF binding strengthens our overall findings of 

the importance of LCDR1-LV4 interaction for VEGF binding.  
Change in the LCDR1 loop structure is expected due to its 

con- tent and length differences. However, change in the LV4 

loop struc- ture is interesting because the content of this 

Vernier zone is the same for all antibodies and there are no 

antigen-binding interactions. Both bH1 and bH1-81 have 

longer LCDR1 loops than other dual spe- cifics, this probably 

leads to a higher number of LCDR1-VEGF and LCDR1-LV4 

interactions. Only bH1-81 has extra binding interactions on 

LCDR3, this might explain the highest affinity of bH1-81 for 

VEGF binding compared to other dual specifics (Kd: 41 nM). 

Also, it was pre- viously shown that longer and flexible CDR 

loops lead to a decrease in antibody specificity.56 Both the 

length and content of LCDR loops could be factors to generate 

dual-specific antibodies.  
The backbone of G68 on LV4 form contacts with LCDR1 in all  
VEGF-binding antibodies (Figure 3B). Although binding partner 

of G68 changes based on the length/content of LCDR1, it is 

mostly around residue number 29 on LCDR1. This might show 

that G68 is one of the most important Vernier zone residues 

on LV4 to form con- tact with neighboring LCDR1. Although 

glycine is really conserved at position 68 (98% for human),57 

mutating it into a hydrophilic residue with longer side chain 

might make LCDR1-LV4 come closer to modu- late antibody 

specificity. Changing the canonical structure of LCDR1 

through Vernier zone residues and/or LCDR1 engineering 

might be a new route to search for novel dual-specific 

antibodies.  

  

  
3.5  | Dual specifics have more positively 

charged LCDR1  

  
We also analyzed the physicochemical content of all LCDRs 

because we previously showed that physicochemical content 

is key for poly- specificity patterns of therapeutic 

antibodies.23 There was no signifi- cant change except total 

charge on LCDR1 (Supplementary Table 12). While 

monospecific antibodies (Herceptin and 3-1) have neutral 

LCDRs, all dual-specific antibodies had positively charged 

LCDRs except bH3, which is the worst binder of VEGF. The 

best dual-specific binder of VEGF, bH1-81, has the most 

positively charged LCDR1 with a +2 charge. It is known that a 

high frequency of positively charged amino acids on certain 

CDR loops have been linked to low specificity and increased 

nucleic acid binding of the antibodies.4,27,58 Also, it was shown 

that paratope regions of antibodies are less positively charged 

compared to other protein-protein interaction interfaces.59 

Although there is a thin line between being dual specific and 

having low speci- ficity, positively charge amino acids might 

be favored during the directed evolution of monospecific 

antibodies into dual specificity.  
Determinants of specificity of protein-protein interaction 

are still challenging to understand.60 This could be even more 

challenging for antibody-antigen interactions because they 

significantly differ from standard protein-protein 

interactions.61 In this study, we showed a significant role of 

an intramolecular interaction involving one of Ver- nier zone 

regions for gaining dual specificity. Among Vernier zone 

regions, there are two non-hypervariable antigen-facing 

loops: one in heavy (HV4) and one in light chain (LV4). We 

found that LV4 makes an unexpected close contact with 

LCDR1, this LV4-LCDR1 contact might be important for 

specificity modulation. In order to see whether LV4 residues 

could be mutated for antibody specificity engineering efforts, 

a computational alanine scanning was conducted on light 

chain Vernier zone regions (Supplementary Figure 8A). Among 

five regions (LV1-5), LV4 residues stand out by having the 

least destabilizing effects upon alanine mutations. This is 

especially true for Gly68, which is the main contact residue 

for LV4-LCDR1 interaction (Figure 3B). When we analyzed the 

abYsis database for amino acid frequency distributions of 

Vernier zone residues,57 there was high conservation for most 

of Vernier zone positions and LV4 residues were not that 

different (Supplementary Figure 8B). However, this does not 

mean that Vernier zone residues cannot be engineered to 

improve antibody characteristics because Vernier zone 

residues are heavily engineered in humanization efforts.30,31 

Besides mutation on Vernier zone residues, length of LV4 and 

HV4 can also be changed to modulate specificity of antibodies 

because those loops are the only ones with extendable 

positions (eg, 66A, 66B for LV4 according to Kabat numbering, 

Supplementary Figure 8B).  
Our main finding was on the light chain probably due to directed 

evolution efforts made on light chain CDRs for these particular dual- specific 

antibodies.20 However, the HV4 region on a heavy chain could be another 

candidate for such specificity modulation. Some studies called HV4 and LV4 

loops “CDR4s” due to their potential effects on antigen binding,55 our study 

supports this claim by showing the potential of LV4 for antigen 

affinity/specificity modulation. Although Vernier zone residues were 

previously reported to be impor- tant for humanization efforts and binding 

affinity,33,62 they are mostly underrepresented in the literature.28 Our study 

shows the importance of Vernier zone residues for antibody specificity 

modulation and it also aims to resurrect Vernier zone regions for antibody 

engineering efforts.  
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region 3 (HCDR3) improves both affinity and stability  

Merve Arslan a,b,1, TugVçe Uluçay a,1, Seyit Kale a, Sibel Kalyoncu a,*  
a Izmir Biomedicine and Genome Center, Balçova, 35340 Izmir, Turkey  
b Izmir International Biomedicine and Genome Institute, Dokuz Eylül University, Balçova, 35340 Izmir, Turkey  
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Affinity and stability are crucial parameters in antibody development and engineering approaches. Although 

improvement in both metrics is desirable, trade-offs are almost unavoidable. Heavy chain complementarity 

determining region 3 (HCDR3) is the best-known region for antibody affinity but its impact on stability is often 

neglected. Here, we present a mutagenesis study of conserved residues near HCDR3 to elicit the role of this region in 

the affinity-stability trade-off. These key residues are positioned around the conserved salt bridge between VH-K94 

and VH-D101 which is crucial for HCDR3 integrity. We show that the additional salt bridge at the stem of HCDR3 (VH-

K94:VH-D101:VH-D102) has an extensive impact on this loop’s conformation, therefore simultaneous improvement 

in both affinity and stability. We find that the disruption of t-t stacking near HCDR3 (VH-Y100E:VL-Y49) at the VH-VL 

interface cause an irrecoverable loss in stability even if it improves the affinity. 
Molecular simulations of putative rescue mutants exhibit complex and often non-additive effects. We confirm that 

our experimental measurements agree with the molecular dynamic simulations providing detailed insights for the 

spatial orientation of HCDR3. VH-V102 right next to HCDR3 salt bridge might be an ideal candidate to overcome 

affinity-stability trade-off.  

  

  

  

 

1. Introduction  

  
Antibodies are widely utilized as diagnostic and therapeutic tools 

thanks to their high affinity and specificity towards target antigens. 

Hundreds of therapeutic antibodies in different formats such as Fab, single-

chain variable fragment (scFv), or nanobodies, continue being developed 
and tested in clinical trials [1,2]. Due to their small size, monovalent nature, 

and simpler folding paths [3], scFvs offer several beneficial attributes for in 

silico and in vitro developability applications [4–6]. Although scFvs might 

show some drawbacks such as lower sta- bility, and fast clearance, they are 

readily suitable for protein engi- neering strategies to overcome them [7,8]. 
The eventual success of the antibody depend strongly on its developability 

properties such as ac- tivity and stability. The activity of an antibody is 

related to its strong and specific binding to its cognate antigen, a metric that 
is known as antigen affinity [9]. A molecular-level understanding of the 

affinity is a chal- lenging task that might limit antibody development. 

Affinity  

improvement efforts can result in detrimental effects on the overall profile 

[10,11]. The primary bottleneck here is stability which is another important 

developability parameter often negatively correlated with the affinity [12–

14]. For a successful antibody, it is critical to maintain a necessary level of 

stability while engineering the affinity. Thus, co- screening of stability and 

affinity is essential to find the optimal muta- tions [15,16].  
Affinity modulation efforts have historically focused on the 

complementarity determining regions (CDRs), particularly heavy chain 
CDR3 (HCDR3) [17,18]. These regions are intrinsically hypervariable 

originating from somatic hypermutations in mature B cells which lead to 

CDR sequence diversity [19]. Several studies point out that non-CDR regions 
(known as framework residues) can also be important for af- finity because 

they impact the overall antibody structure [11,20,21]. Affinity gains by 
substitutions of non-CDR residues have been generally underestimated in 

directed evolution strategies. And there has been little systematic study to 

assess the consequences of this bias. In this  
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context, one of the non-CDR regions is the Vernier zone [22]. The Ver- 

nier zone of an antibody is characterized by a set of critical 

framework residues underlying the CDRs [23,24]. These residues 

potentially affect the conformations of the CDR loops and their 

orientation with respect to the antigen epitope; thus, they are 

common targets of humanization efforts to regain affinity via back-

mutations [22,25,26]. Roles of the Vernier zone region on other 

antibody properties such as specificity and stability remain to be 

elucidated [27].  
Powerful experimental technologies such as directed evolution 

and rational designs have made in vitro evolution of antibodies more 

efficient and have taken the field of modern antibody engineering 

further [28]. While experimental approaches can generally provide 

reliable results, scalability can be cumbersome, labor-intensive, and 

prohibitively expensive [29]. In this context, in silico approaches can 

provide invaluable opportunities with their high-throughput 

potential and ready access to atomic-level details [30]. Molecular 

dynamics (MD) simula- tions investigate the biomolecular structures 

of antibodies at their nat- ural dynamics on timescales relevant to 

their physiological function. These efforts can provide critical 

supporting information, including (i) computed free energy 

differences and measured forces behind protein- protein binding 

[31,32], (ii) atomic-level dynamics, (iii) information about protein 

stability in different physiological and experimental conditions [33–

35], and (iv) the nature of the interactions between an antibody and 

its cognate antigen [36]. MD methods combined with rational design 

approaches can be used to design better antibodies in a shorter time 

with improved accuracy, and at a reduced cost [37]. The number of 

successful examples of this approach published in literature is on the 

rise [38–43].  
In this study, we generated rationally chosen mutations on an 

anti- Vascular Endothelial Growth Factor (VEGF) scFv to investigate 

their effects on affinity and stability. Salt bridges are one of the most 

critical non-covalent forces in protein structure and function [44]. 

The salt bridge between the two heavy-chain residues 94 and 101 

(according to Kabat numbering) is a highly conserved structural 

motif that supports the robust shape of HCDR3 [45,46]. Modifying or 

altering this interac- tion is virtually always detrimental for both 

stability and affinity [47]. Motivated by this critical observation, we 

hypothesized that the vicinity of this salt bridge is a natural starting 

point to investigate the trade-off between affinity and stability. To 

this end, we generated an anti-VEGF scFv antibody [48] and designed 

mutations in both heavy chain (VH) and light chain (VL) sides of this 

salt bridge accompanying the Vernier zone residues around (Fig. 1A). 

Anti-VEGF antibodies are successful anti-cancer therapeutics [49] 

and thanks to its universal nature of the Vernier zone, the lessons 

learned in this study could be transferable to other antibodies in 

general. We performed both comparative molecular dynamics 

simulations and experimental characterizations to gain a molecular-

level understanding of the factors that modulate this trade- off. We 

found that existing and de novo secondary/tertiary interactions 

around this HCDR3 salt bridge are a critical determinant of both 

antigen binding and the robustness of the VH-VL interface, thus 

playing a crucial and complex role in the co-evolution of affinity-

stability. Our overall findings obtained from our experimental and 

MD studies show the importance of joint efforts to elucidate the 

molecular mechanisms of antibody design.  
  

2. Materials and methods  

  
2.1. Setup preparation and analysis of molecular dynamics simulations  

  
Atomic coordinates of the anti-VEGF scFv antibody fragment 

were taken from the Protein Data Bank (PDB ID:1BJ1; chains H, L and 

W) [50]. Constant fragment groups and the linker between the 

variable groups were omitted. When scFv linker length is longer than 

12 residues, covalently linked VH and VL form a functional and 

monomeric scFv [51– 
53] and it was previously shown that absence of linker does not affect 

calculated distributions of molecular dynamic simulations [54].  
  

Amino acid distributions of each Kabat numbering positions were extracted from 

AbYsis database (www.abysis.org). Mutant constructs were prepared using the 

Wizard Mutagenesis tool of PyMOL Molecular Graphics System, version 2.1.1, 

Schro·dinger LLC. Each antibody-antigen complex is solvated in a cubic water box 

that is sufficiently large to provide a minimum buffer zone of 12 Å between 

biological material and the cubic system boundaries. Na+ and Cl- ions were placed 

randomly to neutralize the system electrostatically at a physiological salt concen- 

tration of 0.150 M. CHARMM36m force field [55,56] was chosen together with the 

four-site OPC water model [57] subject to periodic boundary conditions. A 

combination of conjugate gradient and steepest descent methods were applied for 

initial energy minimization. Later, the system was equilibrated in the NVT 

ensemble at 100 K for 1 ns, and at 310 K for 1 ns, both using a small integration 

time step of 1 fs. Pro- duction trajectories were collected in the NPT ensemble at 

310 K and 1 atm atmospheric pressure using a 2 fs of integration time steps for a 

total of 500 ns. Atomic coordinates were saved every 100 ps.  
Kabat numbering scheme and the domain definitions were used to determine 

the complementarity-determining regions (CDRs) and the frameworks (FWs) 

[58,59] utilizing the web server SabPred-Anarci [60]. Since there are some 

differences between the Kabat number of the res- idues and the deposited structure 

number of the residues, the alignments of the numbering schemes were presented 

in Supplementary Fig. 1. The contacts and distances between VH and VL chains were 

utilized to assess stabilities, and the contacts and distance between both antibody 

chains and the antigen for affinities. A contact between two interacting do- mains 

was defined geometrically for when two heavy (i.e., non‑hy- drogen) atoms are 

close to each other within a cutoff of 5 Å or less. Contacts were averaged over all 

recorded molecular configurations in each trajectory (5000 frames for each 

simulation). The proximity be- tween two given residues was calculated by the 

distance between the centers of mass of interacting atoms of given residues. Root 

mean square fluctuations (RMSFs) were calculated based on the a‑carbons of 

protein chains. The area of the VH-VL interface is calculated by subtracting the 

solvent-accessible surface area (SASA) of the complexed VH-VL pair from the sum of 

the SASAs of the individual VH and VL domains. Mass centers, per residue RMSFs, 

SASA computations were performed by VMD-Python library 

(https://vmd.robinbetz.com/), and distances between the cen- ters were 

computed by Python’s Numpy. Gromacs version 2018.3 [61] was used for all 

simulation setups and for the collection of trajectories. VMD [62] and in-house 

Python scripts were used for all analyses and visualizations.  
  

2.2. In silico secondary structure prediction  

  
The secondary structure of the wild-type and all mutant antibodies were 

predicted via SABLE prediction webserver [63]. One letter amino acid codes of the 

antibody sequences were used as input separately. Secondary structure was 

chosen for prediction goal, SABLE II was cho- sen for server version, 

WApproximator was chosen for predictor type.  

  
2.3. Protein constructs and protein expression  

  
The anti-VEGF single chain antibody fragment (scFv) heavy chain (VH) and light 

chain (VL) fused via a 21 amino acids length non- repetitive linker 

“SPNSASHSGSAPQTSSAPGSQ” [53]. The scFv mu- tants were generated by 

QuikChange Lightning Site-Directed Mutagen- esis Kit (Agilent). The scFv mutants 

with the leader sequence (PelB), FLAG-tag and polyhistidine-tag were transformed 

into E.coli strain BL21 (DE3) pLysS (Thermo Fisher) with pET17-b (GenScript) 

expression plasmid. Transformant cells were grown on LB-agar plates containing 

100 µg/mL ampicillin and 25 µg/mL chloramphenicol. Single colonies were 

inoculated in LB broth containing 100 µg/mL ampicillin and 25 µg/ mL 

chloramphenicol and grown overnight at 225 rpm, 37 o C. These cells were 

inoculated into 300 mL autoinduction-media and incubated at 18 oC, 250 rpm for 

48 h [64].  
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Fig. 1. Mutations in the vicinity of the conserved salt bridge (VH-K94:VH-D101) of the variable heavy chain modulate antibody affinity and stability characteristics. (A) View of the 

antigen (Vascular Endothelial Growth Factor, VEGF) bound to its cognate scFv fragment (left panel, PBD ID: 1BJ1 [50]). Insets show the salt bridge as well as the nearby mutational 

landscape investigated in this study (center and right panels, respectively). Orange, yellow, and green colors indicate the scFv heavy chain (VH), scFv light chain (VL) and VEGF 

proteins, respectively. The conserved salt bridge between VH residues K94 and D101 is indicated via dashed black lines  
(top right panel). Rational mutations on scFv involve residues V102 (on VH) and Y49 (on VL). (B–D) Molecular dynamics of the wild-type (WT) and mutated scFv constructs. The 

flexibility of the proteins are illustrated by the average root mean square fluctuations (RMSFs) of backbone atoms of the heavy chain (B), the light chain (C) and the antigen VEGF 

(D). Blue, orange, red, green, brown, purple, pink and gray lines indicate WT, VL-Y49N, VL-Y49K, VL-Y49D, VH-V102Y, VH-V102D, VL-Y49N-VH-V102D, VL-Y49N-VH-V102Y mutants, 

respectively. This color convention is used throughout the rest of the text. Complementarity determining regions (CDRs) of the heavy chain, the light chain, and the epitopes of 

VEGF are highlighted in orange, yellow and green, respectively. Mutated residues are annotated with circles. The time evolution of the VH:VL contacts for all mutants are shown in 

Supplementary Fig. 2. The time evolution of the antibody:antigen contacts for all mutants are shown in Supplementary Fig. 3. (E-F) Scatter plots of affinity and stability differentials 

with respect to the WT antibody. The green areas represent “increased affinity and increased stability”, red “decreased affinity and decreased stability” and oranges “decreased 

affinity or stability”, meaning a trade-off. (E) Computed contact differentials from the molecular dynamics trajectories (See Methods). Differences in the mean of total contact 

counts between the VH and VL chains (an indicator of stability, x-axis) and between scFv and VEGF (an indicator of affinity, y-axis) with respect to their WT counterparts are shown. 

Distribution of contact counts between VH:VL (stability) and antibody antigen (affinity) are shown in Supplementary Fig. 4A and 4B, respectively. (F) Experimentally measured 

stability  
(Tm, thermal melting temperature, x-axis) and affinity (as illustrated via KA = 1/KD, the association constant, y-axis) differentials of each mutant with respect to the WT. The 

experimentally unstable construct VL -Y49D is annotated via a dashed-edged circle. Considering their discouraging MD properties, we did not attempt to produce the two double 

mutants (VL-Y49N-VH-V102D, VL-Y49N-VH-V102Y) (square marks in E). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.)  
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2.4. Protein purification  
  

Cultures were centrifuged at 6500 xg and 4 oC (Avanti, Beckman  
Coulter). Protein containing supernatant was incubated with His-Pur Ni-  NTA 

resin (Thermo Fisher) for 2 h at 4 o C shaking vigorously. The mixture was 

loaded into a 10 ml vacuum column (Thermo Fisher) and  purified according 

to recommended commercial protocol. Phosphate buffered saline (PBS) with 

25 mM Imidazole, pH 7.4 and PBS with 500  mM Imidazole, pH 7.4 were used 

as wash and elution buffers, respec- tively. Purified protein was buffer-

exchanged into PBS (pH 7.4) through membrane filtration (Amicon® Ultra-4 

Centrifugal Filter Units, MWCO 10 kDa, Merck). Protein samples were loaded 

onto HiTrap ™ Protein L column (GE Healthcare) as a second purification step 

to maximize protein purity. Protein purities were confirmed on sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis analysis (TGX ™, 

FastCast™, 12% Acrylamide kit; Bio-Rad). Precision Plus Protein™ Dual Color 

standard was used as a marker (Bio-Rad). Protein concentrations were 

determined by NanoDrop 2000 (at 280 nm). Extinction coefficients were 

determined 68,550 M-1 cm-1 for WT and VH-V102D, 67,060 M-1 cm-1 for VL-

Y49D, VL-Y49K, VL-Y49N, 70,040 M-1 cm-1 for VH-V102Y via Expasy ProtParam 

webserver while using the protein sequences as input  
[65].  

  
2.5. Thermal denaturation assay  

  
Thermal unfolding profiles of purified scFv proteins were determined by 

thermal shift assay by ABI 7500 Fast RT-PCR. SYPRO™ Orange Protein Gel 

Stain (Thermo Fisher) at 5x concentration was used with a 5 µM antibody 

concentration. Temperature range of 25–99 oC with a  
0.05% ramp rate was used. Thermal transition mid-points (i.e., Tm values) from 

the thermogram data were determined using the Hill equation fit by Origin 8.5 

software.  

  
2.6. Surface plasmon resonance (SPR)  

  
Affinity measurements were performed using surface plasmon reso-   

nance (SPR) on a Biacore T200 instrument (Biacore Inc., Piscataway,  
  

NJ). All experiments were performed in an HBS-EP buffer, pH 7.4. 1000 nM His-

tagged VEGF protein was immobilized on a CM4 chip at a flow rate of 10 µl/min 

for ~1 min (target RU for immobilization was 100 RU). A series of solutions 

ranging from 10 to 100 nM scFv fragments were subsequently injected at a 

flow rate of 30 µl/min onto the VEGF- immobilized surface. Regeneration was 

performed with 10 mM glycine-HCl at pH 2.7 at a flow rate of 30 µl/min for 30 

s after each concentration in the run. Data were corrected by double-

referencing against a control flow cell containing no VEGF and injecting buffer 

so- lution. Sensogram curves were analyzed using the BiaEval 3.0  

  

manufacturer’s software. KD, kon and koff values were calculated by fitting the 

kinetic association and dissociation curves to a 1:1 binding model.  

3. Results  

3.1. Rationale behind mutational designs  

Two positions, one from light chain (VL-Y49) and one from heavy chain (VH-

V102) are chosen to evaluate affinity/stability trade-offs through secondary 

interactions of the conserved salt bridge (VH-K94 and VH-D101) under the stem 

of HCDR3. VL-Y49 is a conserved frame- work residue which is positioned at 

the VL-HCDR3 interface. VL-Y49 makes n-n contacts with an HCDR3 residue, 

VH-Y100E. On the other hand, VH-Y100E makes an either hydrophobic or anion-

n contact with VH-D101 [66], so there is an anion-n-n interaction between 

those three residues (VH-D101:VH-Y100E:VL-Y49, Fig. 1A). For VL-Y49, we 

designed three mutations, Y49N to evaluate anion-n-amino interaction, Y49K 

to evaluate anion-n-cation interaction, and Y49D, anion-n-anion interac- tion. 

Because this position is surface accessible, all these mutations would also help 

to improve solubility leading to a possible stability in- crease. However, Y49D 

mutation is designed as a disruptive mutation due to possibility of repulse 

between two negatively charged amino acids, VL-D49:VH-D101.  
VH-V102 is the last residue of HCDR3, and it does not have contacts with 

antigen, and it is relatively conserved according to its distribution in Homo 

sapiens (Supplementary Fig. 5). The most common residue is tyrosine (33%) 

followed by valine (24%). This residue is also high- lighted as one of the key 

stabilizing contacts for HCDR3 structural di- versity [46]. On the other hand, 

aspartate in this position is rarely found (1%). We designed two mutations for 

this position: VH-V102Y and VH- V102D. While VH-V102Y would show the 

difference between the two most conserved amino acids, VH-V102D might form 

complex salt bridge at the stem of HCDR3 and it might also improve stability 

in soluble conditions due to its negative charge.  

3.2. Affinity and stability profiles of designed scFvs  

The conserved salt bridge between VH-K94:VH-D101 at the stem of  
HCDR3 defines the robustness of this loop (Supplementary Fig. 5). HCDR3 is 

the main paratope for most antigens [67], thus we designed several mutations 

around this salt bridge, preferentially on a Vernier zone residue. We aimed to 

modulate the antigen affinity without compromising HCDR3 because it is 

critical that the stem of HCDR3 has a light-chain interface that can contribute 

to the stability of the antibody. We chose residues VH-V102 and VL-Y49 to 

understand the secondary/ tertiary effects on the VH-VL interface (Fig. 1A). In 

the MD simulations of  

4  
  

  

    
these constructs, average root mean square fluctuations (RMSF) 

values near the mutations remained within the range of 6 to 10 Å, 

indicating that the antibody and antigen structures can still maintain 

a robust binding configuration. These results suggest that the overall 

structural flexibility of scFvs is not altered significantly by the 

introduced muta- tions (Fig. 1B-D). In silico secondary structure 

predictions also showed that point mutations are well tolerated 

within scFv secondary structure (Supplementary Fig. 6). However, 

the conserved or drastic mutations on  
VH-V102 and VL-Y49 revealed notable affinity and/or stability changes  

 [68] (Fig. 1B-F, Fig. 2).    
On the VH side, while VH-V102Y is a mutation to a more conserved 

residue for this specific position (33% Y, 24% V, Supplementary Fig. 

5),  VH-V102D mutation is a drastic change to see whether the ionic 

bonding of the salt bridge at the stem of HCDR3 is disrupted by the 

introduction of a proximal acidic residue. Both mutations improve 

affinity and sta- bility as suggested jointly by our MD simulations and 

experimental measurements (Fig. 1E, F, Fig. 2). Only V102D has a 
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higher than pre- dicted affinity while showing slight difference in 

stability.  
HCDR3 is in direct contact with the VL chain through the VH-

Y100E: VL-Y49 n-n interaction (Fig. 1A). Although VH-Y100E is in 

HCDR3, this n-n stacking proves to be a crucial contact for the VH-VL 

interface and the HCDR3 robustness through VH-D101:VH-Y100E:VL-

Y49 anion-n-n stacking. We designed VL-Y49K, VL-Y49N and VL-Y49D 

mutations to convert this triple stacking into anion-n-cation, anion-

n-amino and anion-n-anion, respectively. Here, we designed the VL-

Y49D mutant as a negative control to disrupt this stacking 

interaction and we showed that it has very low stability according to 

MD simulations. Probably related to this stability loss, it even could 

not be recombinantly produced (Fig. 1E, F). The other mutants were 

successfully produced and purified from the supernatant (Fig. 2A). 

Among the mutants, VH-V102Y showed  the highest increase in 

thermal stability while VH-V102D mutant improved the thermal 

stability slightly compared to WT (Fig. 2C). Those  two mutants also 

showed improved affinity in SPR analysis (Fig. 2B, Supplementary 

Fig. 7). Although VL-Y49N, VL-Y49K mutations showed slightly 

increased affinity, their stability is compromised according to both 

computational and experimental findings (Fig. 1B-F, Fig. 2B-C, 

Supplementary Fig. 7).  

  
3.3. Rescue mutations have non-additive effects  

  
To restore the stability loss of VL-Y49N by the stability-favoring  

  
mutations (VH-V102D and VH-V102Y), we designed two in silico dou- ble mutants, VL-

Y49N:VH-V102D and VL-Y49N:VH-V102Y. Surprisingly, both rescue mutants showed 

even worse stability profiles as observed in the MD simulations (Fig. 1E). As a result, we 

did not pursue these mu- tants experimentally. Most importantly, this finding shows that 

the ef- fects of single point mutations are not additive, and more complex 

secondary/tertiary interactions are at play for affinity/stability profiles. We tried to 

have an insight into the affinity/stability profiles of our designed mutants through more 

detailed structural studies.  

3.4. HCDR3 is essential for both affinity and stability  

Computed pairwise contact counts between the protein components of VL-Y49N 

suggested specific regions for the increase in affinity and the loss in stability (Fig. 3). 

While the affinity gain is mostly due to HCDR3- VEGF contact increase as expected, 

stability decrease is mostly caused by VH-VL interface disruption through HCDR3, LCDR3 

and/or light framework 2 (LFW2) contact loss (Fig. 3A, B). As expected, VEGF binding 

occurs mostly with VH chain (Fig. 3C). Same regions (HCDR3- VEGF for affinity, HCDR3, 

LCDR3 and LFW2 for stability) play similar roles in other mutants (Supplementary Figs. 

8–13). Although VH-V102Y and VH-V102D mutants are not directly in the VH-VL interface, 

they have a drastic stability increase probably due to secondary HCDR3 in- teractions 

and/or stronger intra-HCDR3 contacts. We can examine the HCDR3 loop on two sides, 

one face to VEGF (HCDR3 residues 95-100B) that plays roles in binding and shows 

mostly change in VEGF binding, while the other face (HCDR3 residues 100B-102) shows 

changes in VL interacting surface (Fig. 1A). This emphasizes that HCDR3 has crucial roles 

in both affinity and stability profiles of antibodies.  

3.5. VH-VL interface is compromised in low-stability mutants  

The VH-VL interface and its packing are known to have a significant effect on the 

stability of an antibody [69,70]. We analyzed the VH-VL interface by computing the buried 

surface areas (BSAs) of each mutant (Fig. 4, Supplementary Fig. 14). We calculated this 

property by sub- tracting solvent accessible surface area (SASA) of the complete VH-VL 

complexes from the sum of the SASAs of the individual VH/VL proteins (Fig. 4A). Mutants 

with high measured thermal melting points (VH- V102Y, VH-V102D) also have computed 

BSA values close to or higher than that of the WT (~1750 Å2 or higher). On the other 

hand, mutants  
Fig. 2. Experimental affinity and stability profiles 

of scFv constructs in this study. (A) SDS-PAGE 

analysis of scFvs after bacterial expression and 

purification, (B) Thermal melting temperature 

(Tm, in degrees) and dissociation constant (KD, in 

molarity units) values, (C) Tm plots (repeated at 

least two times in three replicates with different 

batches of protein) (D) SPR profile of WT for 

affinity determination (SPR profiles of all mutants 

are in Supplementary Fig. 7). Color coding follows  
Fig. 1.  
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Fig. 3. Difference in pairwise contact counts of VL-Y49N mutant with respect to WT. VH, VL and VEGF interactions per residue are colored orange, yellow and green, respectively. 

(A) VL and VEGF contact count differences for VH residues. (B) VH and VEGF contact count differences for VL residues. Mutated residue is annotated with a circle. (C) VH and VL contact 

count differences for VEGF residues. FW regions are not shown: FW1 is before CDR1, FW2 is in between CDR1-CDR2, FW3 is in between CDR2-CDR3, FW4 is in after CDR3. Color 

coding follows Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)  

  

  
Fig. 4. Correlation between measured thermal 

stabilities and computed VH-VL buried surface areas 

of all mutants. The area of the VH-VL interface is 

calculated by subtracting the solvent- accessible 

surface area (SASA) of the complexed VH-VL pair from 

the sum of the SASAs of the in- dividual VH and VL 

domains. (A) Surface repre- sentation of the 

calculated buried surface area. Surfaces of VH, VL and 

their buried surface areas are colored orange, yellow 

and gray, respec- tively. (B) Computed average 

buried surface areas are scattered with the 

experimental melting temperature values (Tm). The 

low-stability mutant VL-Y49D (annotated with a 

dashed cir- cle) is arbitrarily assigned a melting 

temperature of 40 degrees. Color coding follows Fig. 

1. Dis- tributions of buried surface area of all mutants 

are shown in Supplementary Fig. 14. (For inter- 

pretation of the references to color in this figure 

legend, the reader is referred to the web version of 

this article.)  

  

  
with low measured thermal melting points (VL-Y49N, VL-Y49K, VL-  
Y49D) also have computed BSA values that are less than of that of the WT (lower 

than 1700 Å2, Fig. 4B).  

    
3.6. Interaction between VL-Y49 and HCDR3 VH-Y100 is a critical determinant of 

stability  

    
We examined the anion-T-T interactions between the triplet VH-  

D101:VH-Y100E:VL-Y49 in all mutants (Fig. 5A, B). The distances be- tween the 

alpha carbons of these residues showed that stability- improved mutants (VH-

V102Y, VH-V102D) mimic those values remi- niscent to the WT data while 

stability-compromised mutants have dis- rupted the interactions particularly 

between VL-Y49 and VH-Y100E (Fig. 5C). The VL-Y49:VH-100E interaction is a T-

T stacking contact that is located at the HCDR3-LFW2 interface, so we checked 

whether other interactions on this VH-VL interface have a role in this stability 

loss, but no significant relationship wass found (Supplementary Figs. 15, 16). 

This result shows that HCDR3 has a substantial effect on stability, especially 

through the residue VH-Y100E. Even the addition of affinity/ 

stability increasing VH-V102D/Y mutations did not rescue 

the stability of VL-Y49N mutant, it got even worse (Fig. 1E). 

Therefore, VL-Y49:VH- Y100E interaction at the core of the 

VH-VL interface is proven to be very crucial for the overall 

antibody stability.  

3.7. A de novo salt bridge near the stem of HCDR3 leads to a substantial affinity 

improvement in V102D  

While the improvements in stability in the two VH-V102 mutants can be 

primarily traced to a more robust HCDR3-VL interface, affinity im- provements 

occur mainly through the improved HCDR3-VEGF in- teractions 

(Supplementary Figs. 10, 11). The VH-V102D forms a complex salt bridge 

where one residue forms ionic interactions with more than one residue (Fig. 

5B) [48,71]. The core salt bridge (VH-K94:VH-D101) is accompanied by a 

mutated aspartate (VH-K94:VH-D102). Although the backbone ionic interaction 

of VH-K94:VH-D101 is not disrupted at all, side-chain ionic interactions of VH-

K94 were shared with VH-D101 and VH-D102 for both VH-V102D and VL-Y49N-

VH-V102D mutants (Fig. 5D). Forming this complex salt bridge between VH-
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K94:VH-D101/D102 might contribute to the affinity increase for both VH-V102D and VL- Y49N-VH-

V102D mutants. The indirect effect of VH-V102 residue on  

  
6  

  

 
  

Fig. 5. Antibody stability as assessed via critical inter-residue distances at the VH-VL interface. (A) The anion-re-re interaction (VH-D101:VH-Y100E:VL-Y49) at the VH- VL interface 

of HCDR3-LFW2. (B) The core salt bridge VH-K94:VH-D101 and the complex salt bridge VH-K94: VH-D101/D102 in VH-V102D (C) Distances between the Ca atoms of VL-Y49:VH-

Y100E and VH-Y100E:VH-D101 residues. Distance values of mutants are plotted together with the WT counterpart to demonstrate the shifts.  
(D) Distances between the O atom of VH-K94 and N atom of VH-D101 that is the backbone salt bridge and distances between the Ns atom of VH-K94 and O8 atom of VH-D101 that is 

the side-chain salt bridge for all variants. VH-V102D mutation is also invented a new ionic interaction with its side chain oxygen atom that competes with the ionic interaction of 

VH-D101 oxygen atom, shown as an inset. Color coding follows Fig. 1.  
  

both affinity and stability through HCDR3 loop conformation is notable and 

worth investigating.  

  
3.8. The complex salt bridge at the stem of HCDR3 improves packing of epitope-

paratope interaction  

  
When we checked epitope-paratope interactions, VEGF-I91 is found to be 

the key player by having an interaction with VH-H101 of HCDR3 

(Supplementary Fig. 17). We recognized that VH-H101:VEGF-I91 inter- action 

might explain drastic affinity changes for affinity improved  

  

mutants (VH-V102D, VH-V102Y, VL-Y49N-VH-V102D, VL-Y49N-VH- V102Y) by 

having less distant interaction overall (Supplementary Fig. 17). There are also 

other important epitope-paratope interactions such as VH-Y102:VEGF-I80, VH-

Y102:VEGF-G92, VH-G100:VEGF-R82 (HCDR3-VEGF for all), but no significant 

difference was observed except for double mutants which have the highest 

improvements in their VEGF affinities that can be attributed to de novo contacts 

formed between side chains and backbone functional groups (Supplementary 

Fig. 18, 19).  
To see whether the packing of HCDR3 with VEGF has any contri- bution to 

observed affinity, we analyzed the HCDR3 conformation  
  

7  
  

  

    
change for VH-V102D (Fig. 6A). An angle is calculated to represent tilt 

of  

HCDR3 towards VEGF (Fig. 6B). To measure this angle, two vectors, -

--P1
- 

   

----  
between the center of masses of scFv and VEGF, P2 between the center 

of masses scFv and middle residues of HCDR3 (VH-G100 Ca and VH- 

S100A Ca) are used. 8 angle is determined as the cosine angle between  

those -
P----

1 
 
and P2

----
 
 
vectors (Fig. 6B, Supplementary Fig. 20). 

Scatter plots of calculated 8 angle and experimental affinity change 

showed that there is an obvious correlation for HCDR3 conformation 

with affinity changes (Fig. 6C). While mutants with slight affinity 

increase (VL-Y49N, VL- Y49K, VH-V102Y) are clustered together with 

angles values very close to that of WT, mutant with the most 
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significant affinity change (VH-V102D) had more increase from those 

of all mutants (Fig. 6C). This might show that the formation of a 

complex salt bridge at the stem of HCDR3 might alter overall HCDR3 

conformation tilting towards VEGF affecting its affinity drastically.  

  
4. Discussion  

  
Monoclonal antibodies are promising biomacromolecules for 

various therapeutic and diagnostic applications. However, numerous 

trade-offs can be encountered during development and improvement 

stages due to the intrinsic complexity and the structural limited 

modularity of these molecules [72]. While the antigen affinity is the 

most natural and crucial developability parameter, its improvement 

cannot be decoupled from the stability of the antibody in a systematic 

manner, resulting in an unavoidable affinity versus stability trade-off 

[11,15,73]. A primary driver of this mutual dependence could lie in 

the architecture of the HCDR3 region, an elongated loop that forms 

critical interactions with both the antigen and the antibody light 

chain.  
In this study, we focused on two pivotal residues (Y49 on the light 

chain and V102 on the heavy chain) that modulate the global orienta- 

tion of HCDR3 while maintaining its overall shape and structural 

integrity (Fig. 1). Of these two residues, the light chain Y49 tolerated 

a mutation that improved the antigen affinity but a crucial n-n 

interaction was lost in the VH-VL interface, one that proved 

irreplaceable for the stability. The second residue of focus, heavy 

chain V102, not only tolerated mutations that reoriented HCDR3 

more favorably for antigen binding, but interactions lost with the light 

chain could be compensated via novel contacts not present in WT. We 

identified one such mutation, VH-V102Y, which demonstrated a joint 

increase in stability and affinity in both our experimental 

measurements and atomistic molecular dy- namics simulations. 

HCDR3 has two main interfaces, one towards the antigen and the 

other one spanning part of the VH-VL interface. We have shown that in 

these mutants (i) the contacts at the HCDR3-VEGF inter- face increase, 

resulting in an improved affinity and (ii) the contacts at the HCDR3, 

LFW2, and LCDR3 region of the VH-VL interface increase, probably 

resulting in an improved stability. These two mutants are direct 

evidence that HCDR3 is not only important for affinity but also for 

stability and not necessarily in an antagonistic manner. We note that 

caution should be taken to avoid drastic trade-offs during affinity 

maturation efforts on HCDR3. The findings here are a novel proof of 

concept demonstration with implications for other antibody 

engineering efforts.  
Understanding antibody stability is a more complex issue because the residues 

contributing to stability are scattered across diverse posi- tions (core domain, surface 

exposed residues, VH-VL interface) [74–77]. In our study, stability increasing mutations 

(VH-V102Y and VH-V102D) showed significantly higher VH-VL interface buried surface 

area (Fig. 4). This demonstrates the importance of the scope of VH-VL packing for the 

overall antibody stability. In addition, the VH-VL orientation is also known to be 

important for stability [78–81]. In our mutants, no signif- icant correlation was observed 

between this metric and stability.  
It is known that n-n stacking is very important for protein structure and function. 

Besides n-n, n-cation/amino/anion contacts are also a part of these crucial stacking 

interactions [82]. Even triple n-stackings are known to contribute to the activity of 

proteins [83]. In the specific example of light chain Y49, we mutated this residue to 

collect structural insights into the effect of triple n-stacking interactions at the VH-VL 

interface. We showed that drastic affinity and stability changes occur when the anion-n-

n interaction (VH-D101: VH-Y100E:VL-Y49) was mutated through VL-Y49N/K/D 

mutations (Fig. 4, 5). VL-Y49 is one of the Vernier zone residues. Although Vernier zone 

residues are by defi- nition not in the CDR regions (but rather usually at the stem of 

CDRs), they are known to be indispensable for 

antibody function [24]. These residues are usually 

back-mutated to restore antibody affinity in hu- 

manization efforts [84]. Here, we provide further 

evidence on the importance of Vernier zone residues 

for antibody engineering efforts  
[27].  
lysine (or arginine) at position 94 is converted to any 

other amino acid, HCDR3 loses function due to lack 

of stabilizing salt bridge and it does not form the 

bulge [86]. When this salt bridge was converted into a complex salt 

bridge by VH-V102D mutation, affinity and stability increased. In-

depth analysis of a molecular dynamics simulation of this mutant 

showed that the complex salt bridge at the stem shifted the HCDR3 

loop to tilt towards VEGF, thereby contributing to the affinity 

increase (Fig. 6). Even though VH-V102 is a highly conserved residue 

in the antibody framework [87], it is nonetheless a potentially 

interesting locus for future antibody engineering and affinity 

maturation efforts. As a general approach, V102 might be mutated 

to “D” or “Y” to increase  antibody affinity with no loss or even better 

stability. Aspartate in this position is very rare (1%), thus 

immunogenicity should also be consid-  ered while designing 

mutations with rare amino acids in particular positions. We should 

also note here the complementarity aspect of our mo-  
  

lecular dynamics simulations in understanding the detailed 

molecular mechanisms associated with the involvement of HCDR3. 

Because all the  domains of an antibody share the same structural 

fold [19,88] and framework residues, especially chosen HCDR3 salt 

bridge interactions which are usually very conserved among 

organisms, our findings can be applied to other antibodies in 

general. The measured energetic differ- ences in the affinities are on 

the order of a few thermal energies at ambient conditions (as 

inferred from the dissociation constants), meaning that accurate 

 
Fig. 6. Changes in affinity correlate with a global tilt in HCDR3. (A) HCDR3 loop conformations are visualized for WT and VH-V102D. Alignment is performed based  
on the reference of the VH-K94:VH-D101 salt bridge. HCDR3s are represented as the tubes,-----  HCDR3- ------- frames ----  of VH-V102D and WT are colored in purple and blue, 

respectively. (B) The cosine angle (8) change of HCDR3 is calculated between two vectors and vector is the vector between the center of mass of the scFv  
 -----  P1  P2  P1  
 fragment and the center of mass of antigen VEGF.  is the vector between the center of mass of the scFv fragment and the center of masses of V -G100 and V -  
 -----  ----  P2  H  H  

S100A C atoms. and---- vectors are colored in gray. Selected atoms are represented as spheres. (C) Angle decrease of mutants compared to WT-HCDR3 are a P1 P2  
scattered through every 100th frame of the whole trajectory (5000 frames). The experimental affinity of the VL-Y49D mutant could not be obtained, so its repre- sentation is 

made based on our computational results. Color coding follows Fig. 1. Distributions of angle of all mutants are shown in Supplementary Fig. 20. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.)  
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There is a highly conserved salt bridge (VH-K94:VH-D101) at the stem of 

HCDR3 that is critical for HCDR3 to assume its bulge form [85]. If the  
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prediction of protein-protein binding energies is of utmost 

importance in this context. As an intuitive measure of the relative 

changes in binding interfaces, here, we have used pairwise contacts 

between the epitope and paratope groups. Such geometric metrics 

are commonly employed in heuristic correlations with experi- 

mentally measured energies [89].  
Affinity improvement or re-gaining efforts are usually 

encountered with numerous trade-offs such as loss of stability, 

lower solubility, and/ or higher aggregation propensity, as reviewed 

elsewhere [11]. Although these in vitro properties of a candidate 

antibody can be co-screened with a variety of experimental tools, 

scalability is typically costly and cumbersome. In this context, the 

use of in silico tools can alleviate the load by providing precise 

predictions at a fraction of the cost and time typically invested in an 

experimental undertaking. In this work, we tapped into the strength 

of sufficiently long molecular dynamics simu- lations which not only 

validated our physico-chemical wet-lab charac- terization of our 

mutants but also provided molecular level understanding into the 

favorable and unfavorable outcomes.  
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