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1.1 Non-immunoglobulin binding proteins as antibody alternative: An overview 

Proteins play a variety of vital roles in biological systems that significantly rely on their 

interactions with either one or several proteins, and this recognition and association with one 

another regulate a wide range of physiological, biological, and biochemical processes (Belvisi 

et al., 2021). Erroneous interactions have been linked to a number of illnesses, and the 

manipulation of protein-protein interactions (PPIs) has become crucial in the treatment of 

various diseases, drug discovery, diagnostics, development of diverse affinity reagents and 

molecular tools for basic science research and biomedicine (Lu et al., 2020; Belvisi et al., 2021). 

Non-immunoglobulin binding proteins are a group of proteins that have emerged as potent PPI 

modulators in recent years, with their applications expanding to include a broader range of 

protein types with desirable features. 

Non-immunoglobulin binding proteins are a group of artificially designed affinity proteins 

engineered in vitro to have a similar or greater specificity, affinity, and potency as the 

monoclonal antibodies (Hober et al., 2019). They have recently gained popularity as a feasible 

alternative for protein-based biological molecules, serving as a universal binding framework 

and building block for proteins with targeted intended functions (Azhar et al., 2017). These 

groups of artificially designed binding proteins are often referred to as scaffold proteins. The 

successful engineering of scaffold proteins spanning several structural classes has enabled the 

rapid development of novel affinity reagents facilitated by rapidly evolving in vitro and in vivo 

techniques for protein library design, functional variant selection, and precise target 

recognition (Nygren and Skerra, 2004). 

Several scaffold proteins have been described (Binz et al., 2005; Skerra, 2007; Weidle et al., 

2013; Azhar et al., 2017; Simeon and Chen, 2018) and are generally divided into antibody-

derived or non-antibody-derived groups. They are also classified into two categories; those that 
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bind ligands via amino acids on the exposed loops on a rigid protein structure and those that 

bind through amino acids on the secondary structure.  

For several decades, the prototype for affinity binding to ligands with desired specificities has 

been provided by antibodies, of which the recombinant versions have entered into several 

applications with remarkable success (Gebauer and Skerra, 2009). However, with the 

increasing applications in research, biotechnology, and biomedicine, it became apparent that 

antibodies have several limitations. This propelled the development of protein scaffolds with 

binding functions using combinatorial protein design to address the several limitations 

associated with the use of monoclonal antibodies.  

The full-length IgG has a molecular weight of about 150 kDa and consists of four polypeptide 

chains: two heavy chains and two light chains. The polypeptide chains are composed of well-

folded domains, made up of twelve IgG domains, with the heavy and light chains connected 

by a disulfide bond (Figure 1). The complexity, size, and planar binding interfaces of IgG pose 

a limitation for use in several applications requiring the penetration of solid tumors and poorly 

vascularized tissues (Pandey and Mehrotra, 2024; Lai et al., 2018; Chames et al., 2009; 

Vazquez-Lombardi et al., 2015; Cruz and Kayser, 2019). The fragment crystallizable region 

(Fc)-mediated complement-dependent cytotoxicity (CDC) and the antibody-dependent cellular 

cytotoxicity (ADCC), which are rarely required in simple target protein neutralizations, can 

have undesirable effects, such as the antibody-dependent enhancement (ADE) of viral 

infections (Lee et al., 2020, Bournazos et al., 2020, and Thomas et al., 2022). Additionally, 

monoclonal antibodies (mAbs) require complex post-translational modifications, such as 

unique glycosylation patterns, necessitating their production in mammalian cells, which are 

more expensive to optimize and cultivate (Zheng et al., 2011; Jefferis, 2016) when compared 

to production in prokaryotic cells. This requirement for the production of mAbs in mammalian 

cells increases the cost of the products. The high cost of products and other limitations, 
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including the complex intellectual property involved with antibody engineering (Storz, 2011; 

2015), propelled the extension of the concept of target ligand binding from antibodies to 

alternative protein frameworks. 

 

Figure 1: The structure of IgG. A: The structure of the full-length IgG molecule. B: The 

structure of the fragment antigen binding (Fab) fragment. C: The structure of the ScFv 

fragment 
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continued to expand to include several proteins of different architectures and properties. The 

search for alternative protein binders began with using the different antibody fragments as a 

framework, mainly the fragment antigen-binding (Fab) region and the single chain fragment 

variable (scFv), the single variable domain on a heavy chain (VHH) antibodies (Munoz-Lopez 

et al., 2022, Nuttall et al., 2000, Tungekar and Ruddock, 2023, Bever et al., 2017, Hirao et al., 

2023), down to including several unrelated proteins or protein fragments for similar 

applications simply by employing combinatorial engineering and molecular selection 

techniques to identify and select target binders with desired specificity (Gebauer and Skerra, 

2009). The Fabs and scFvs, unlike other single-domain proteins, require hydrophobic residue-

mediated interdomain interactions between the variable heavy (VH) and light (VL) domains, 

which limits thermodynamic stability and increases the risk of variable domain mispairing and 

the formation of aggregates (Pandey and Mehrotra, 2024). 

Single-domain scaffold proteins are expected to complement the functions of IgG by providing 

the desired additional properties lacking in IgG. These properties include small size, high 

thermal stability, free of disulfide bonds, and easy production in bacteria cells without the need 

for denaturation and refolding, lowering the overall cost of production and the cost of the final 

product (Weidle et al., 2013). The production of small-sized folded single polypeptide chains 

in bacteria cells also provides a renewable supply of reagents, addressing the issues of batch-

to-batch differences encountered in animal-produced antibodies (Bedford et al., 2017). 

Therefore, in addition to compensating for antibody size, stability, and cost constraints, protein 

scaffold design may also offer specific intellectual property protection (Gebauer and Skerra, 

2009; Simeon and Chen, 2018). In addition, the simple design of scaffold proteins allows for 

extensive structural engineering to satisfy a range of requirements, including specificity, 

affinity, stability, solubility, and protease resistance, making it very attractive. It has opened 

avenues for applications in diverse fields in basic science, biotechnology, and medicine.  
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Non-immunoglobulin binding proteins are usually designed to exert their action by 

antagonizing receptors and inhibiting their ligand binding sites preventing the interaction with 

cognate receptors (targeted therapy), binding to targets enabling the detection, visualization, 

and the study of the molecular functions of target proteins, (imaging, biosensors, and 

immunoassays), preparation of immunoconjugates where an antigen binding moiety is 

genetically fused to reporter enzymes as seen in diagnostics and proteomics applications, 

capture probes in microarray detection, crystallization chaperones, affinity purification, 

fluorescence resonance electron transfer (FRET), and in functional protein knock-out based on 

protein interference and degradation (Nygren and Skerra, 2004, Ferrigno, 2016, Harmansa and 

Affolter, 2018, Limsakul et al., 2018, Zhao et al., 2023). These applications have expanded 

from simple target detection and neutralization (Jenkins et al., 2019; Qiao et al., 2023; Hannula 

et al., 2024) to include targeted drug delivery to molecular targets (Shipunova and Deyev, 2022; 

Serna et al., 2022), adapters for adenovirus delivery (Dreier et al., 2013, Schmid et al., 2018) 

and several new possibilities discussed briefly below and summarized in Figure 2.  
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Figure 2: The summary of the several applications of non-immunoglobulin binding proteins. 
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term scaffold protein refers to protein frameworks that can allow a few or many amino acid 

modifications or sequence insertions to confer new functions on the protein variants, usually 

binding to desired targets. Scaffold proteins have shown tremendous success in modulating 

PPIs by targeting the cellular kinases, especially in targeting some of the groups of proteins 

labeled as undruggable (Oliver, 2017; Martin et al., 2018). However, this molecular targeted 

therapeutic approach where the target inhibitors exert their activity on the target only in the 

bound state is vulnerable to adaptive resistance, resulting in the requirement for high drug dose, 

which may lead to off-target toxicities (Kelm et al., 2023). This limitation led to the design of 

a new therapeutic method aimed at targeted protein degradation (TPD), which prevents the 

possibility of breakthrough signaling. Targeted protein degraders are bifunctional small 

molecules that recruit ubiquitin-proteasome systems to degrade target proteins (Bekes et al., 

2022). Studies have shown that the use of scaffold proteins provides researchers with versatility 

by enabling the targeted degradation of challenging therapeutic targets (Shen and Dassama, 

2023).  

The invention of chimeric antigen receptor (CAR) T-cell therapy has transformed cancer 

immunotherapy, allowing for individualized treatments tailored to the specific needs of each 

patient. The CAR, a synthetic protein with an extracellular binding domain and intracellular 

signaling domains, directs and activates T lymphocytes to destroy cells expressing target 

antigens (Sterner and Sterner, 2021; Alnefaie et al., 2022; Mitra et al., 2023). CAR T cell 

immunotherapy enables target antigen recognition without presentation by the major 

histocompatibility complex (MHC), which prevents cancer cells from using MHC 

downregulation to evade the immune system (Keane and Posey, 2021; Kitching and Jaw, 2018). 

Commonly used CARs consist of the scFv directed against a tumor-associated antigen; 

however, the reliance on the correct paring between the linked VH and VL domains by the scFv 

and the tendency to oligomerize poses a significant drawback, causing tonic signaling, T cell 
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exhaustion, and poor in vivo performance (Long et al., 2015, Ajina and Maher, 2018, Frigault 

et al., 2015). Since the essential prerequisite for effective CAR T cell therapy is the specific 

interaction of the CAR molecule with the target antigen and the subsequent induction of T cell 

effector functions, the use of scaffold proteins completely fulfilled the requirements. The ever-

advancing protein engineering techniques could eliminate the dependency on antibody-derived 

constructs for target recognition (Zajc et al., 2021).   

Photo-regulation of protein functions aimed at improving cellular, molecular, and organismal 

level investigations and the development of novel tools and therapeutics (Kneuttinger, 2022) 

are becoming increasingly attractive. Optogenetics is revolutionizing the dynamic control of 

diverse cellular activities, allowing the non-invasive and remote application of light in 

biological samples (McCue and Kuhlman, 2022). The structural advantages provided by 

scaffold proteins and their ease of expression in many cell types, including remaining actively 

functional in and outside of the cell, are consistently being exploited by researchers to create 

new possibilities. The structural stability and flexibility provided by this group of proteins have 

expanded their applications to include optical control of binding to targets. Gil et al. (2020) and 

Carrasco-Lopez et al. (2020) described the development of light-sensitive protein binders 

designed by inserting the light-oxygen-voltage-sensing domain from Avena Sativa phototropin 

1 (AsLOV2) into the solvent-exposed loop of nanobodies (OptoNBs) and monobodies 

(OptoMBs) respectively to reversely control the binding and release of untagged target proteins. 

Similarly, Woloschuk et al. (2021) designed photo-sensitive affinity reagents based on the Z-

domain of affibodies by combining the Z-domain with a photoactive yellow protein. The 

controlled light-dependent binding to untagged targets opened up new avenues for modulating 

signaling pathway activities, reversible ligand neutralization, and real-time study of targets 

biological functions, as well as light-based protein purification from heterogenous mixtures 

without the need for affinity tags that could interfere with protein function. 
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The stability, substrate accessibility, catalytic performance, and prolonged availability of 

enzymes are improved by immobilization, and the techniques include adsorption, entrapment, 

encapsulation, covalent binding, and affinity immobilization (Datta et al., 2013; Maghraby et 

al., 2023). Scaffold proteins are becoming helpful in this field as they serve as tools for 

reversible multi-enzyme assembly. Scaffold protein based on the staphylococcal protein A was 

designed to mimic the architecture of cellulosomes and binds reversibly efficiently to the 

cellulose surface when fused with carbohydrate-binding protein (Eklund et al., 2004; Gad and 

Ayakar, 2021). 

Scaffold proteins are expanding protein science and paving the way for the expansion of 

affinity reagents, and researchers are continuously extending these applications to several new 

possibilities. This is due to the architectural framework provided by this group of proteins, 

including their size, which enables easy genetic manipulations coupled with the ever-advancing 

protein engineering strategies. Therefore, in the selection and design of a scaffold protein, the 

intended application could play a significant role.    

1.2 The design and selection of non-immunoglobulin binding proteins. 

No doubt, scaffold proteins make up a diverse source of tools in several fields, as discussed 

above, and this is owing to the diversified origins, individual protein architectures, and 

properties that influence their suitability in different application contexts. The chances of 

obtaining a sufficiently robust affinity reagent depend on the features of the original protein 

framework. The protein framework is expected to provide a structurally compact and stable 

structure that can accommodate various side-chain substitutions to facilitate genetic 

engineering and functional expression for the development of binding functions without 

affecting the protein's structural integrity (Ahmadi et al., 2021; Nygren and Skerra, 2004). In 

general, scaffold proteins usually consist of a single polypeptide chain. 
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There are two significant ways to design and select a desired framework for the development 

of affinity reagents, and they include searching scaffolds from the protein database (PDB) or 

de novo protein design (Luo et al., 2022). For the selection of candidate scaffold from the PDB, 

several existing scaffolds are screened using a variety of criteria, which include small size, 

origin, presence or absence of disulfide bond, expression in E. coli, nontoxicity, absence of 

cofactor, solubility (available on literature data), and structural architecture (-sheets, -helix, 

number of loops, fold). Similarity alignments using Dali (Holm and Sander, 1995) or 

PDBeFold may be employed to refine the filtered results further. This is followed by 

experimentally verifying the final candidate to confirm their suitability for the desired 

applications. Then, the selected candidate is diversified by combinatorial protein engineering 

methods, and subsequently, binders are selected based on the affinity and specificity of the 

exposed targets.  

The second approach is the de novo design of affinity binders using deep learning-based 

algorithms. In this approach, the need to prespecify the protein's secondary structure or fold 

may not be necessary (Wang et al., 2022). The common ways include first identifying the amino 

acid side chains that produce desired functions using fragment docking calculations. The target 

functional site can also be deduced from native proteins having desired binding functions. On 

identifying the functional amino acid side chains, the complete amino acid sequence of the 

protein is designed and optimized such that the predicted 3D structure bears the functional site 

(Anishchenko et al., 2021; Norn et al., 2021). This approach is called “constrained 

hallucination.” In “inpainting,” starting from the functional site, additional sequence and 

structure are filled in using a pre-trained structure-prediction network (RoseTTAFold), 

RoseTTAFold diffusion (Rfdiffusion) (Baek et al., 2021, Watson et al., 2023). Silva et al., 2019 

and Cao et al., 2022, designed protein binders to specific sites on target proteins using only the 

information on the 3D structure of the target. These studies illustrate the unlimited possibilities 
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for the targeted design of binders to any target of interest. In the de novo design of protein 

binders, several thousand to millions of diversified new structures are usually generated. These 

are further streamlined to a few candidates based on several in silico evaluations, such as 

thermodynamic simulation calculations, among others (Luo et al., 2022). The best-performing 

candidates are then selected for experimental validations.  

For this study, my discussion will mainly focus on the conventional protein design approach, 

which relies on identifying a protein framework (scaffold) based on the structural architecture 

and the biochemical properties of the protein. 

1.3 The structural classes of non-immunoglobulin binding proteins 

To design binders to any predetermined target, a clear structure of the starting framework is 

necessary to identify the positions on the scaffold protein that needs to be diversified before 

the construction of a combinatorial library. Although the structure of the scaffold protein often 

reveals the potential functions of the designed affinity binders, the structural integrity needed 

to withstand diverse mutations is a more critical factor to consider. However, considering the 

structures of designed affinity binders, each scaffold often shows distinct modes of recognition 

of its target, reflecting the architectural composition of the protein (Gilbreth and Koide, 2012).  

Therefore, it is essential to consider the different structural classes of scaffold proteins and how 

their architecture may affect their stability and potential binding functions. Based on the 

architecture of most proteins, scaffold proteins can be classified into three groups: those 

consisting predominantly of -helices, those consisting predominantly of -sheets, and lastly, 

those with a mixture of -helices and -sheets (Hosse et al., 2006). Positions for diversification 

could be on the surface exposed loops, -helices, -sheets, or a combination. The collection of 

designed synthetic binding proteins, the diversified positions, and the targets, are deposited in 

the Synthetic Binding Proteins for Research, Diagnosis, and Therapy (SYNBIP) database 
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(Wang et al., 2022). Some examples have been discussed to buttress further how the initial 

protein framework affects its design for binding and the kinds of targets (Gilbreth and Koide, 

2012; Ramamurthy et al., 2012). DARPins developed from natural ankyrin repeat proteins 

(Stumpp et al., 2008) recognize out-curved surfaces due to their hollow binding sites. 

Anticalins a lipocalin-based scaffold (Skerra, 2001), tend to grip their targets just like DARPins 

because of their basket-like structure. Affibodies derived from the Z domain of protein A, a cell 

wall protein of Staphylococcus aureus (De et al., 2018) usually recognize and bind flat surfaces 

due to their flat binding site. The monobodies are derived from the domain of fibronectin type 

III and the nanobodies are derived from the variable domain of the Camelid antibodies (VHH) 

(Hantschel et al., 2021; Asaadi et al., 2021). They recognize groves and crevices and are 

suitable for binding the catalytic sites of enzymes because of the IgG-like fold structure and 

the presence of protruding surface-exposed loops. Additionally, monobodies designed to bind 

curved-out epitopes have been designed (Figure 3). These studies suggest that the structural 

architecture of the scaffolds determines the topography of the binding site, which directly 

affects the type of epitopes it recognizes with high affinity and specificity. 
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Figure 3: Non-immunoglobulin binding proteins and recognition targets. The blue color 

indicates the binding protein, the red color indicates the binding site and the red color indicates 

the target protein. A: DARPins bound to maltose binding protein (1SVX) B: Anticalins bound 

to the extracellular domain of human cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 

(3BX7). C: Affibody bound to human epithelial growth factor 2 (HER2) (3MZW). D: 

Monobody bound to Klebsiella pneumoniae FtsZ (8GZV). E: Nanobody bound to Plasmodium 

falciparium Pf12p (7KJI). F: Monobody bound to Abelson tyrosine kinase 1 (Abl1)-SH2 

domain via the amino acid residues on the secondary structure (3UYO). 

1.4 The generation of non-immunoglobulin protein binders 

Combinatorial protein libraries are created to design affinity binders by diversifying carefully 

selected surface-exposed residues on the protein. The generated libraries are then subjected to 

a selection process based on the specific binding to a predefined target, followed by 

amplification and identification of target binders (Sha et al., 2017). Different molecular 

selection systems for the identification of target binders have been described (Gronwall and 

Stahl, 2009; Binz et al., 2005; Simeon and Chen, 2018), and they have been categorized into 

cell-dependent display systems, cell-free display systems, and the non-display systems. The 

cell-dependent display systems include the phage display, bacterial surface display, and yeast 
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D
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display. The cell-free display includes the ribosomal display and mRNA display, among others. 

The non-display systems include yeast-two-hybrid and protein complementary assays. These 

selection systems link phenotype to genotype, enabling sequences of target binders to be 

deduced and have been carefully described in detail (Gronwall and Stahl, 2009; Binz et al., 

2005; Simeon and Chen, 2018; Zimmermann et al., 2020). 

However, the choice of which molecular selection system to use would depend on the purpose, 

target, scaffold protein architecture, size, and available resources due to the various merits and 

demerits faced by each selection system. The phage display is the most widely used molecular 

display method for the screening and identification of binders to several targets due to the less 

complex nature of the design and construction of display libraries when compared with the 

other selection systems. Moreover, the need for the elution of binders from targets increases 

the possibility of losing the most robust binders due to harsh elution conditions. Except for the 

phage display, cell surface display systems like bacterial surface display and yeast display offer 

the possibility for the use of fluorescence labeling and flow cytometry sorting, enabling the 

selection of affinity binders without the need for elution from the target protein. Nevertheless, 

cell-dependent display systems are faced with the limitation of the library size's dependency 

on the transformation efficiency of the DNA. Alternatively, cell-free display systems offer the 

possibility of creating libraries of up to 1013 because of the in vitro transcription and translation 

used in library construction. Additionally, co-expressing the libraries together with the target 

proteins in vivo is possible in cell-free display systems. It could allow target recognition based 

on the expression of a correctly folded protein by the host organism. One major drawback of 

cell-free display is the requirement for a protein that is small enough for in vitro transcription. 

Unlike the display systems, the non-display system allows for selection based on direct 

screening for growth survival. However, they are faced with the limitations of unspecific 
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intracellular interactions and the need for the scaffold proteins to be well-suited for intracellular 

folding for a successful outcome.  

The various molecular selection methods offer significant benefits as they provide researchers 

with a varied range of alternatives for developing target binders for an extensive range of 

applications in protein science, fundamental research, drug development, and affinity reagents. 

The use of several protein frameworks, taking advantage of their distinct characteristics, could 

provide numerous unique uses while also satisfying our unmet needs.  

1.5 The -sandwich domain 1 (SD1) of islandisin as a candidate scaffold protein                                                                                          

In this study, I introduce SD1, a domain of a multimeric protein (islandisin) and a structural 

homolog of fervidolysin (Kim et al., 2004) (Figure 4), as a candidate scaffold protein. 

Islandisin is a thermostable protease derived from the hyperthermophilic bacterium 

Fervidobacterium islandicum. Islandisin is active in a wide range of temperatures and pH 

levels (60-80 oC and 6.0-8.5, respectively), with an optimum temperature and pH of 80 oC and 

8.0. Furthermore, islandisin has shown excellent thermal stability for an extended period (32 

hours) at 80 oC. Islandisin has also exhibited resistance to a wide range of solvents and 

detergents (Godde et al., 2005). These features make beta-sandwich domain 1 (SD1) of 

islandisin an appealing framework for the design of target binding for applications requiring 

harsh environmental conditions. 
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Figure 4: The structure of fervidolysin (1R6V); islandisin structural homolog. 

SD1 is a single domain protein, predominantly of -sheets with no disulfide bond, folded into 

a stable 3D structure with stability provided by the numerous hydrophobic residues present 

within the protein core (Figure 5). SD1 is a small-sized protein with a molecular weight of 

11.7 kDa, structurally similar to the variable domain of IgG. SD1 is a thermostable protein with 

a melting temperature (Tm) of 73 oC (Figure 6) and is easily expressed in E. coli (Ononugbo 

et al., 2024).  

 

Figure 5: The structural model of SD1 

SD1 has a beta-barrel architecture made up of closely packed anti-parallel sheets, similar to the 

structural conformations of the domains of heavy and light chains in IgG (Chiu et al., 2019). 

Contrasting the IgG domain, the immunoglobulin fold of SD1 is mainly stabilized by a number 

of hydrophobic residues within the hydrophobic core, resulting in structural stability. Moreover, 

Unlike the IgG domains that are stabilized by disulfide bonds, the absence of disulfide bonds 
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in the stabilization of the IgG-like fold of SD1 allows the protein to be expressed in a reducing 

environment such as the cytoplasm of bacteria, decreasing the difficulty of expression and the 

cost of production associated with using the eukaryotic expression systems. Therefore, SD1’s 

IgG-like structural architecture, non-complexity, size and the presence of extended exposed 

surface loops, and thermal stability, including the lack of disulfide bonds, among other features, 

make it a suitable scaffold protein for the design of several target affinity binders. SD1 could 

be the first scaffold protein with a framework like that of an IgG fold isolated from a bacterium, 

a hyperthermophile known as Fervidobacterium islandicum. Furthermore, SD1's simple 

framework, which allows for extensive structural modifications, and its structural robustness 

to tolerate many side chain amino acid substitutions aimed at enhancing its properties for 

desired targeted functions, makes it an intriguing protein framework. 

 

Figure 6: Thermal denaturation study of SD1. The denaturation curve was obtained by 

heating the sample from 20 oC to 100 oC at 1 oC/min at 222 nm. The Tm was determined at 73 

oC. 

Although SD1 is highly expressible in E. coli, it is expressed mainly in inclusion bodies, and 

the solubility of SD1 is necessary to serve as a framework for the design of binding functions. 
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Moreover, inclusion body formation is one of the significant challenges faced when a foreign 

gene is introduced into a host. This is because the new microenvironment may differ from the 

source in terms of osmolarity, pH, cofactors, and folding mechanisms (Rosano and Ceccarelli, 

2014). Additionally, the presence of stretches of hydrophobic residues in the polypeptide chain, 

which may interact with similar residues at high expression levels due to high concentrations, 

might promote protein instability and aggregation, followed by the formation of inclusion 

bodies (Bhatwa et al., 2021, Rosano and Ceccarelli, 2014). To reduce the formation of protein 

inclusion bodies, several strategies have been discussed, including slowing down protein 

synthesis, inducing endogenous chaperone synthesis, introducing chemical chaperones and 

foldases into the culture medium, co-expression with chaperons, and modifying the protein in 

question (Bhatwa et al., 2021). The decision to use any of the strategies is based on the 

researcher's objective and suitability; in this study, because the goal is to improve SD1 

solubility for target binding functions, modifying SD1 via amino acid substitutions with the 

goal of removing residues that contribute to inclusion body formation seem suitable. Moreover, 

a protein’s characteristics often depend on its primary sequence.  

There are various methods for modifying a protein's primary sequence to improve desirable 

features, including directed evolution, semi-rational design, and rational design (Linse, 2018; 

Sachsenhauser and Bardwell, 2018). In directed evolution, the success of selecting variants 

with intended improved features is dependent on the efficacy of the designed screening system, 

as many mutants are typically generated. Though it offers the advantage of eliminating the need 

to know the structure of the protein of interest, it is a blind approach that relies solely on the 

screening system, making the selection process difficult and time-consuming. Semi-rational 

and rational design approaches may take less time. Still, they necessitate an in-depth 

knowledge of the protein's structure and the contributions of each of the 20 natural amino acids 

to protein folding and solubility. However, the considerable and ongoing progress in protein 
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research, including the development of new algorithms, increased computational resources, 

and characterization methodologies, has provided enhanced tools for protein solubility design 

that go beyond a shot in the dark. 

1.6 Hypothesis and objectives 

A scaffold made of thermophilic protein is renowned for its intrinsic sturdy thermostability, 

which is essential for creating new functions (Finch and Kim, 2018). SD1 has a structural 

framework similar to the IgG fold, with longer loops, and promises mutational robustness to 

varying side-chain modifications that could result in new functionalities. SD1 architecture and 

stability could be exploited to create new affinity tools with unique characteristics, thus 

expanding protein science research. However, the inclusion body formation of SD1 on 

expression in E. coli is a limiting factor for the design of affinity reagents. The following factors 

may contribute to the inclusion body formation of SD1. The protein’s high level of expression 

in E.coli, coupled with the presence of surface-exposed hydrophobic residues or spans of 

hydrophobic regions within the protein’s primary sequence, may interact during protein folding, 

resulting in instability and the formation of insoluble aggregates.  

Therefore, the goal of this research is to increase SD1's soluble expression, folding yield, and 

solubility and design a target affinity reagent using SD1 as a structural framework. In chapter 

two, amino acid substitutions that could improve SD1 folding and solubility were studied, with 

a particular emphasis on how side chain modifications in the surface-exposed residues and 

aggregation-prone regions affect the protein solubility in vivo. In chapter three, the effect of 

synergistic interactions between SD1's inherent qualities, such as isoelectric point (pI), charge 

distributions, and thermal stability, as well as extrinsic factors, such as pH, on the protein 

solubility and storage stability, was studied. Then, the most suitable mutant for the design of 

target binders was decided based on the results obtained. In chapter four, the combinatorial 
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library of the improved soluble SD1 variant was constructed and evaluated for binding to TNF-

 after verification of expression and monovalent display on the M13 phage pIII coat protein.  
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Chapter 2: 

SD1 engineering for improved solubility and folding 

yield 
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2.1  Overview 

In this chapter, I explored the effect of placing charged residues on the surface of SD1, 

including identifying stretches of hydrophobic regions and adding gatekeeper residues (GKRs) 

to reduce SD1 aggregation and inclusion body formation with the goal of increasing folding 

yield and solubility.  

The number of aggregation-prone regions (APRs) in a protein sequence has been illustrated to 

be inversely proportional to the protein's solubility (Ganesan et al., 2016), implying that 

mutational suppression of such regions may increase the protein's solubility. Besides, in 

hydrophilic proteins, the surface hydrophilic residues and water molecules form hydrogen 

bonds while burying the hydrophobic residues, blocking their interactions with water 

molecules (Shaytan et al., 2009; Baumann et al., 1989), generally suggesting that solubility is 

determined by amino acid charge and polarity, as well as their ability to interact with 

surrounding water molecules. Charged residues increase the protein's net charge while also 

causing repulsive electrostatic interactions between similar charges. Allowing adequate time 

for proper protein folding, preventing aggregation, and the formation of the inclusion body 

(Lawrence et al., 2007; Paraskevopoulou and Falcone, 2018). 

Therefore, this study hypothesizes that SDI surface charging and reduction of aggregation-

prone regions would increase the soluble expression, folding yield, and solubility of the protein. 
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2.2 Materials and Methods 

Bacterial strains: Fervidobacterium islandicum, a thermophilic bacterium, was obtained from 

the American Type Culture Collection (ATCC 49647, Manassas, USA) and grown in a complex 

medium (Table 1). The optimal growth temperature is 65 oC (Huber et al., 1990). Anaerobic 

incubation was carried out in a well-sealed vial at 60°C without shaking. Cloning and 

expression of the target genes were performed using E. coli JM109 and BL21(DE3), 

respectively. The E. coli cells were grown in LB broth (5g/l yeast extract, 10g/l tryptone, 5g/l 

NaCl) after the addition of 50 µg/ml ampicillin or kanamycin, the plasmid selection markers. 

Table 1: ATCC Medium for Fervidobacterium islandicum 

Solution 1  

NH4Cl (g) 

MgCl2. 6H2O (g) 

KH2PO4 (g) 

K2HPO4 (g) 

Trace Element Solution (ml) (see below)  

FeSO4. 7H2O (ml) 

Resazurin (ml) 

Wolfe's Vitamin Solution (ml) (see below) 

Trypticase Peptone (g) (BD 211921) 

Distilled water (ml) 

0.9  

0.2  

0.75  

1.5  

9.0 

0.03 

1.0  

5.0 

10.0  

850.0  

 

Solution 2  

Yeast extract (g) 

Distilled water (ml) 

3.0  

100.0 

 

Solution 3  

Glucose (g) 

Distilled water (ml) 

5.0  

50.0 
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Trace Element Solution:  

Nitrilotriacetic acid (g) (Adjusted to pH 6.5 with KOH) 

FeCl3. 4H2O (g) 

MnCl2. 4H2O (g) 

CoCl2. 6H2O (g) 

CaCl2. 2H2O (g) 

ZnCl2 (g) 

CuCl2 (g) 

H3BO3 (g) 

Na2MoO4. 2H2O (g) 

NaCl (g) 

Na2SeO3 (g) 

Distilled water (L) 

12.5  

0.2  

0.1  

0.017  

0.1  

0.1  

0.02  

0.01  

0.01  

1.0  

0.02  

1.0  

 

Wolfe's Vitamin Solution:  

Biotin (mg) 

Folic acid (mg) 

Pyridoxine hydrochloride (mg) 

Thiamine HCl (mg) 

Riboflavin (mg) 

Nicotinic acid (mg) 

Calcium D- (+)-pantothenate (mg) 

Vitamin B12 (mg) 

p-Aminobenzoic acid (mg) 

Thioctic acid (mg) 

Distilled water (L) 

2.0  

2.0 

10.0  

5.0  

5.0  

5.0  

5.0  

0.1  

5.0  

5.0  

1.0 

 

Solution 1 and 2 were autoclaved separately in 20 ml vials (Malm, Osaka, Japan). Solution 3 

was filter sterilized in a separate container, and all solutions were mixed in an anaerobic box 

after sterilization. 50 µl of 100 mM Na2S solution was added to the mixed medium in the 

anaerobic box, allowed to stand for 1 hour, and when the color of the oxygen indicator 

(resazurin) changed, a rubber stopper was placed, and the mixture was sealed with an aluminum 

cap. Inoculation, dispensing, and collection of Fervidobacterium islandicum were performed 

using sterile syringes. After about a week of incubation, the medium began to become turbid, 

and the OD600 reached 1.0; the sample was subcultured twice.  

Islandisin encoding gene extraction: The Fervidobacterium islandicum culture medium was 

centrifuged for 15 min at 15,000 rpm. The pellet was then resuspended in 15 l of sterile MilliQ 
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water. An equal volume of Phenol: Chloroform: Isoamyl alcohol (PCI) at a ratio of 25:24:1 

was added to the solution, vortexed vigorously, and centrifuged for 10 min at 15,000 rpm. The 

supernatant was added to a new microcentrifuge tube and was used as the genomic solution.   

Islandisin encoding gene cloning: The islandisin encoding gene was cloned using the infusion 

cloning method. The DNA sequences of islandisin were retrieved from GenBank (accession 

number: AY190029). Oligonucleotides with sequences homologous to the cloning vector were 

designed, and the sequences were synthesized by Hokkaido System Science (Sapporo, Japan) 

(Table 2). The target genes were amplified using polymerase chain reaction (PCR), and the 

pET25b vector linearized for 2 h at 37 oC with BamHI and NdeI restriction enzymes (TAKARA 

Bio Inc). Using the In-Fusion® HD cloning kit (TAKARA Bio Inc, Shiga, Japan), the linearized 

vector and amplified target gene were mixed and transformed with E. coli JM109. After 

overnight cultivation at 37 oC, the colonies were analyzed by PCR using the Quick Taq HS dye 

mix (TOYOBO Co., LTD., Osaka, Japan). The positive clones with the correct insertion size 

were subcultured overnight with constant shaking in a 5 ml LB medium at 37 oC. After 

cultivation for 16-20 h, the plasmid DNA from the samples was extracted (GenElute Plasmid 

Miniprep Kit, SIGMA Aldrich, St. Louis, MO), and sequences analyzed (Eurofins Scientific, 

Luxembourg) to validate the construction of the vector harboring SD1 coding fragment. 

Table 2: Primer sequences used for cloning and site-directed mutagenesis. 

Primer sequence (5’→3’) 

Islandisin Fwd CAGGCCGCCCTGGGCGACTTGCCTTCAAGTGGA 

 Rev CGGAGCTCGAATTCTTATTCCGCTTTTCCAAAAAGC 

 

Primer sequence (5’→3’) 

SD1 Fwd AACGAGCATATGTCAAGTGGAGGATTGGAC 

 Rev AAGTCAACTAGTCGATGCAGATGAGGAAAACC 
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Primer sequence (5’→3’) 

SD1_6K Fwd. AACGAGCATATGTCAAGTGGAGGATTGGAC 

 Rev TATTGTGGATCCTTACTTCTTCTTCTTCTTCTTTCCTCCCGATGCAG

ATGAGGAAAAC 

 

Primer sequence (5’→3’) 

Y15K/W18R Fwd AAAAGTAGTCGGAGGGTGCCTTCCG 

 Rev AGCATCTGTGACGGTGAGTTG 

 

Primer sequence (5’→3’) 

S106R Fwd CGATCTGCATCGTAAGGATCCG 

 Rev GGAAAACCTTACCGCATTGTTACG 

 

Primer sequence (5’→3’) 

S2D Fwd GATGGAGGATTGGACTATCAAC 

 Rev TGACATATGGCTGCCGCG 

 

Primer sequence (5’→3’) 

N73D Fwd GACGGATTAACGAGGGTAGCTTTC 

 Rev TGAGTTCACTTTCGTGTCTGGAC 

 

Primer sequence (5’→3’) 

S107E Fwd GAAGCATCGTAAGGATCCGAATTC 

 Rev TGAGGAAAACCTTACCGCATTG 

 

Primer sequence (5’→3’) 

S26K Fwd AAACTTCTTGGAATTTCAAGTAC 

 Rev GACACTAACGGAAGGCACC 

 

Primer sequence (5’→3’) 

Q91P Fwd CCAGCGGCTTTGGTTGATAACCG 

 Rev GAAAATCACCGTTCGTTCCTCTGC 

 

Primer sequence (5’→3’) 

I30R Fwd AGATCAAGTACTGGTCGCAATG 

 Rev TCCAAGAAGTGAGACACTAACG 

 

Primer sequence (5’→3’) 

I30D Fwd GATTCAAGTACTGGTCGCAATG 

 Rev TCCAAGAAGTGAGACACTAACG 
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Primer sequence (5’→3’) 

T87E Fwd GAGGTGATTTTCCAAGCGGC 

 Rev TCGTTCCTCTGCTTTTCTGAAAGC 

 

Primer sequence (5’→3’) 

A92R Fwd AGGGCTTTGGTTGATAACCG 

 Rev TTGGAAAATCACCGTTCGTTCC 

 

Primer sequence (5’→3’) 

S26L Fwd CTACTTCTTGGAATTTCAAGTAC 

 Rev GACACTAACGGAAGGCACC 

 

Primer sequence (5’→3’) 

D60Y Fwd TATGTAATTGTCAGTGGTCCAG 

 Rev GTACCTACCGGAATCTATACCG 

 

Primer sequence (5’→3’) 

D60Y Fwd TATTTCCAAGCGGCTTTGGTTG 

 Rev CACCGTTCGTTCCTCTGCTTTTC 

 

Primer sequence (5’→3’) 

A92K Fwd AAGGCTTTGGTTGATAACCG 

 Rev TTGGAAAATCACCGTTCGTTC 

 

Primer sequence (5’→3’) 

A93K Fwd AAATTGGTTGATAACCGTAAC 

 Rev CGCTTGGAAAATCACCGTTC 

 

Primer sequence (5’→3’) 

His10 Fwd GTGATGATGATGATGATGGCTGC 

 Rev CATCACCATCACGGTGGAGGCGGTAGCAGCGGCCTGGTG 

 

Construction of SD1 expression system: The SD1 gene was amplified from the pET25b 

vector, which carried the islandisin-encoding gene, and cloned into the multiple cloning sites 

of pET28a vector (pET28aSD1) using NdeI and BamHI restriction enzyme (TAKARA Bio Inc., 

Shiga, Japan). The pET28a vector contains a T7 promoter upstream of the sequence encoding 

hexahistidine (His6) and a kanamycin resistance marker. pET28aSD1 was transformed with 
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chemically competent E. coli BL21 (DE3) for SD1 expression and cultured on LB plates at 37 

oC overnight. Single colonies of the overnight culture were analyzed using PCR for the 

presence of insertions, and positive clones were grown in an LB broth at 37 oC overnight with 

continuous shaking. Plasmid DNA from the liquid E. coli cultures was extracted, and sequences 

were analyzed by DNA sequencing (Eurofins Scientific, Luxembourg) using the T7 promoter 

and the T7 terminator primers to confirm correct SD1 sequence insertion.  

Construction SD1 solubility enhancing peptide tag: Inverse PCR was used to add additional 

residues of hexa-lysine amino acids to the C-terminus of SD1 with designed primers harboring 

the additional sequences. Just before the hexa-lysin, two glycine residues were added to limit 

the interaction of the tag with SD1. The entire pET28aSD1 construct was amplified using the 

Q5 high fidelity 2X master mix (New England Biolabs, Ipswich, Massachusetts, United States), 

following the recommended reaction conditions. Single colonies of the constructs were 

analyzed using PCR, and the extracted plasmids of positive clones were verified for correct 

insertions by DNA sequencing. 

Site-directed mutagenesis: Mutagenic primers with the desired mutation(s) (Table 2) were 

used to substitute specific amino acid residues in SD1. This was carried out by inverse PCR 

using the Q5 high fidelity 2X master mix (New England Biolabs, Ipswich, Massachusetts, 

United States) and following the recommended reaction conditions. The template DNA was 

removed from the PCR product by DpnI digestion (TAKARA Bio Inc, Shiga, Japan). The DpnI 

digested PCR product was ligated and transformed with E. coli BL21 (DE3) cells. Single 

colonies of the constructs were evaluated by PCR, and the recovered plasmids of positive 

clones were sequenced to ensure accurate insertions. 

Multiple sequence alignment: To search for amino acids analogous to SD1, the default 

parameters of the UniProt BLAST (https://www.uniprot.org/blast) service (Target database = 

https://www.google.com/search?sca_esv=595606774&sxsrf=AM9HkKmwlWEkBtu7m7vq8wvB1fU_MIYKdg:1704358006100&q=Ipswich,+Massachusetts&si=ALGXSlYh1-GEPndq7qMo--O-TPixQtNN4JMroSxgItz5kq0stB-aMgPiMEx2spSDgXl1sMLvrBmwFdB0XIacwwvh-VvEPBb6ZilmyCVV93K8_xuSKPdMd1jEF94cgQvhZwpEjOAAfsUvsFh01i0s3DmBbSIw8_vAN-_h0mglhXXvqjpbG7uCcRLlzp0i6R8dA1rospT-R3KoFwmOMLoTt22eS567Zu-Axg%3D%3D&sa=X&ved=2ahUKEwiU9ZesrMODAxUNCIgKHZtpA6YQmxMoAXoECFMQAw
https://www.google.com/search?sca_esv=595606774&sxsrf=AM9HkKmwlWEkBtu7m7vq8wvB1fU_MIYKdg:1704358006100&q=Ipswich,+Massachusetts&si=ALGXSlYh1-GEPndq7qMo--O-TPixQtNN4JMroSxgItz5kq0stB-aMgPiMEx2spSDgXl1sMLvrBmwFdB0XIacwwvh-VvEPBb6ZilmyCVV93K8_xuSKPdMd1jEF94cgQvhZwpEjOAAfsUvsFh01i0s3DmBbSIw8_vAN-_h0mglhXXvqjpbG7uCcRLlzp0i6R8dA1rospT-R3KoFwmOMLoTt22eS567Zu-Axg%3D%3D&sa=X&ved=2ahUKEwiU9ZesrMODAxUNCIgKHZtpA6YQmxMoAXoECFMQAw
https://www.google.com/search?sca_esv=595606774&sxsrf=AM9HkKmwlWEkBtu7m7vq8wvB1fU_MIYKdg:1704358006100&q=Ipswich,+Massachusetts&si=ALGXSlYh1-GEPndq7qMo--O-TPixQtNN4JMroSxgItz5kq0stB-aMgPiMEx2spSDgXl1sMLvrBmwFdB0XIacwwvh-VvEPBb6ZilmyCVV93K8_xuSKPdMd1jEF94cgQvhZwpEjOAAfsUvsFh01i0s3DmBbSIw8_vAN-_h0mglhXXvqjpbG7uCcRLlzp0i6R8dA1rospT-R3KoFwmOMLoTt22eS567Zu-Axg%3D%3D&sa=X&ved=2ahUKEwiU9ZesrMODAxUNCIgKHZtpA6YQmxMoAXoECFMQAw
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UniProtKB, E-threshold = 10, Matrix = Auto-BLOSUM62, filter = none, gapped = yes, hits = 

250, HSPs per hit = all), NCBI (blastp), and TEMPURA database 

(http://togodb.org/db/tempura (Sato et al., 2020)) were employed. All sequences were aligned 

and analyzed using ClustalO from the Unipro UGENE program (Okonechnikov et al., 2012) 

after removing similar sequences. 

In silico mutagenesis: The solvent-accessible residues on SD1 were identified and substituted 

to charged amino acids (Arg (R), Lys (K), Glu (E), and Asp (D)). Mutations with the lowest 

predictions of the FoldX’s G values (Schymkowitz et al., 2005) for both the acidic and basic 

charged residues were considered stabilizing and were selected. To identify mutational hotspots 

in SD1, saturation mutagenesis on all SD1 residues was performed. All 20 amino acids were 

substituted at each position in SD1, and residues with the lowest energy values were deemed 

beneficial. 

Identification of aggregation-prone regions and reduction of SD1 aggregation: The 

aggregation-prone regions (APRs) in SD1 were identified (Fernandez-Escamilla et al., 2004), 

and all were substituted to gatekeeper residues (GKRs) (R, K, E, D, and P). The most suitable 

residues on each position were selected based on the effect on the thermodynamic stability of 

SD1 based on the estimations of the FoldX’s G. Structural visualization was achieved using 

Yasara (Land and Humble, 2018). 

Recombinant protein expression: LB medium supplemented with 50 ug/ml kanamycin was 

used to cultivate recombinant E. coli cells with constant shaking overnight at 37 oC. An aliquot 

of the overnight culture was transferred into a fresh LB medium supplemented with kanamycin 

and grown at 37 oC with constant shaking. When the cells' turbidity had reached an optical 

density at 600 nm (OD600) of 0.5 and 0.8, isopropyl--D-thiogalactopyranoside (IPTG) was 

added to induce the expression of SD1. The incubation temperature was then reduced to 30 oC 

http://togodb.org/db/tempura
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and cultured for about 18 h with continuous shaking. The E. coli culture was centrifuged at 

12,000 xg for 2 mins at room temperature to harvest the cells. The cells were disrupted by 

sonication in a lysis buffer (20 mM Tris-HCl (pH 7.5)) and centrifuged at 4 oC for 20 mins at 

12,000 xg to separate the cell fractions. The supernatant became the soluble fraction, while the 

pellet became the insoluble fraction. 

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE): The separated 

protein samples were boiled for 5 mins in sample buffer (250 mM Tris-HCl (pH 6.8), 20% 2-

mercaptoethanol, 8% SDS, 20% sucrose, and 0.2% bromophenol blue (BPB)), and separated 

on a 12% SDS-PAGE and a prestained triple-color protein ladder (Nacalai Tesque, Inc., Kyoto, 

Japan), was used as a molecular weight standard. The PAGE was stained with Coomassie 

Brilliant Blue (CBB) and destained with 5 % EtOH and 7 % acetic acid before visualization.  

In silico predictions: The structure of the mutants was predicted with Alphafold2 (Jumper et 

al., 2021; Mirdita et al., 2022) using the UCSF ChimeraX graphical user interface (GUI) 

(Pettersen et al., 2021). The interacting pairs of amino-acid residues were identified using the 

Proteus online tool (Barroso et al., 2021). To create and display the structural model of SD1 

showing the mutated residues that contribute to SD1 solubility, Pymol version 2.5.2 was used 

(https://www.pymol.org/). Mutations were incorporated into the model using the Pymol’s 

mutagenesis wizard.  

2.3  Results 

2.3.1  Expression of SD1 in E. coli. 

After SD1 induction, sonication, and separation, the protein was found mainly in the pellet 

fraction identified as aggregates in E. coli inclusion bodies (Figure 7). This is a limitation for 

use in the design of binding functions.  
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Figure 7: A) Expression of SD1 in E. coli BL21 (DE3). B) Expression of null pET28a vector 

(No SD1 insertion) in E. coli BL21 (DE3). Samples were separated by 12% SDS-PAGE. Target 

protein molecular weight (MW) = 11.7 kDa. M = marker, B = before cell lysis, P = pellet, S = 

supernatant. WT SD1 = wild type SD1. The black arrow indicates the target band. The red 

arrow indicates the expected target size in the case of SD1 insertion (no recombinant protein 

expression). 

2.3.2  Expression of SD1 with a small peptide tag 

The effect of a positively charged short peptide tag (hexa-lysin) on SD1 solubility was studied 

based on previous reports on the solubility-enhancing properties. Hexa-lysin was chosen to 

increase the pI of SD1 due to its charge similarity and to introduce intra and intermolecular 

electrostatic repulsive interactions. The C-terminal hexa-lysin tagged SD1 (SD1_6K) on 

expression in E. coli was significantly found in the supernatant fraction on SDS-PAGE (Figure 

8), suggesting that the addition of the charged peptides significantly improved the solubility of 

the protein.  
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Figure 8: The effect of hexalysin fusion at the SD1 C-terminus on the soluble expression 

and folding yield. Samples were separated by 12% SDS-PAGE. Target protein molecular 

weight (MW) = 11.7 kDa. M = marker, P = pellet, S = supernatant. WT SD1 = wild type SD1. 

SD1_6K = hexalysin tagged SD1. The black arrow indicates the SD1 target band. The grey 

arrow indicates the SD1_6K target band. 

2.3.3  In silico identification of mutational targets 

Given that charged residues attached to the SD1 terminal could enhance the protein solubility, 

the overall protein charge distribution throughout the surface of SD1 was investigated. As a 

result, in silico methods were used to find appropriate sites for substituting solubility-

enhancing residues while maintaining SD1 structural stability. Mutational hotspots were 

identified as those where the side chain substitutions were stabilizing (G < 0), considering 

that residues with the lowest energy values are desirable. The following positions, S22, S26, 

S64, N71, T76, N99, and A101, could allow for substitutions of 15 or more residues without 

affecting the structural integrity of SD1 based on the FoldX G. 

2.3.3.1 Multi-sequence alignment 

A total of 223 sequences made up of 49, 69, and 85 sequences were recovered from three 

databases, namely, the NCBI (blastp), UniProt BLAST, and Database of growth TEMperatures 
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of Usual and RAre prokaryotes (TEMPURA) (Sato et al., 2020), respectively. After removing 

identical sequences, a total of 154 homologous sequences were aligned with the SD1 sequence. 

Poorly conserved residues were mainly observed (Figure 9), making the selection of residues 

that could improve the solubility of SD1 more like random selection.  
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Figure 9: Multisequence alignment of SD1 with about 154 homologous sequences. Homologous sequences were recovered from NCBI (blastp), UniProt 

BLAST, and TEMPURA databases. 
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2.3.3.2 SD1 surface charging 

The selected 50% solvent-accessible residues on SD1 were substituted to charged residues with 

the highest potential to increase stability at several locations in SD1 based on FoldX's predicted 

G (Table 3).  Mutants were assigned three sites for the basic and acidic residues, with G 

values of  < -0.6 and < -0.3, respectively. The residues on the surface-exposed residues were 

substituted with charged residues, and a Y15K/W18R/S106R combination, which displayed 

the highest stabilizing mutations for the positively charged surface charging was selected. For 

the negatively charged surface charging, the surface-exposed residues were substituted with 

basic amino acids, and an S2D/N73D/S107E combination, which had the highest stabilizing 

mutations, was selected.  
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Table 3: Calculated energy change by FoldX (∆∆G) in Kcal/mol of the 50% surface exposed residue on SD1 

 AA position on SD1 

sequence 

AA seq. Arg (R) Lys (K) Glu (E) Asp (D) 

001  S -0.00 -0.25 -0.12 0.03+ 

002  S -0.18 0.09+ 0.23+ -0.35** 

015  Y -0.57 -0.68* 0.16+ 0.43+ 

018  W -1.19* -0.32 0.02+ 0.29+ 

030  I -0.14 -0.16 -0.02 -0.03 

071  N -0.13 -0.30 -0.21 -0.11 

073  N -0.11 -0.40 -0.28 -0.61** 

075  L 0.29+ 0.40+ 0.87+ 0.85+ 

091  Q -0.01 -0.09 0.65+ 0.94+ 

106  S -0.61* -0.51 -0.06 0.12+ 

107  S -0.56 -0.20 -0.40** 0.01+ 

109  S -0.12 -0.09 0.42+ 0.44+ 

                                                          Y15K/W18R/S106R    S2D/N73D/S107E 

 

AA = amino acid 

* = Most stabilizing mutations on SD1 for basic AA 

** = Most stabilizing mutations on SD1 for acidic AA 

+ = Destabilizing mutations on SD1 
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2.3.3.3 Reduction of SD1 aggregation via the aggregation-prone regions 

Two APRs were identified in SD1 (Figure 10), each having 8 and 9 residues of amino acid, 

making a total of 17 residues. All 17 residues were substituted to GKRs (P, R, K, E, and D) by 

in silico saturation mutagenesis. The predicted contributions of each of the gatekeeper residues 

to the reduction of aggregation (Tango) and thermodynamic stability (FoldX G) of SDI were 

noted and shown in a mass plot (Figure 11). Tango is an algorithm for analyzing a protein's 

intrinsic aggregation tendency (Fernandez-Escamilla et al., 2004), and the changes in Tango 

caused by mutating each residue in the APR to GKR were shown as Tango. Additionally, The 

effect of each amino acid mutation on the protein's thermodynamic stability was calculated 

using the Foldx change in free energy (G in Kcal/mol) (Schymkowitz et al., 2005). Figure 

11 makes it easier to identify substitutions with substantial negative values on both axes that 

could significantly enhance SD1 solubility by minimizing aggregation while increasing or 

maintaining SD1's structural integrity and thermodynamic stability. The results show that only 

a few residues could allow for the introduction of the GKRs, as many could negatively affect 

the stability of SD1 (Figure 11). Single mutations (S26K, Q91P, A92K, and A93K) were 

investigated for their effect on SD1 soluble expression. These residues were selected based on 

the predicted effect on increasing the thermodynamic stability of SD1 while reducing 

aggregation (S26K) and and the significant reduction reduction of the aggregation propensity 

of SD1 while not adversely affecting the thermodynamic stability of the protein (Q91P, A92K, 

and A93K). Each mutant was constructed and expressed in E. coli to confirm their solubility, 

but little or no expression was detected in the soluble fraction (Figure 12). Therefore, 

combination mutation was decided, and the positioning of charged residues on the APR flanks 

was investigated in SD1. The combinations were selected based on the following observations. 

I30R is a surface-exposed residue, so altering isoleucine (I) to arginine (R) or aspartic acid (D) 

at that site may increase SD1 soluble expression. The T87E and A92R mutations were 
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introduced because these positions are located near the edge of the beta-sheet that surrounds 

the APR. Based on the consideration that adding charged residues within the beta-sheet could 

jeopardize SD1 structural stability. When the combined mutations I30R/T87E/A92R and 

I30D/T87E/A92R were introduced into SD1, the structure did not read as aggregation-prone 

by Tango prediction. Furthermore, based on the saturation mutation scanning of SD1, S26 was 

identified as a hotspot and within the residues that make up the APR of SD1 as predicted by 

the Tango algorithm (Fernandez-Escamilla et al., 2004). Although S26 is positioned in the 

middle of SD1's beta-sheet, it was selected because of its hotspot status and the significant G 

value of S26K generated by FoldX. For Q91P, this position was selected since Tango results 

reveal that this mutation contributes the most to the considerable reduction of SD1 aggregation. 

When the S26K/Q91P combination was inserted, the structure was no longer classified as 

aggregation-prone, according to the Tango prediction. 

 

Figure 9: The structural model of SD1 showing the aggregation-prone regions (APR) in 

red. These regions consist of eight and nine stretches of amino acid residues respectively. 

Yasara was used for structural visualization.  
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Figure 10: Scatter plot of the findings of computational gatekeeper residues scans for each 

of SD1's aggregation-prone regions. Aggregation gatekeeper residues were added to the 17 

residues identified as long stretches of hydrophobic residues on SD1 using in-silico saturation 

mutagenesis with the Solubis suite, which combines Tango and FoldX. The Y-axis depicts the 

effect of each mutation on the protein's thermodynamic stability, while the X-axis represents 

the influence of each mutation on aggregation. Increasing negative values have a positive 

influence on thermodynamic stability and reduction of protein aggregation. 
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Figure 11: Investigations on the effect of single amino acid substitutions on the soluble 

expression of SD1. Samples were separated by 12% SDS-PAGE. Molecular weight: 11.7 kDa. 

MW = molecular weight. M = marker, P = pellet, S = supernatant. The black arrow indicates 

the expected size. 

2.3.3.4 Stabilization of SD1 by introducing hydrophobic residues 

Considering S26 is a hotspot, and S26L provided a considerably more stabilizing mutation 

(G = -2.93 Kcal/mol), this mutation was hypothesized to provide much more stability. Also, 

the side chains are much simpler and can fit into specific areas during the SD1 folding process 

than S26K. Thus, I expected that the S26L mutation would increase stability. I added an S26L 

mutation into the surface-charged and APR reduction mutants, S2D/S26L/N73D/S107E and 

S26L/130D/T87E/A92R, respectively. Furthermore, tyrosine residues known to enhance IgG 

stability via the tyrosine corner were added to the sequence using the proteus algorithm to 

identify pairs of interacting partners. The D60Y/I89Y mutant pair, identified as interacting 
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pairs of amino-acid residues by the Proteus online tool with a G value of -0.884, was 

considered and incorporated into one of the mutants (S2D/S26L/D60Y/N73D/I89Y/S107E). 

2.3.4 Evaluation of SD1 soluble expression and folding yield 

Compared to the WT SDI, which was predominantly present as insoluble aggregates in the 

pellet fraction on SDS-PAGE, all mutants show a significant increase in soluble expression 

(Figure 13). Both the SD1 surface charging and residue substitutions aimed at reducing the 

APR significantly increased the soluble expression of the protein. The folding yield was more 

than 80% compared to the WT SD1. The addition of hydrophobic residues and tyrosine showed 

a decrease in folding yield when compared to the other mutants (Figure 14). The folding yield 

of the SD1_6K was significantly higher than other mutants (Figure 14).
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Figure 12: Evaluation of SD1 soluble expression and folding yield. Samples were separated 

by 12% SDS-PAGE. Target protein molecular weight = 11.7 kDa. MW = molecular weight. M 

= marker, P = pellet, S = supernatant. A =WT SD1, B = Y15K/W18R/S106R, C = 

S2D/N73D/S107E, D = S26K/Q91P, E = I30R/T87E/A92R, F = I30D/T87E/A92R, G = 

S2D/S26L/N73D/S107E, H = S2D/S26L/D60Y/N73D/I89Y/S107E, I = 

S26L/I30D/T87E/A92R. The black arrow indicates the target size. 
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Figure 13: Evaluation of soluble expression and folding yield of WT SD1 and mutants. 

Supernatant fractions were separated by 12% SDS-PAGE. Target protein molecular weight = 

11.7 kDa. MW = molecular weight. A) Analysis of supernatant fractions of the WT SD1 and 

mutants. Lane 1 = Marker, lane 2 = wild type (WT) SD1, lane A = Y15K/W18R/S106R, lane 

B = S2D/N73D/S107E, lane C = S26K/Q91P, lane D = I30R/T87E/A92R, lane E = 

I30D/T87E/A92R, lane F = S2D/S26L/N73D/S107E, lane G = 

S2D/S26L/D60Y/N73D/I89Y/S107E, lane H = S26L/I30D/T87E/A92R and lane I = SD1_6K 

mutants respectively. The black arrow indicates the target size. The grey arrow indicates the 

target size for SD1_6K. B) The band intensity of the target bands in Figure A was measured 

using CSAnalyser4. 
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2.4 Discussion 

SD1 structural architecture and biochemical properties provide a suitable framework for the design 

of affinity reagents; the formation of insoluble aggregates in E. coli inclusion bodies during 

expression necessitated the improvement of the protein solubility in order to achieve excellent 

target affinity and specificity during the design and selection of target binders. SD1 solubility 

improvement was carried out by single surface residue substitutions and reduction of regions with 

the protein sequence that are prone to aggregation. Considering the factors that influence protein 

solubility, such as high protein concentration, the composition of the primary amino acid sequence, 

particularly the presence of long hydrophobic stretches, protein average net charge, defined by the 

pI at a given pH, and so on (Paraskevopoulou and Falcone, 2018, Rosano and Ceccarelli, 2014, 

Bhatwa et al., 2021), inspired the decisions of which residues and at what positions to substitute 

for the charged groups. The fusion of hexa-lysin to SD1 was explored to understand how the 

increase in the protein charges and pI could influence the solubility. The high soluble expression 

following induction of SD1_6K suggested that charged residues could enable appropriate folding 

of SD1 by providing electrostatic repulsion and disrupting the interactions of exposed hydrophobic 

groups during folding, allowing enough time for complete protein folding. Encouraged by the 

results of SD1_6K expression, the effect of charged groups on SDI solubility and stability was 

studied further.  

In this chapter, the effect of SD1 surface charging and reduction of aggregation using the GKRs 

was investigated. Leveraging the developed in silico tools for the identification of surface residues 

(Guex and Peitsch, 1997), aggregation-prone regions (Fernanandez-Escamilla et al., 2004; Van 

Durme et al., 2016), and the effect of aggregation on the thermodynamic stability of proteins 

(Schymkowitz et al., 2005), different locations suitable for substitutions aimed at improving the 
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solubility of SD1 were identified and analyzed. Firstly, homologous sequences from multiple 

databases were analyzed to select mutation sites based on sequence conservation, but poorly 

conserved residues were generally observed. Therefore, the supercharging technique developed by 

Lawrence et al. (2007), based on the concept that proteins are least soluble at their isoelectric 

points, where the net charge is zero, was explored. Two mutation combinations 

(Y15K/W18R/S106R and S2D/N73D/S107E) designed by SD1 surface charging showed 

significantly improved soluble expression in E. coli. The result suggests that in addition to 

increasing the pI and protein net charge, surface charging of SD1 may have improved the protein’s 

solubility by introducing electrostatic repulsive forces during the protein folding, preventing the 

interaction of transiently exposed hydrophobic side chains and allowing the protein to fold 

completely (Paraskevopoulou and Falcone, 2018).  

Similarly, because the number of APRs in a protein sequence has a direct correlation to the protein's 

insoluble state (Ganesan et al., 2015), the SD1 sequence was searched for the presence of APR, 

and two APRs were detected. GKRs were incorporated into the APRs to increase SD1 solubility 

through the reduction of the APRs. GKRs are known to impede protein aggregation through charge 

repulsion (R, K, D, E), the entropic cost of aggregation due to lengthy and flexible side chains (R, 

K), or incompatibility with the aggregate -structure due to the lack of a hydrocarbon in its primary 

chain (P) (Beerten et al., 2012, Sant’Anna et al., 2014). All mutants designed based on reducing 

the APRs in SD1 showed significantly higher soluble expression when compared with the wild 

type. The I30R/T87E/A92R and I30D/T87E/A92R mutants' solubility could be due to the 

introduced electrostatic repulsive forces by the charged residues limiting the interaction between 

transiently exposed hydrophobic residues allowing complete protein folding, similar to the protein 

surface charging approach. However, for S26K/Q91P, although on the introduction of the 
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combined mutation, the protein structure was no longer classified as aggregation-prone, according 

to the Tango prediction, likely, the substitution of Gln (Q) to Pro (P) might cause instability in SD1. 

Given that proline residues in a polypeptide chain have strictly restricted  values of -60o and no 

main chain amide hydrogen (Prajapati et al., 2007). Nonetheless, the FoldX's predicted G 

revealed that this mutation had no effect on the thermodynamic stability of SD1 and is present in 

the variable loop region, thus the consideration for designing the mutant. The observed increase in 

soluble expression by the S26K/Q91P mutant could be attributed to a number of factors. These 

could be resulting from the combined contributions of the charged residue, and proline in the loop 

region may have caused a kink and rigidity, slowing folding kinetics and allowing partially folded 

conformations that are prone to aggregation to fold fully (Glatzova et al., 2021). In addition, similar 

to disulfide bond formation, proline residues have been reported to stabilize protein structure by 

lowering the conformational entropy of the denatured phase (Prajapati et al., 2007). 

To summarize, the major obstacle to protein applications at concentrations higher than their natural 

levels is usually the formation of insoluble aggregates as E. coli inclusion bodies. This could be 

due to the microenvironment being different from the natural source of the protein. SD1’s soluble 

expression in E. coli was enhanced by exploring approaches aimed at increasing the surface charge 

residues and suppressing aggregation by the introduction of gatekeeper residues, which resulted in 

more soluble proteins than the WT SD1.  
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3.1  Overview 

The previous chapter evaluated the impact of increasing surface-charged residues and reducing 

aggregation-prone regions in SD1 on the protein's soluble expression and folding yield. However, 

it is necessary to understand the influence of the protein intrinsic factors (pI, surface-exposed 

residues, charges) on solubility and stability to select suitable variants for the design of affinity 

reagents. Given that high protein concentrations in solutions are required for a range of 

applications, engineered proteins must remain folded under certain conditions while still 

performing their intended functions (Atsavapranee et al., 2021). Further, absolute solubility, which 

is defined as the maximum amount of proteins that can be dissolved in solvents (Qing et al., 2022), 

is imperative. Therefore, it is necessary to ascertain the absolute maximum solubility of WT SD1 

and mutants by evaluating solubility under severe parameters such as pH, high-concentration 

denaturants, and others (Qing et al., 2022).  

In this chapter, I investigated how changes in SD1's intrinsic properties, as well as the effects of 

surface charge distribution, pI, and electrostatics, affect protein conformation in solution 

(solubility) and stability under different pH and temperature levels. Understanding how different 

residue modifications in the SD1 sequence affect folding is vital for the anticipated binding 

applications. Furthermore, the combined effects of the fractions of surface polar, non-polar, and 

charged residues in SD1 and other physicochemical parameters on protein solubility and storage 

stability were investigated, taking into account the possibility that environmental circumstances 

such as pH (Bai and Warshel, 2019, Kougentakis et al., 2020), ionic strength (Huang et al., 2013, 

Bavishi et al., 2018), and molecule crowding (Dhar et al., 2010, Adams et al., 2019) could disrupt 

the equilibrium of protein populations. To provide relevant information on which mutants could 

remain folded under various environmental conditions in order to select the best variant for target 
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binder design, simplify protein physicochemical properties, and improve understanding of how 

positional amino acids affect protein solubility. 

3.2  Materials and Methods 

Production of recombinant proteins: To produce the proteins, the histidine tag in the pET28a 

vector was extended from His6 to His10 tagged proteins by adding four extra histidine and four 

glycine residues just before the vector's thrombin cleavage site. Following construction, the 

sequence was confirmed using DNA sequencing. E. coli BL21 (DE3) cells expressing the N-

terminal His10 tagged WT SD1 and mutants were grown overnight at 37 oC with continuous 

shaking. Then, aliquotes of the culture were transferred to a fresh LB medium and grown at 37 oC 

until OD600 had reached between 0.5 and 0.8. The proteins were produced by induction with 0.1 

mM IPTG and cultivated at 15 oC for 36 h with continuous shaking. The culture was centrifuged 

at 12,000 xg for 2 min at 25 oC to harvest the bacterial cells. The harvested cells were lysed in a 

lysis buffer (20 mM NaH2PO4, 150 mM NaCl, 50 mg/ml lysozyme, 1 tablet of protease inhibitor 

cocktail, pH 7.4) and sonication (50% amplitude, 60% duty cycle on ice using 6 mm probe for 20 

- 30 min). The lysed cells were separated into two fractions (supernatant and pellet) by 

centrifugation at 12,000 xg for 20 mins at 4 oC. The different fractions were stored at -20 oC until 

use. 

Purification of recombinant proteins: The lysed cell supernatant was precipitated (80% 

(NH4)2SO4), reconstituted (20 mM NaH2PO4, 150 mM NaCl, pH 7.4), and dialyzed (20 mM 

NaH2PO4, 150 mM NaCl, pH 7.4). The recombinant proteins were purified with AKTA pure 

(Affinity chromatography) (GE Healthcare, Chicago, Illinois, United States). Before applying the 

sample, the column was equilibrated with 10 column volumes (CV) of equilibration buffer (20 

mM NaH2PO4, 150 mM NaCl, pH 7.4). The samples were filtered through a 0.22 M syringe-

https://www.google.com/search?sca_esv=595606774&sxsrf=AM9HkKn7AQ6FhkvRRmoWggtLnI45ZTPdyw:1704359032757&q=Chicago&si=ALGXSlZS0YT-iRe81F2cKC9lM9KWTK4y0m5Atx8g9YliNNw2me_RsVxp43hbmWcbAy-n8ZbGD0dbBTuMDdg5SjWwiZe71nqhFaBpDfN7Ms9KuFwLnsOHdMXAY2s-y_z5Uf9tZvL34VTDQToMLLHqwb_aYWUQ7gBwDmy1AcXvseuAHtBWvqGiZUge5ZhchzCqGSfIqQMj8sfo&sa=X&ved=2ahUKEwip-92VsMODAxUrlK8BHR8IACEQmxMoAXoECFgQAw
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driven filter before being applied to a 5 ml HisTrap HP column (Cytiva) prepacked with agarose 

beads charged with Ni2+ ions used to isolate recombinant proteins from the supernatant. The 

proteins were eluted with a 0–500 mM imidazole gradient after washing with 5 x CV of buffer (20 

mM NaH2PO4, 150 mM NaCl, pH 7.4). Several fractions were collected on a 96-well fraction 

collection plate. Protein concentrations were measured using a BCA protein assay kit (Thermo 

Scientific, Waltham, Massachusetts, USA) on a 96-well microplate reader in line with the 

recommended procedure. The absorbance was measured at 560 nm with a PerkinElmer EspireTM 

2300 multilabel plate reader. To create a standard curve, a BSA concentration range of 0-2000 

µg/ml and a four-parameter logistic curve fit was used. 

Lyophilization of purified proteins: The purified proteins were dialyzed, transferred to 15 ml 

polypropylene centrifuge tubes, and frozen overnight at -80 oC. Lyophilization of the frozen 

samples was carried out on a benchtop Eyela FDU-1200 using the recommended setup procedure. 

The sample containers were covered with perforated parafilm, and the lyophilization condition 

was kept at 10 Pa and -47 oC throughout the process. After freeze drying, the samples were weighed 

and stored in 1.5 ml microcentrifuge tubes at 4 oC until needed.   

Measurement of protein solubility: To determine the solubility of SD1 and mutants, the highest 

protein concentration in a supersaturated solution (Kato et al., 2007) was used. Solubility of the 

proteins was measured at 25 oC, at pH 4.7 (50 mM acetate buffer), and 7.7 (50 mM Tris-HCl 

buffer). About 20 L of the buffer solution was added to the lyophilized proteins and centrifuged 

at 17,000 xg for 30 min at 25 °C. The protein concentration in the supernatant was measured using 

a NanoDrop spectrometer (Thermo Scientific, Waltham, Massachusetts, United States) at 280 nm 

absorbance. The supernatant fraction was combined with another vial of lyophilized protein (500–

10 mg), centrifuged, and the concentration was measured. This process was repeated until the 

https://www.google.com/search?sca_esv=595606774&sxsrf=AM9HkKmU5wfGvXXHLkIw6aYXFkYd3H2Z3A:1704359764627&q=Waltham&si=ALGXSlZS0YT-iRe81F2cKC9lM9KWTK4y0m5Atx8g9YliNNw2mWuW4HmN45JIbwkuG1OB4e0J3nqH8w3RowpmiZddsOBromkGW4lQ2DqqT_-2xw0D7VehhJNwgmb9iNmKO2EfMF5AbBs8GyHeUx6vY2iKC-HDPPlFfkbhPc15sYtTAslt_NaSKN-XGQ1BnEmdfyQ0ZAcL0Lb7&sa=X&ved=2ahUKEwi28NvyssODAxX3gK8BHe5vBRsQmxMoAXoECEkQAw
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protein samples began to form precipitates in the solution, and the concentration began to decrease, 

indicating that maximal solubility was achieved. To assess storage stability and aggregation 

kinetics of the proteins, sample solutions were equilibrated at 25 °C for varying times (20 min, 6 

h, 12 h, 24 h, 36 h, and 48 h) using the amorphous precipitation method (Khan et al., 2013) with 

1.3 M ammonium sulfate. The sample solutions with varying initial concentrations were combined 

in equal volume with 2.6 M ammonium sulfate in 50 mM acetate buffer and 50 mM Tris-HCl at 

pH 4.7 and 7.7, respectively, and incubated for varying equilibration times at 25 oC. Following 

incubation, the protein samples were centrifuged at 25 oC for 30 mins at 17,000 xg. The protein 

concentration in the supernatant was measured using a NanoDrop spectrometer at an absorbance 

of 280 nm. To maintain constant equilibration throughout the process, separate stock solutions of 

50 mM buffer and 2.6 M ammonium sulfate were prepared as previously described (Khan et al., 

2013). 

Measurement of thermal stability: The thermodynamic stability of the purified WT SD1 and 

mutants was measured using the circular dichroism (CD) spectrometer. Jasco 725 

spectropolarimeter,  Jasco PTC-348WI thermal control device set to 20 °C and a quartz cuvette 

with a 2 mm path length was used to acquire the CD spectra of all protein samples (0.1-0.2 mg/ml). 

The samples were heated from 20 °C to 100oC at 1°C/min at 222 nm, and the observed signal 

changes during the heating process were recorded. The temperature at which half of the protein 

molecules unfold was recorded as the melting temperature (Tm) of the protein. 

In silico calculations: The protein properties were estimated using ExPASy's ProtParam tool, 

which is based on the Kyte-Doolittle hydropathy value for each amino acid (Walker et al., 2005). 

The total accessible surface area (ASA) of the protein samples was determined using the Jpred4 
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online tool (Drozdetskiy et al., 2015). The charge of the WT SD1 and mutants was calculated using 

the PROTEIN CALCULATOR v3.4 (https://protcalc.sourceforge.net/).  

Calculation of the fraction of accessible surface areas (ASAs) of WT SD1 and mutants: After 

identifying the residues on the ASAs of the protein samples using the Jpred4 online tool 

(Drozdetskiy et al., 2015). The fractions of ASA were calculated as follows; 

 

i. Fractions of surface polar residues = 
 Total number of surface polar residues

Total number of surface residues
 

 

ii. Fractions of surface non-polar residues = 
 Total number of surface non−polar residues

Total number of surface residues
 

 

iii. Fractions of surface charged residues = 
 Total number of surface charged residues

Total number of surface residues
 

  

iv. Fractions of surface positively charged residues = 

 Total number of surface positively charged residues

Total number of surface residues
 

 

v. Fractions of surface negatively charged residues = 

 Total number of surface negatively charged residues

Total number of surface residues
 

 

 

 

 

https://protcalc.sourceforge.net/
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3.3  Results 

3.3.1  Solubility of WT SD1 and mutants 

The protein samples were freeze-dried before making a saturation solution and measuring the 

highest concentration in the solution, which was termed the solubility of the protein samples. To 

ensure that the proteins had remained folded after lyophilization and throughout the solubility 

experiments, the folding spectra of all samples in the buffer solutions were analyzed. All mutants 

had similar fold spectra, except for I30R/T87E/A92R and S2D/N73D/S107E, which may have had 

a slightly changed secondary structure following lyophilization (Figure 15). Precipitation occurred 

at concentrations above supersaturation, showing that the samples had reached their solubility 

limits. 

 

Figure 14: Circular dichroism spectra of WT SD1 and mutants after lyophilization. The 

spectra were obtained at 20 oC using a quartz cuvette with a path length of 2 mm. 



 62 

At pH 4.7 and 7.7, the solubility of the WT SD1 was 6.33 and 5.93 mg/ml, respectively (Figure 

16, Table 4). For all the mutants, solubility was much higher than that of the WT SD1. The hexa-

lysin tagged SD1 (SD1-6K) showed a very significant soluble expression and folding yield on 

SDS-PAGE; however, the solubility of the protein in vitro was not significantly higher than the 

WT SD1 in vitro. The approaches based on SD1 surface charging and the reduction of APRs 

through the insertion of GKRs significantly increased the solubility of the proteins at both pH 

measurements. SD1 surface charging with Y15K/W18R/S106R significantly increased the protein 

solubility to 60.3% at pH 4.7 and 97.4% at pH 7.7. Surface charging with S2D/N73D/S107E 

significantly enhanced the solubility of the protein to 90% at pH 4.7 and 84.1% at pH 7.7. 

Additionally, significant solubility improvements were observed for mutations aimed at reducing 

the APRs in SD1. S26K/Q91P mutant had about 182.3% increase at pH 4.7 and 191.9% increase 

at pH 7.7 when compared to the WT SD1. I30D/T87E/A92R mutant had an increase of about 

176.1% at pH 4.7 and 184.6% at pH 7.7 when compared to the WT protein. Meanwhile, the 

I30R/T87E/A92R mutant showed a significant increase of 83.3% at pH 7.7 and 117.8% at pH 7.7 

when compared to the WT SD1 (Figure 16, Table 4). The addition of hydrophobic residue (S26L) 

showed varying solubility improvement in different mutants. For S2D/S26L/N73D/S107E, an 

improvement in the protein solubility was observed, whereas for I30D/T87E/A92R, the solubility 

of the protein decreased. The tyrosine pairs (D60Y and I89Y) introduced in the mutant 

(S2D/S26L/D60Y/N73D/I89Y/S107E) decreased the solubility of the protein.  
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Figure 15: The effect of amino acid substitution on the solubility of SD1. Each solubility 

measurement was performed three times, and the error bars represent the standard deviation. *P   

0.05, ** P  0.01, *** P  0.001. A) The solubility of SD1 was measured at 25 oC in 50 mM acetate 

pH 4.7. B) The solubility of SD1 was measured at 25 oC in 50 mM Tris-HCl pH 7.7. 
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Table 4:  Solubility values of SD1 and mutants 

aCalculated using PROTEIN CALCULATOR v3.4 (https://protcalc.sourceforge.net/) 
bSolubility was measured as the maximum supernatant concentration of a supersaturated protein solution at 25oC in 50 mM acetate 

buffer (pH 4.7) and 50 mM Tris-HCl (pH 7.7), respectively. All values are presented as an average of three replicate experiments. The 

standard deviation represents error. 
cThe values were determined in the presence of 1.3 M ammonium sulfate in 50 mM acetate buffer (pH 4.7) and 50 mM Tris-HCl (pH 

7.7). All data are the average of three replicate experiments. The standard deviation represents error. AIC is an abbreviation for 

aggregation initiation concentration, and LS is an abbreviation for long-term stability. 

 

 

 

 

 

Mutants pH 4.7 pH 7.7 

 Chargea Protein 

solubility 

(mg/ml)b 

AICc LSc Chargea Protein 

solubility 

(mg/ml)b 

AICc LSc 

WT SD1 7.0 6.33  0.41 2.70  0.06 2.40  0.09 3.6 5.93  0.88 1.94  0.07 1.70  0.03 

Y15K/W18R/S106R 10.0 10.15  1.52 2.97  0.07 2.95  0.03 6.6 11.71  2.29 4.10  0.09 3.89  0.20 

S2D/N73D/S107E 5.0 12.03  1.23 4.27  0.41 3.85  0.35 0.6 10.92  1.09 3.69  0.18 3.15  0.09 

S26K/Q91P 8.0 17.87  0.57 4.12  0.12 3.57  0.10 4.6 17.31  2.73 4.51  0.17 4.19  0.06 

I30R/T87E/A92R 8.4 11.48  0.97 4.80  0.13 4.55  0.06 4.6 12.92  0.49 4.79  0.42 3.29  0.19 

I30D/T87E/A92R 6.7 17.48  1.25 4.76  0.14 4.70  0.14 2.6 16.88  1.79 4.85  0.01 4.04  0.21 

S2D/S26L/N73D/S107E 5.0 13.82  0.26 5.92  0.14 5.88  0.32 0.6 11.32  2.85 3.71  0.13 3.17  0.08 

S2D/S26L/D60Y/N73D 

/I89Y/S107E 

5.7 9.06  0.40 3.34  0.13 2.85  0.29 1.6 6.52  1.09 3.41  0.12 2.03  0.71 

S26L/I30D/T87E/A92R 6.7 9.45  0.54 3.06  0.10 2.88  0.11 2.6 6.72  0.70 3.24  0.05 2.79  0.16 

SD1_6K 13.0 8.11  1.24 3.03  0.02 2.82  0.05 9.6 6.82  1.20 2.92  0.09 2.61  0.10 

https://protcalc.sourceforge.net/
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3.3.2 Storage stability of WT SD1 and mutants 

The storage stability and aggregation kinetics of SD1 at 25°C were studied to evaluate how 

different residue modifications affected protein folding. Amorphous precipitation was induced in 

the protein samples using ammonium sulfate over a range of incubation periods to determine the 

storage stability of the proteins.   

Protein solubility influences the aggregation start time in all the protein samples, and protein 

aggregation is proportional to total protein concentration (Figures 17 and 18, Table 4). Protein 

aggregation in solutions increased as protein concentrations approached saturation. The 

aggregation initiation concentrations (AIC) and the long-term solubility (LS) of all mutants were 

notably higher for all the mutants when compared with the WT SD1 at both pH values (Figure 17 

and 18, Table 4). The AIC represents the minimal protein concentration required for aggregation 

to start (Khan et al., 2013). When compared to the WT SD1, which has an AIC of 2.70 mg/ml at 

pH 4.7 and 1.94 mg/ml at pH 7.7, the mutant AIC varied from 2.97 to 5.92 mg/ml at pH 4.7 and 

2.92 to 4.85 mg/ml at pH 7.7 (Table 4). It was also observed that the protein concentration in the 

supernatant did not ultimately decrease after the 48 h incubation period, even for the WT SD1, 

suggesting the intrinsic stability of the protein.  
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Figure 16: The storage stability and aggregation kinetics of WT SD1 and mutants at 25oC, 

pH 4.7 (50 mM acetate buffer). Analyzed using the amorphous precipitation method with 1.3 M 

ammonium sulfate. The values listed in the legend were obtained prior to mixing with 2.6 M 

ammonium sulfate. Values at 0 h were established by mixing protein solutions with ammonium 

sulfate. A = wildtype SD1, B-J = Y15K/W18R/S106R, S2D/N73D/S107E, S26K/Q91P, 

I30R/T87E/A92R, I30D/T87E/A92R, S2D/S26L/N73D/S107E, 

S2D/S26L/D60Y/N73D/I89Y/S107E, S26L/I30D/T87E/A92R and SD1_6K mutants respectively. 
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Figure 17: The storage stability and aggregation kinetics of WT SD1 and mutants at 25oC, 

pH 7.7 (50 mM Tris-HCl buffer). Analyzed using the amorphous precipitation method with 1.3 

M ammonium sulfate. The values listed in the legend were obtained prior to mixing with 2.6 M 

ammonium sulfate. Values at 0 h were established by mixing protein solutions with ammonium 

sulfate. A = wildtype SD1, B-J = Y15K/W18R/S106R, S2D/N73D/S107E, S26K/Q91P, 

I30R/T87E/A92R, I30D/T87E/A92R, S2D/S26L/N73D/S107E, 

S2D/S26L/D60Y/N73D/I89Y/S107E, S26L/I30D/T87E/A92R and SD1_6K mutants respectively. 

0

0.5

1

1.5

2

2.5

3

3.5

4

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

WT SD1 4.21 mg/ml 4.44 mg/ml

3.65 mg/ml 7.18 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

Y15K/W18R/S106R 9.22 mg/ml 10.66 mg/ml

7.28 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

S2D/N73D/S107E 2.62 mg/ml

7.02 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

a
ta

n
t 

(m
g

/m
l)

Equilibration time (h)

S26K/Q91P 10.15 mg/ml 9.19 mg/ml

8.60 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

I30R/T87E/A92R 10.89 mg/ml 7.30 mg/ml

5.15 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o
n

ce
n
tr

at
io

n
 i

n
 t

h
e 

su
p
er

n
at

an
t 

(m
g

/m
l)

Equilibration time (h)

I30D/T87E/A92R 6.78 mg/ml 11.41 mg/ml

8.34 mg/ml

0

1

2

3

4

5

6

7

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

S2D/S26L/N73D/S107E 4.33 mg/ml  7.16 mg/ml

5.36 mg/ml 11.08 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49P
ro

te
in

 c
o
n

ce
n

tr
at

io
n

 i
n

 t
h

e 
su

p
er

n
at

an
t 

(m
g

/m
l)

Equlibration time (h)

S2D/S26L/D60Y/N73D/I89Y/S107E
5.01 mg/ml 3.96 mg/ml

8.54 mg/ml  6.92 mg/ml

0

1

2

3

4

5

6

7

-1 4 9 14 19 24 29 34 39 44 49

P
ro

te
in

 c
o

n
ce

n
tr

at
io

n
 i

n
 t

h
e
 s

u
p

er
n

at
a
n

t 
(m

g
/m

l)

Equilibration time (h)

S26L/I30D/T87E/A92R 7.16 mg/ml 5.59 mg/ml

10.33 mg/ml 8.22 mg/ml

0

1

2

3

4

5

6

-1 4 9 14 19 24 29 34 39 44 49P
ro

te
in

 c
o
n

ce
n

tr
at

io
n

 i
n

 t
h
e 

su
p

er
n

at
an

t 
(m

g
/m

l)

Equilibration time (h)

SD1_6K 5.27 mg/ml 3.88 mg/ml

8.52 mg/ml 7.45 mg/ml

A

D

C

FE

G H I

J

B



 68 

3.3.3 The contributions of accessible surface residues to solubility 

Protein charge distributions, number of charged and polar residues on the protein surface, pI, and 

pH in a given solution all affect protein solubility. Hence, their contributions to SD1 solubility 

improvements were investigated. The fractions of non-polar, polar, charged, positively, and 

negatively charged residues present on the accessible surface areas (ASAs) of WT SD1 and 

mutants were analyzed (Table 5). All the soluble mutants except for S26K/Q91P had a significant 

increase in the fraction of surface-charged residues when compared with the WT SD1. For the 

fraction of non-polar residues, a reduction in the fraction of surface non-polar residues was 

generally observed for most mutants, with the exception of S26K/Q91P, which had higher fractions 

of surface non-polar residues when compared with the WT SD1. The majority of mutants have a 

much lower fraction of surface polar residues than the WT SD1, with the exception of 

Y15K/W18R/S106R, S26K/Q91P, and S2D/S26L/D60Y/N73D/I89Y/S107E, which the fraction 

of surface polar residues was only marginally lower than the WT. All mutants have an uneven 

distribution of surface positively charged and negatively charged residues, while the WT SD1 has 

an equal amount of positively charged and negatively charged residues.  

SD1's structural model is shown along with the substituted amino acid residues and the extended 

side chains (Figure 19). Surface residue to charged amino acid substitution shows as extended 

sticks sticking out from the structure to the surrounding. The majority of the designed mutations 

are in the variable loops of SD1, with the exception of S26K/Q91P, which had a single Ser to Lys 

substitution in the protein's -sheet.  
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Figure 18: The structural model of SD1 and soluble mutants indicating mutated residues as 

sticks. Mutations were incorporated into the model using the mutagenesis wizard in Pymol. A) 

wild type SD1 showing mutated sites as sticks B) Y15K/W18R/S106R. C) S2D/N73D/S107E. D) 

S26K/Q91P. E) I30R/T87E/A92R. F) I30D/T87E/A92R. 

 

 

 

A B

D

C

FE



 70 

Table 5: Physicochemical properties of SD1 and mutants 

 
Mutants Theoretical 

PIa 

Aliphatic 

indexa 

GRAVYa Fraction of ASAb Stability Tm 

(oC)c 

Positively 

charged 

residuesa 

Negatively 

charged 

residuesa 

Non-

polar 

polar Charged Positive negative 

WT SD1 9.77 83.12 -0.183 0.25 0.44 0.31 0.15 0.15 73.57  0.08   13 9 

Y15K/W18R/S106R 10.40 83.12 -0.274 0.20 0.43 0.37 0.24 0.12 73.23  0.08 16 9 

S2D/N73D/S107E 8.00 83.12 -0.233 0.25 0.38 0.36 0.20 0.16 73.47  0.06 13 12 

S26K/Q91P 9.89 83.12 -0.194 0.29 0.41 0.29 0.16 0.14 73.93  0.08 14 9 

I30R/T87E/A92R 9.98 78.62 -0.350 0.23 0.39 0.38 0.21 0.16 73.60  0.12 15 10 

I30D/T87E/A92R 9.51 78.62 -0.340 0.23 0.39 0.38 0.20 0.18 73.97  0.12 14 11 

S2D/S26L/N73D/S107E 8.00 86.70 -0.191 0.25 0.38 0.36 0.20 0.16 73.23  0.11 13 12 

S2D/S26L/D60Y/N73D 

/I89Y/S107E 

9.04 83.12 -0.224 0.23 0.42 0.35 0.20 0.15 72.80  0.19 13 11 

S26L/I30D/T87E/A92R 9.51 82.20 -0.298 0.25 0.38 0.38 0.20 0.18 73.81  3.1 14 11 

SD1_6K 10.23 76.78 -0.358 0.20 0.39 0.41 0.27 0.14 72.51  0.24 19 9 
aCalculated using ProtParam tool (https://web.expasy.org/protparam/) 
bCalculated using the Jpred 4 (http://www.compbio.dundee.ac.uk/jpred4/index.html). As fractions of total accessible surface area 

(ASA), non-polar, polar, charged, positively charged, and negatively charged residues were calculated. 
cThermal stabilities were determined by Circular Dichroism (CD). Tm stands for melting temperature.  
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 71 

3.3.4 The thermal stability of WT SD1 and mutants 

The circular dichroism (CD) was used to study the structural conformations of WT SD1 and 

mutants on heat denaturation at varying temperatures. The spectra of the protein samples were 

analyzed in the UV range of 200 – 260 nm at 20 oC. The samples displayed the characteristic 

spectra of -sheet proteins), and most mutants showed an increase in helicity when compared 

with the WT (Figure 20). Additionally, the comparable spectral patterns for all samples 

indicate that the several mutations may not have adversely affected the primary structure of the 

protein.  

The samples were heated from 20 oC to 100 oC at 1 oC/min, and the signal changes upon heating 

at 222 nm were measured. Thermal-induced unfolding of the protein samples began at 

temperatures above 70 oC, and all samples remained folded at temperatures below 70 oC 

(Figure 21). This suggests that SD1 is a thermally stable protein, and the melting temperature 

(Tm) was determined at 73 oC. The several amino acid substitutions in SD1 did not affect the 

thermal stability of the protein. After thermal denaturation, the protein samples did not refold 

when the temperature cooled to 20 oC (Figure 22).  Furthermore, no turbidity was seen upon 

heat denaturation, and the spectra were not identical to those of a random coil (Figure 23), 

indicating that the proteins may have retained some secondary structure and remained partially 

folded at 100 oC. 
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Figure 19: The CD spectra of WT SD1 and mutants. The spectra were obtained at 20 oC 

using a quartz cuvette with a path length of 2 mm. 
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Figure 20: Thermal denaturation study of WT SD1 and mutants. The denaturation curves 

were obtained by heating the samples from 20 oC to 100 oC at 1 oC/min at 222 nm. The Tm 

was determined at 73 oC. 
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Figure 21: Thermal renaturation study of WT SD1 and mutants. The renaturation curves 

were obtained by cooling the samples from 100 oC to 20 oC at 1 oC/min at 222 nm. 

 

Figure 22: The CD spectra of WT SD1 and mutants after denaturation. The spectra were 

obtained at 20 oC using a quartz cuvette with a path length of 2 mm. 
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3.4  Discussion 

Characterization of the WT SD1 and mutants was necessary to understand how the several 

mutations in SD1 affected the properties and structural integrity of the protein. Furthermore, 

the solubility of the various mutants needed to be investigated prior to selecting the most 

suitable mutant for binding applications. Understanding how the protein's intrinsic properties 

influence solubility, stability, and interactions in supersaturated solutions could inform future 

protein engineering efforts to improve the solubility of targeted proteins, especially since 

adequate protein concentrations in solution are required for a variety of applications, including 

structural and biochemical research. 

In this study, the solubility of the several designed mutants and WT SD1 was studied at two 

different pH levels, as well as the stability of the proteins at increasing temperatures. Mutations 

were designed to increase the solubility of SD1 based on surface charging and the reduction of 

aggregation-prone regions (APRs) by substituting them with gatekeeper residues (GKRs). The 

highest solubility was observed for mutations involving the decrease in the APRs, and this 

could be due to the complete suppression of aggregation caused by the consecutive 

hydrophobic residues found in the SD1 sequence. APR refers to an uninterrupted sequence of 

five or more successive residues with Tango scores greater than 5% (Ganesan et al., 2016). 

GKRs are a group of amino acids that can inhibit protein aggregation via charge repulsion (R, 

K, D, E, P), entropy cost of aggregation due to their large and flexible side chains (R, K), or 

incompatibility with the -structure of aggregation due to a lack of hydrocarbon in the primary 

chain (P) (Beerten et al., 2012, Sant’Anna et al., 2014). The solubility of the most soluble 

mutant (S26K/Q91P) may be related to the solubility of proline as an individual amino acid 

(David, 2014) and also due to the reduction of APR-induced aggregation. Proline at the 91st 

position in the SD1 sequence might have adopted a -60  angle at the i + 1 position of a type 
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II rotation to reduce conformational entropy while maintaining stability due to the favorable 

torsion angle (Hutchinson and Thornton, 1994). 

Although Trevino et al., 2007 reported Ser, Glu, and Asp to contribute more to protein solubility 

than the other hydrophilic amino acids. However, based on the G by FoldX, substituting Ser 

to Lys at the S26 position increases the thermostability of the protein. Therefore, the combined 

effects of proline and lysine in the mutant (S26K/Q91P) may have resulted in the mutants' high 

solubility in solution, for the surface-charged variants solubility of the proteins could be due to 

the electrostatic repulsion introduced by the charged residues and the charge distribution on the 

surface of the proteins preventing intermolecular interactions maintaining the fold of the 

proteins in solution. Surprisingly, the hexa-lysin tagged SD1 (SD1_6K), which was the most 

soluble protein in in vivo expression in E. coli, was not significantly soluble in the buffer 

solutions at both both pH 4.7 and 7.7. This could be because of the charge concentration at the 

termini of SD1 and not well distributed on the protein surface like the surface-charged mutants. 

Therefore, this suggests that surface charge distribution contributes to improving the solubility 

of proteins. The reduced solubility observed when hydrophobic and tyrosine residues were 

introduced to the mutants could be due to the additional mutations that led to intensifying the 

APR in the protein sequence. Noting the role of tyrosine in increasing protein intramolecular 

hydrogen bonding and the stabilization of the fibronectin type III (FN3) domains (Pace et al., 

2014, Porebski et al., 2015), the addition of pair of tyrosine residues 

(S2D/S26L/D60Y/N73D/I89Y/S107E) decreased the solubility of SD1. The observed decrease 

in solubility could be attributed to an increase in the number of aromatic groups in the SD1 

sequence. Moreover, Hou et al. (2018) reported that aromatic-rich proteins are less soluble than 

aromatic-depleted proteins. The S26L substitution in the two different mutants behaves 

differently with respect to protein solubility. In S2D/S26L/N73D/S107E, a surface-charged 

variant, the solubility of the protein significantly increased. Meanwhile, in 
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S26L/I30D/T87E/A92R, APR reduction mutant, the solubility of the protein decreased. There 

is no clear explanation for these differences. However, the amino acids in the different mutants 

might interact differently, resulting in different results.  

Apart from ascertaining the solubility of the proteins, the storage stability and aggregation 

kinetics at 25 oC, at different pH (4.7 and 7.7) levels were studied to understand the influence 

of the surface residues, pI, and protein charges on solubility, storage stability, and aggregation. 

According to the findings, protein solubility has a significant impact on protein storage stability 

because more soluble proteins have a higher concentration in solution and a slower tendency 

to aggregate than less soluble proteins. The data also shows that the charges of proteins in 

solutions play a significant role in solubility and storage stability. These mutants, 

S2D/N73D/S107E and S2D/S26L/N73D/S107E showed a decrease in solubility and storage 

stability at pH 7.7 because, at this pH, the net charge of the proteins is close to zero. The 

observed decrease in storage stability could be reduced charge repulsion at pH 7.7, which is 

very close to the pI of the proteins. Therefore, this data supports the concept that increasing the 

net charge of proteins may help increase their solubility since protein solubility in solution is 

lowest when the solution pH is close to the protein's pI (Kramer et al., 2012). Likewise, the 

solubility and storage stability of the Y15K/W18R/S106R mutant were reduced at pH 4.7. The 

observed decrease in solubility and storage stability could be because of the increased basicity 

of the solution, which may have resulted in non-specific charge repulsion affecting the folding 

and stability of the protein in the solution. To support this assumption, Chi et al. (2003) argued 

that folded protein conformation could become unstable due to enhanced charge repulsion. 

Considering the charged residues, acidic residues contributed more to higher protein solubility 

than their charged counterparts. This could be because of their shorter side chains and charge-

carrying carboxyl moieties, making the acidic residues more potent aggregation breakers than 

the basic residues (Chi et al., 2003). Additionally, a previous report by Trevino et al. (2007) 
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stated that Asp and Glu contributed more to protein solubility than other hydrophilic amino 

acids.    

Considering that water molecule-protein surface interactions influence protein solubility, polar 

or charged amino acids are more inclined to form interactions with the surrounding water 

molecules, enhancing protein stability in an aqueous solution (Qing et al., 2022). The influence 

of the surface-exposed residues on the solubility of WT SD1 and mutants was analyzed. A 

significant relationship was observed between the mutant solubility and the fractions of the 

surface-charged groups. This observation was supported by the report of Kramer et al. (2012), 

who found a substantial correlation between solubility and charged ASA fractions of studied 

proteins. The fractions of non-polar and polar residues on the surface of the WT SD1 are higher 

than most of the mutants, suggesting the little contribution of protein surface polarity when 

compared to surface charges in protein solubility. 

Additionally, an even number of positively and negatively charged surface exposed residues 

was observed in the WT SD1, which may have encouraged the instability and aggregation of 

the protein in solution through favorable attractive electrostatic interactions (Chi et al., 2003; 

Kim et al., 2012). The S26K/Q91P mutant, a significantly soluble mutant, had the highest 

fractions of surface non-polar groups and the lowest fractions of surface polar and charged 

groups. This result shows that the mutant's solubility may be attributable to a mechanism other 

than contributions from surface-charged groups. The following claims may support the 

assumption above: the proline residue may have assumed a favorable torsion angle, resulting 

in conformational stability and improved mutant solubility. The S26K mutation may have 

resulted in favorable coulomb interactions between the internally charged lysine residues and 

the surrounding negatively charged residues (Isom et al., 2011), stabilizing the protein structure 

and increasing the mutant's solubility. Additional studies may be required on the S26K/Q91P 
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mutant to confirm the mechanism of the mutant's folding, stability, and solubility, which is 

currently beyond the scope of the present study. 

Given that the different amino acid side chains in a polypeptide preferentially interact to form 

a 3D architecture that minimizes the total free energy (Qing et al., 2022), the 

Y15K/W18R/S106R mutant may be the most suitable mutant for the design of target affinity 

reagents. This mutant had the highest fraction of surface polar and charged residues and the 

fewest fraction of surface non-polar groups when compared to the other soluble mutants. 

Proteins’ structural stability in solution relies on the interaction with the surrounding water 

molecules, of which the polar and charged amino acids greatly enhance these interactions, thus 

burying the hydrophobic residues and limiting their interactions with water molecules in 

solution (Shaytan et al., 2009, Rose et al., 1985). This is the mechanism behind the solubility 

of hydrophilic soluble proteins. Therefore, the Y15K/W18R/S106R mutant which was the first 

soluble mutant designed in this study and was named SD1 mutant 1 (SD1-M1), was selected 

for the design of target affinity binders.  

Furthermore, we present the structural model of SD1, displaying the substituted residues as 

sticks (Figure 19). The extended side chains of the charged residues on the protein surface 

could imply that the mutations increased SD1's local hydrophilicity. This improvement in the 

surface's hydrophilic qualities of SD1 may have enhanced the protein’s ability to interact with 

surrounding water molecules while burying the hydrophobic core, consequently increasing its 

solubility. The side chains of non-polar residues (alanine (A), leucine (L), isoleucine (I), valine 

(V), and phenylalanine (F)) can't form hydrogen bonds with water and hence are hydrophobic. 

The polar residues glutamine (Q) and asparagine (N) are capable of forming four hydrogen 

bonds, whereas serine (S), threonine (T), and tyrosine (Y) can form three hydrogen bonds with 

water molecules. Aspartic acid (D) and glutamic acid (E) create four hydrogen bonds with 

water molecules, whereas arginine (R), lysine (K), and histidine (H) form five, three, and two 
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hydrogen bonds with water molecules, respectively, and get protonated at acidic or neutral pH 

levels (Liljas et al., 2016). Protonation makes it possible for them to generate strong 

electrostatic interactions, such as ionic bonds and salt bridges, which help to stabilize the 

proteins' 3D structural conformations in solutions (Qing et al., 2022). Therefore, the 

substitution of SD1 surface residues to charged residues and the reduction of APRs with the 

GKRs may have increased the inter and intra-electrostatic repulsion or coulomb interactions, 

enhancing the protein's ability to interact with the surrounding water molecules through 

effective electrostatic interactions that stabilized the mutants' structural and improved solubility. 

CD spectroscopy is the most commonly utilized method for studying protein structures and 

temperature stability (Greenfield, 2007). CD spectroscopy was used to investigate how the 

different amino acid substitutions in SD1 affected the proteins’ structural integrity and thermal 

stability. The spectra of the WT SD1 and mutants show that the mutations had not negatively 

affected the structural architecture of the protein, as similar helical patterns were observed for 

all proteins. Upon heating the protein samples, an irreversible denaturation at temperatures 

above 70 oC was observed for both the WT SD1 and mutants, suggesting the thermal stability 

of the protein. All samples recorded a Tm of about 73 oC, indicating that the several mutations 

in the protein had not affected the thermal stability. SD1's rich hydrophobic core residues could 

be one of the factors influencing protein thermal stability, as hydrophobic proteins have been 

shown to account for around 60% of protein stability (Pace et al., 2011). According to the 

analysis of all mutants' ASAs, the S26K/Q91P mutant had the highest fraction of non-polar 

residues and the lowest fraction of charged and polar residues, suggesting that the S26K 

mutation within the core residues could have a negative impact on the protein’s thermal stability. 

Moreover, charges within the protein core have been reported to alter a protein's folded state 

because of its incompatibility with the hydrophobic environments (Isom et al., 2010). However, 

the CD spectra showed that the S26K/Q91P mutant’s heat stability was the same as that of the 



 81 

other mutants, and this implies that the internal charge mutation had not affected the structural 

integrity of SD1. Isom et al. (2011) suggested three possible protein reactions to internal group 

ionization. Firstly, placing the buried side chain in a polar or polarizable milieu may enable 

charge stabilization while conserving protein structure. Secondly, proteins may adopt a 

different fold conformation to fix the charge by interacting with internal or bulk water, whereas 

ionization can result in subglobular structural changes. Finally, in extreme situations, ionizing 

the core region can certainly unfold the protein. Based on the CD spectroscopic data, the 

S26K/Q91P mutant may have adopted the first two structural conformations.  

To summarize, the several mutations targeted at enhancing SD1 solubility and the effect of the 

mutations on the protein stability solution and thermal stability were discussed. Improving 

SD1's solubility was driven by its unique property of intrinsic thermostability, which makes it 

an ideal scaffold protein for the development of novel affinity reagents for possible applications 

in fields that require thermostable proteins. The discussed data show that SD1 can tolerate 

various solubility-enhancing modifications. This supports the hypothesis that SD1 is 

mutationally robust and can tolerate and accommodate several side-chain alterations targeted 

at generating target binding functions.    
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Chapter 4:  

Engineering SD1 for binding to TNF- 
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4.1:  Overview 

The previous two chapters described the strategies used to increase the solubility of SD1, which 

was a limiting factor in the development of target affinity reagents. The study involved 

characterizing several generated soluble mutants in order to select the best variant for the 

construction and selection of target affinity reagents. The Y15K/W18R/S106R mutant named 

SD1 mutant 1 (SD1-M1) was selected because, in addition to the increased soluble expression 

and solubility, it had the highest fractions of surface polar and charged residues and the lowest 

fractions of surface non-polar residues, which is typical of soluble hydrophilic proteins. Surface 

polar and charged residues have been shown to interact with surrounding water molecules, 

preserving the protein's structural conformation in solution while maintaining folding and 

solubility (Shaytan et al., 2009; Qing et al., 2022). 

In this chapter, SD1-M1 was used as a framework for the design of affinity binders to TNF-. 

TNF- is a proinflammatory cytokine involved in immune system maintenance, inflammation, 

and defense and has lately been linked to a variety of pathological states, including autoimmune, 

inflammatory, and malignant diseases (Balkwill, 2006; Josephs et al., 2018; Sethi and 

Hotamisligil, 2021; You et al., 2021; Jang et al., 2021). Thus, blocking TNF- in these disease 

conditions is an effective means of treating autoimmune, inflammatory, and malignant diseases. 

The human TNF- was chosen as a target protein for the purpose of evaluating the 

effectiveness of designing SD1 target affinity binders and because of the extensive study of 

protein-based TNF- inhibitors.   

After the construction of the SD1 phagemid vector, libraries of target binders were designed 

by combinatorial engineering based on the Kunkel mutagenesis, a site-directed mutagenesis 

technique that allows single or large insertions, deletions, or substitutions in a DNA sequence 
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(Huang et al., 2012; Liu et al., 2020). This was followed by screening and selection using the 

phage display system.  

4.2:  Materials and methods 

Strains and vectors: E. coli strain XL1-blue supE44 relA1 gyrA96 hsdR17 recA1 endA1 thi-

1 lac (F’ [proAB+ lacIq lacZ∆M15 Tn10 (Tetr)], was used as the expression host during the 

construction of SD1 phagemid vector and for biopanning. E. coli strain CJ236 dut1, ung1, thi-

1, recA1 / pCJ105 (F’ camr) was used to synthesize uracilated ssDNA. E. coli SS320 [F’ 

proAB+ lacIq lacZΔM15 Tn10 (tetr)] hsdR mcrB araD139 Δ(araABC-leu)7679 ΔlacX74 galU 

galK rpsL thi, was used for the transformation, expression, and production of the phagemid 

library.  The M13KO7 helper phage was used for the production of the filamentous phage 

display SD1 on the pIII coat protein. The phagemid pComb3xSS (Andris-Widhopf et al., 2000) 

was used for the cloning and construction of SD1 mutant libraries.     

Construction of SD1 phagemid vector: The gene encoding SD1 was amplified from 

pET28aSD1 by PCR using designed primers (Table 6). Both the PCR product and pComb3xSS 

vector were digested using SpeI and SacI restriction enzymes (RE). For pComb3xSS, the SS 

stuffer was removed by agarose gel DNA clean-up following the manufacturer's recommended 

procedures (NucleoSpin® Gel and PCR clean-up; Macherey-Nagel GmbH & Co. KG, 

Germany). The purified RE-digested PCR product and vector were ligated using a ligation mix 

(Takara Bio). The ligated product (pComb3xSD1-M1) was transformed into E. coli XL1-blue 

competent cells and cultivated at 37 oC overnight. Single colonies were checked for the 

presence of insertions by colony PCR, and plasmids of positive clones were confirmed for 

correct insertions by DNA sequencing. 
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Table 6: Primer sequences used for construction of phagemid vector and phage display 

library 

Primer sequence (5’→3’) 

SD1-M1 Fwd AAAACTGAGCTCATGTCAAGTGGAGGATTGG 

 Rev AAATCAACTAGTCGATGCAGATCGGGAAAACCT 

 

Phage 

library 

AGTGGTCCAGACACGAAAGTGNNCNNCNNCNNCNNCNNCNNCNNCN

NCNNCAGAAAAGCAGAGGAACGA 

 

Amplification and titration of M13KO7 helper phage: Single colony of E. coli XL1-Blue 

was inoculated into an LB broth supplemented with 10 g/ml of tetracycline and incubated at 

37 oC overnight with constant shaking. The following day, an aliquot of the overnight culture 

was inoculated into a 10 ml LB broth supplemented with 10 g/ml of tetracycline in a 100 ml 

conical flask and incubated at 37 oC with constant shaking until OD600 had reached 0.3. The 

M13KO7 helper phage was added at a multiplicity of infection (MOI) of 20:1 (phage-to-cell-

ratio) and grown at 37 oC for 30 min. Followed by the addition of kanamycin at a final 

concentration of  70 g/ml, and the culture was continued for about 8 h at 30 oC. Following the 

8 h incubation, the culture was then incubated for 15 min at 65 oC and centrifuged for 15 min 

at 4600 xg. The supernatant was transferred to a fresh tube, and the cell pellet was discarded 

into a phage destruction detergent. Aliquots of the supernatant were transferred into 

microcentrifuge tubes, and DMSO was added to a final concentration of 7% v/v and stored at 

-80 oC until use.  

For the titration of the helper phage, serial dilutions of the amplified M13KO7 helper phage 

were prepared in tris-buffered saline (TBS). Then, 1 l of each dilution was inoculated in 200 

l of exponentially growing E. coli XL1-Blue cells. The cells were incubated at 37 oC for 15 

mins and spread on NZY agar plates (5 g/l NaCl, 2 g/l MgSO4, 5 g/l yeast extract, 10 g/l NZ 

amine (casein hydrolate) pH 7.5, 15 g/l Agar) using pre-warmed NZY surface agar. The plates 
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were incubated at 37 oC overnight, and the phage titer (pfu/ml) was determined the following 

day using the formula below.   

 Number of plaques( pfu) x dilution factor

volume plated(L)
 x 1000 L/ml 

The individual clones from the library were screened using colony PCR, and the library 

sequence and diversity were verified by DNA sequence analysis. 

Production and preparation of phage particles displaying SD1: E. coli XL1-Blue cells 

harboring pComb3xSD1 were grown in 2YT medium (16 g/l Tryptone, 10 g/l yeast extract, 5 

g/l NaCl) supplemented with 100 g/ml of ampicillin, 10 g/ml of tetracycline and 1% glucose 

to suppress the expression of the pComb3xSD1 and incubated at 37 oC overnight with constant 

shaking. An aliquot of the overnight culture was added into a 5 ml 2YT medium in a 100 ml 

flask supplemented with 100 g/ml of ampicillin, 10 g/ml of tetracycline, and 1% glucose 

and grown until OD600 had reached between 0.5 and 0.6. This was followed by the addition of 

M13KO7 helper phage to the E. coli culture at an MOI of 20 and incubated at 37 oC for 30 min 

without shaking and 30 min with constant shaking. The cell culture was then centrifuged at 

3300 xg for 10 min at 25 oC to harvest the cells. The supernatant was decanted, and the cell 

pellet was resuspended in a 50 ml 2YT medium supplemented with 100 g/ml of ampicillin, 

10 g/ml of tetracycline, 50 g/ml of kanamycin and incubated overnight at 30 oC with 

constant shaking for phage production. 

The overnight culture was centrifuged twice at 12000 xg for 10 min, and the supernatant was 

transferred into fresh centrifuge tubes. A 0.2 volume of PEG/NaCl solution was added, 

thoroughly mixed, and incubated overnight at 4 oC for phage precipitation. The following day, 

the precipitated phage samples were centrifuged at 17,000 xg for 20 min at 4 oC, and the 

supernatant was discarded. The pellet was resuspended in I ml TBS, transferred to a 
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microcentrifuge tube, and centrifuged for 2 min at 17,000 xg. The supernatant was transferred 

to a new microcentrifuge tube, and 150 l of PEG/NaCl was added, thoroughly mixed, and 

incubated on ice for 30 min. After incubation, the sample was centrifuged at 17,000 xg for 10 

min at 4 oC, the supernatant was discarded, and the pellet was resuspended in 1 ml TBS 

containing 7% v/v DMSO and stored at -80 oC until use.    

Determination of infective titer of the phages: 100 l of actively growing E. coli XL1-Blue 

culture (OD600 ~ 0.8) was inoculated with 10 l of serial dilutions of the prepared phages and 

incubated for 15 mins at 37 oC. Then, each dilution was plated on LB agar plates supplemented 

with 100 g/ml of ampicillin and incubated overnight at 37 oC. The infective titer (CFU/ml) 

was calculated using the formula below. 

 Number of colonies( CFU)x dilution factor

Volume plated(L)
 x 1000 L/ml 

Detection of SD1 display by western blotting: Phage proteins were separated by loading 

approximately 1012 recombinant phage particles into a freshly prepared 12% SDS-PAGE and 

transferred to a PVDF membrane. The membrane was blocked with 5% skim milk at room 

temperature for 1 h and incubated with primary anti-HA and anti-pIII primary antibody solution, 

respectively, overnight at 4 oC. The membrane was washed 3 times with PBST and incubated 

with HRP-conjugated secondary antibody solution. Then, it was incubated at room temperature 

for 4 h. The membrane was washed 3 times, and luminescence was visualized under the 

luminograph after applying a mixture of luminol and peroxidase solution (1:1).  

Library construction using Kunkel mutagenesis: E. coli CJ236 transformed with 

pComb3xSD1 was grown at 37 oC in a 30 ml 2YT medium supplemented with 100 g/ml of 

ampicillin, 10 g/ml of chloramphenicol and 0.25 g/ml of uridine until OD600 had reached 

about 0.5. M13KO7 helper phage was added to the culture at a final concentration of about 
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1010 pfu/ml and grown for 2 h at 37 oC with constant shaking. Kanamycin at a final 

concentration of 70 g/ml was added and grown overnight at 30 oC with constant shaking. 

Uracilated ssDNA was isolated from the phage particles following the procedure described for 

Qiagen plasmid kits (Qiagen GmbH, Hilden, Germany). The library was generated with a 

mixture of 1 g of the uracilated ssDNA, approximately 0.1 g of 5’ phosphorylated 

oligonucleotide (Table 6), and a temperature gradient at 70 oC gradually decreased to 30 oC at 

a rate of 1 oC/min. This was followed by gap filling and ligation with T7 DNA polymerase and 

T4 DNA ligase. The mixture was dialyzed using a 0.025 m membrane disk for 1 h, then 

transferred to a fresh microcentrifuge tube and stored at -20 oC until use. The synthesized 

dsDNA was electroporated into freshly prepared electrocompetent E. coli SS320 cells, which 

were transferred to a pre-warmed 12 ml SOC and incubated at 37 oC for 1 h. The titer was 

determined by plating and incubating 100 l of 10-fold dilutions of the culture overnight at 37 

oC. After transformation, the cells were transferred to 200ml 2YT medium supplemented with 

2% glucose and 100 g/ml of ampicillin and incubated at 37 oC with continous shaking until 

OD600 had reached 0.5. Then, the cells were infected with the M13KO7 helper phage and 

incubated for an additional 1 h (30 min with shaking and 30 min with constant shaking) at 37 

oC. The culture was centrifuged at 3000 xg for 20 min at 4 oC. The cell pellet was resuspended 

in 500 ml 2YT medium in a 2 L flask supplemented with 100 g/ml of ampicillin, 10 g/ml of 

tetracycline, and 50 g/ml of kanamycin and incubated overnight at 30 oC with constant 

shaking for phage production. Phagemids were prepared through PEG/NaCl precipitation.  

Calculation of library size: The library size was calculated after the determination of the 

transfection titer using the formula below.  

 The number of mutated clones

The total number of clones
 x

 number of colonies( CFU)x dilution factor

volume plated(L)
 x 1000 L/ml 
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Panning for selection of binders: About 2 g/well of TNF- (PeproTech, Inc., Cranbury, 

USA) was coated in a 96-well Maxisorp plate (Thermo Fisher Scientific, Roskilde, Denmark) 

using a coating buffer (0.1 M NaHCO3, pH 9.6) and incubated overnight at 4 oC. Following the 

immobilization of TNF-, the well was washed twice with TBS buffer and blocked with 1% 

bovine casein milk solution (Sigma-Aldrich, Missouri, United States) for 1 h at 37 oC. The 

phage pool was also blocked for 1 h by incubating at room temperature in 1% bovine casein 

milk solution. The blocked phage samples were introduced to the wells and incubated for 2 h 

at room temperature. After phage incubation and washing of unbound phages with TBST (0.1% 

tween 20), bound phages were eluted by incubating with 0.1 M HCl-glycine (pH 2.2) for 10 

mins, followed by pipetting up and down to recover the eluate and transferred into a 

microcentrifuge tube containing 2 M Tris-base for neutralization. The acid elution was done 

twice before phage propagation. For the competitive elution (CE), about 6 g/well of TNF- 

was incubated with the target bound phages for 1 h, and the supernatant was collected and used 

for infecting freshly prepared young cultures of E. coli XL1-blue for phage production. Eluted-

produced phages were purified using PEG/NaCl precipitation and used in subsequent rounds 

of biopanning. 

Binding analysis of the polyclonal phages: Indirect ELISA of the purified phage library and 

the eluted phages from the rounds of biopanning were used to analyze binding to the target. 

The 96-well plates were coated with the target protein as described in the panning method and 

blocked for 1 h with 1% bovine casein milk solution. The purified phage pools were blocked 

for 1 h with 1% bovine casein milk solution added to each of the blocked wells and incubated 

at room temperature for 2 h. Unbound phages were washed three times with TBST (0.1% tween 

20). To detect the bound phages, HRP-conjugated anti-M13 pIII antibody was added to the 

wells, incubated for 1 h at room temperature, and washed three times with TBST (0.1% tween 

20) and once with TBS. Colorimetric assays were performed using Turbo-TMB, and 2M H2SO4 
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was used to stop the reaction after 20 mins incubation. The sample OD450 nm was measured 

using a plate reader. 

4.3 Results 

4.3.1 Phage display of SD1-M1 

To determine whether SD1-M1 could be displayed on the filamentous phage, the gene encoding 

SD1-M1 was amplified using PCR and introduced into the pComb3xSS vector by removing 

the SS stuffer and replacing it with SD1-M1 via the SpeI and SacI restriction sites using REs. 

The resultant plasmid, named pComb3xSD1-M1, was transformed into E. coli XL1-Blue. 

Following superinfection with M13KO7 helper phage, the pComb3x pIII proteins and SD1-

M1 were expressed. The engineered recombinant protein contains at the C-terminus a His6 tag, 

an HA-tag for purification and detection, and an amber stop codon preceding the pIII fragment. 

As shown in Figure 24, the recombinant SD1-M1 and phage protein were detected using anti-

HA and anti-pIII monoclonal antibodies, respectively, showing that SD1-M1 was produced and 

displayed. SD1-M1 was produced as a fusion protein in the amber stop codon suppressor strain, 

E. coli XL1-Blue (Figure 24).  
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Figure 23: Detection of display of SD1-M1 recombinant protein on M13KO7 filamentous 

phage. Samples were separated by 12% SDS-PAGE. A) Detection of SD1-M1/pIII fusion 

expressed in an amber suppressor strain (E. coli XL1-Blue). Lane M = molecular weight 

marker and lane HA = detection of HA-tag anti-HA monoclonal primary antibody. B) Detection 

of pIII expression. Lane M = molecular weight marker and lane HA = detection of pIII with 

anti-pIII monoclonal primary antibody. HRP-conjugated mouse isotype IgG was used for the 

secondary detection and visualization of the primary targets. The black arrow indicates the 

target bands for SD1-M1/pIII fusion and pIII, respectively. 

4.3.2 Construction, characterization, and expression of the SD1-MI combinatorial 

library in the pComb3xSD1-M1 plasmid. 

Following confirmation that SD1-M1 was displayed on the filamentous phage pIII surface, the 

SD1-M1 phage display library was constructed. Ten amino acid residues from the exposed 

surfaces of the most extended loop region of SD1 (Figure 19) were selected. The library was 

generated using the NNC degenerate codons, which encode 15 amino acids with the exclusion 

of Lys (K), Met (M), Glu (E), Gln (Q), Trp (W), and stop codons. The theoretical library size 

is 1610 = 1.0 x 1012 DNA sequences, which encodes 1510 = 5.7 x 1011 protein sequences. SD1-

M1 phage display library was constructed using Kunkel mutagenesis using ssDNA isolated 

from phages produced in an E. coli strain (CJ236) lacking dUTpase and uracil-N-glycosylase 
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(dut-/ung-) as a template (Figure 25). The ssDNA carries a high proportion of uracil (dU-

ssDNA) instead of thymine and was used to generate covalently closed circular double-

stranded DNA (CCC-dsDNA), verified on agarose gel electrophoresis (Figure 26). 

Electroporation of E. coli SS320 cells (dut+/ung+) deactivates the uracil-containing template, 

allowing for preferential replication of new mutagenic strands (Frei and Lai, 2016). Following 

electroporation of E. coli SS320 with the CCC-dsDNA, about 4.7 x 107 CFU/ml was obtained 

representing 4.7 x 107 unique transformants. A total of 48 clones from the library were screened 

using PCR, and the results showed that about 98% (47/48) of the clones had inserts of the 

expected length (Figure 27). Furthermore, 16 clones were randomly picked and sequenced for 

the analysis of library quality of heterogenicity (Table 7). The results show that the codons 

correlate to the library's degeneracy, in which the last nucleotide was intended to be only C and 

had sufficient diversity for target binder screening. The library size was calculated to be 3.5 x 

107 CFU/ml. The display of the library was verified, and the amber stop codon between the 

HA-tag and the pIII fragment resulted in the expression of SD1-M1 free of the pIII protein in 

the non-suppressor strain E. coli SS320 (Figure 28).  
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Figure 24: Illustration of the Kunkel mutagenesis method 

 

 

Figure 25: Agarose gel electrophoresis of the generated CCCdsDNA from dU-ssDNA. M 

= marker, C = control; dU-ssDNA template, S = sample; generated dsDNA 
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Figure 26: Agarose gel electrophoresis of library clones screened using colony PCR. M = 

marker, lanes 1- 48 indicates the individual clones. Black arrows indicate the expected target 

length. 

Table 7: Sequence analysis of the designed phage display library 

Name Variegated loop (positions 72-81) Mutation 

Wild type NSNGLTRVAF - 

L1 FNDVDSRLDF Yes 

L2 FGFCSVYTSF Yes 

L3 FFFCFPASDL Yes 

L4 NSHRLTRVAF Yes 

L5 DVVDGLADDL Yes 

L6 FPYAFFFDFG Yes 

L7 NSNGLTRVAF No 

L8 SGPFFASVVV Yes 

L9 NSNGLTRVAF No 

L10 NSNRLTRVAF Yes 

L11 LCISFSVSGV Yes 

L12 RCIIYNCAFH Yes 

L13 GFTLCSNGRS Yes 

L14 NSNGLTRVAF No 

L15 NIDFFSGRFF Yes 

L16 NSNGLTRVAF No 

L denotes library 

100 bp

100 bp

200 bp

200 bp

500 bp

500 bp

M  1  2   3  4   5  6   7   8   9  10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

M 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4142 43 44 45 46 47 48
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Figure 27: Detection of display of SD1-M1 library on M13KO7 filamentous phage. 

Samples were separated by 12% SDS-PAGE. A) Detection of SD1-M1 expressed in the amber 

non-suppressor strain (E. coli SS320). Lane M = molecular weight marker and lane HA = 

detection of HA-tag anti-HA monoclonal primary antibody. B) Detection of pIII expression. 

Lane M = molecular weight marker and lane HA = detection of pIII with anti-pIII monoclonal 

primary antibody. HRP-conjugated mouse isotype IgG was used for the secondary detection 

and visualization of the primary targets. The black arrow indicates the target bands for SD1-

M1 and pIII respectively. 

4.3.3 Screening for TNF- binders 

The SD1-M1 phage-displayed library was evaluated for affinity binding to TNF- to identify 

binding variants. Throughout the screening process, an empty coated well was used as a 

negative control. Five rounds of biopanning with the SD1-M1 phage library were carried out 

against passively adsorbed TNF- in 6-wells of a 96-well plate. The population of phages with 

an affinity for the target was determined by comparing amplified phage retention against the 

target to that of empty-coated wells. Five rounds of biopanning were carried out against TNF-

, with empty coated wells serving as negative controls. After five rounds of biopanning, the 

enrichments raised the ratio of eluted phages between the target and the negative control by 
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33-fold (Figure 29). Polyclonal phage ELISA was conducted with purified eluted phages from 

each round of biopanning, producing much higher signals than control wells, albeit the signal 

between enrichment rounds did not differ significantly (Figure 30). To optimize the selection 

of TNF- target binders from the designed naïve SD1-M1 phage library, competitive elution 

(CE) of target binders with a high concentration of the target was explored. After 1 hour of 

incubation, the target binders were eluted, and a titer of roughly 1.5 x 103 CFU/ml was obtained 

after propagation of the eluted phages, representing a 0.5% decrease from the initial library. 

These findings suggest the possibility of selecting target binders from the library pool. The 

purified phages from the CE were analyzed using polyclonal phage ELISA, which revealed 

considerable enrichment from the first round of biopanning (Figure 31) compared to the first 

round of acid elution (Figure 30). In addition, the polyclonal phages demonstrated 

considerable specificity to the target and minimal observable binding to the empty-coated wells 

and BSA-coated wells, respectively (Figure 31), which served as negative controls. 
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Figure 28: Enrichment of phages bound to TNF-. The Y-axis represents enrichment, which 

was calculated as the ratio of eluted phages bound to target (T) coated wells to those bound to 

control (C) wells. The X-axis represents the various rounds of biopoanning performed against 

the target (TNF- ). 
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Figure 29: Polyclonal phage ELISA detection of TNF--coated wells. The binding of the 

library and the phages eluted from the several biopanning rounds was measured and empty 

coated wells were used as controls. Bound phages were detected using HRP-conjugated anti-

M13 bacteriophage antibody. Error bars represent standard deviation (n = 2).   
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Figure 30: Polyclonal phage ELISA detection of TNF- and BSA coated wells. The binding 

of the library and eluted phages, based on the incubated of high concentration of the target with 

bound phages for 1 h after washing off the weak and non-binders. Empty and BSA-coated 

wells were used as negative controls. Bound phages were detected using HRP-conjugated anti-

M13 bacteriophage antibody. * P  0.05. Error bars represent standard deviation (n = 2). 
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4.4 Discussion 

TNF- has been shown to be involved in inflammatory pathways, and blocking its interaction 

may reduce inflammation and disease progression (Esposito and Cuzzocrea, 2009; Sethi et al., 

2009; Jarrot and Kaplanski, 2014; Smolen and Aletaha, 2015; Stoffer et al., 2016). This chapter 

describes the display of SD1-M1 on the M13 pIII surface protein, the creation of a phagemid 

library, and the screening for target binding variants. SD1 is a small, single-domain 

thermostable protein that can withstand several modifications to enable target-specific binding 

in a variety of applications, even in environments with minimal resources. Moreover, 

thermostable proteins have shown promise for several applications in basic science, diagnostics, 

and biotherapeutics, particularly in settings that necessitate extreme storage and deployment 

temperatures (Zhao et al., 2016). SD1 has a similar structural architecture to the variable 

domain of IgG, with extended surface exposed loops for designing target binding within a 

stable structural framework.  

To evaluate the influence of conformational variations on SD1-M1's ability to recognize TNF-

, a well-defined combinatorial library was constructed and displayed on the surface of the 

M13 phage pIII protein for the selection of target binders using phage display technology. TNF-

 was chosen as the target protein of choice owing to multiple studies of successful TNF--

binder selection (Shingarova et al., 2018; Kronqvist et al., 2008; Petrovskaya et al., 2012; Nie 

et al., 2021; Hoffmann et al., 2012; Zhao et al., 2004; Byla et al., 2010). To construct the library, 

the longest extended surface loop was chosen, with the expectation that randomization would 

have little to no effect on the protein folding. The NNC degeneracy was utilized to lower the 

number of duplicated codons while enhancing screening efficiency by reducing the library's 

unbalanced amino acid distribution (Tang et al., 2012; Kille et al., 2012). Approximately 4.7 x 

107 independent clones were obtained, which is just a fraction of the theoretical library size of 

5.7 x 1011. However, when individual clones were sampled, 98% had inserts of expected length, 
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and sequence analysis revealed significant heterogeneity and diversity, indicating that the 

library could be used for target binder screening. Furthermore, some reports of selecting clones 

with a high affinity for targets with a library size that represents only a fraction of the theoretical 

possible diversity have been described (Koide et al., 1998; Desiderio et al., 2001). The main 

drawback with cell-display techniques is their dependency on DNA transformation efficiency 

in the cells, which typically limits library size. The library was panned with TNF- 

immobilized on a Maxisorp plate, and eluted phages were quantified by titering them after each 

round of biopanning and comparing them to eluted phages on an empty coated plate to 

evaluate binding enrichment. After five rounds of biopanning, enrichment increased by 33-fold, 

indicating that SD1-M1 could bind to the target. This shows that SD1-M1 may be well-folded, 

resulting in target binding. However, the observed enrichment was rather low in comparison to 

the 80-fold and 2815-fold enrichments reported by some studies for VHH library screening 

against TNF- (Reiter et al., 1999; Nie et al., 2021). Polyclonal phage ELISA was utilized to 

validate the library enrichment, and the results showed little or no enrichment, implying that 

the enrichment from the biopanning results was insufficient to identify individual target binder 

clones.  

TNF- immobilization technique used in this study is based on passively unspecific adsorption 

to a maxisorp 96-well microtiter plate. Although frequently used and proven successful, it is 

uncertain what condition and form the immobilized protein takes, as the protein does not need 

to be denatured and the majority of its surfaces should remain accessible for target binding 

(Koide et al., 2009). Furthermore, elution based on the breaking of interactions between bound 

phages using extreme conditions may result in an enrichment of noise binders, lowering the 

effectiveness of detecting target-specific binders (Sidhu et al., 2000). To overcome these 

limitations, biotinylation of the target protein and immobilization on a surface-coated biotin-

binding protein, which establishes an irreversible interaction and enables for selection even at 
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low concentrations of the target, have been proposed (Koide et al., 2009). It has also been 

shown that utilizing competitive elution to isolate scFvs that bind to small peptides decreases 

background binding while increasing target binder selection (Duan and Siegumfeldt, 2010). To 

optimize the selection and elution of TNF-alpha target binders from the SD1-M1 phage display 

library, bound phages were eluted at a high target concentration. The polyclonal phage ELISA 

data demonstrate a considerable increase in target binders from the phage pool after only one 

cycle of biopanning. 

To summarize, the SD1-M1 phagemid vector was successfully constructed, and SD1-M1 

displayed monovalently on the M13 pIII protein. SD1-M1 phagemid library was designed, and 

the library screening demonstrated binding to the target, as shown by 33-fold enrichment after 

the fifth round of biopanning. The polyclonal phage ELISA after competitive phage binder 

elution suggests that some clones from the phage pool have an affinity to the target, as 

evidenced by a considerable improvement in phage detection by the anti-M13 phage antibody 

when compared with the library.    

 

 

 

 

 

 

 

 



 103 

 

 

 

 

 

 

 

Chapter 5:  

Conclusion and future perspectives  
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5.1 Conclusion and Future Perspectives 

The design of molecules capable of modulating protein-protein interactions (PPIs) creates new 

foundations for current drug development, diagnostics, and molecular tools in basic science 

research and medical treatments (Mabonga and Kappo, 2019; Belvisi et al., 2021). The use of 

monoclonal antibodies to modulate PPIs and other cellular processes was the first conception 

of protein-based modulators that required immunoglobulin humanization (Bakail and 

Ochsenbein, 2016). It was a significant success, with numerous drugs receiving FDA approval 

for therapeutic and diagnostic uses (Mullard, 2016). However, with the rising applications in 

research, biotechnology, and biomedicine, it became clear that antibodies have various 

limitations (Chames et al., 2009; Rodriguez-Nava et al., 2023; Samaranayake et al., 2009; 

Shepard et al., 2017). These limitations spurred the development of alternatives to potent PPI 

modulators, as well as molecular tools based on a protein framework that compensates for 

antibody size, stability, and cost constraints while maintaining adequate affinity and specificity 

(Lofblom et al., 2011; Olaleye et al., 2021; David et al., 2023). These groups of proteins, termed 

non-immunoglobin binding proteins or scaffold proteins, are advancing protein research and 

paving the way for the expansion of affinity reagents. The applications are constantly being 

broadened, and new possibilities are being established (McCue and Kuhlman, 2022; Zajc et al., 

2021; Shen and Dassama, 2023; Zhao et al., 2023; Qiao et al., 2023; Hannula et al., 2024; 

Shipunova and Deyev, 2022; Serna et al., 2022; Schmid et al., 2018) taking advantage of the 

significant number of proteins deposited in the protein databases (https://www.rcsb.org/), as 

well as their distinct features. Increased computational resources (Luo et al., 2022; Wang et al., 

2022) and characterization methodologies, as well as the rapidly expanding in vitro and in vivo 

techniques for protein library construction and precise target recognition and selection (Simeon 

and Chen, 2018; Zimmermann et al., 2020), are enabling fresh applications to satisfy the ever-

growing unmet human needs. 
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Therefore, in this study, I presented SD1 as a viable scaffold protein that met all of the 

requirements for the generation of affinity binders, including the potential for additional 

benefits in this field. SDI has a fold similar to the IgG's variable domain and is isolated from 

Fervidobacterium islandicum, a hyperthermophilic bacterium, expressible in E. coli, as well as 

provides the structural strength to withstand numerous side chain amino acid substitutions 

aimed at improving its properties for desired targeted functions. This presents SD1 as a suitable 

protein framework for developing effective PPI modulators for applications in diverse fields, 

particularly those needing extreme storage and deployment temperatures. However, the 

requirement for SD1 denaturation and refolding, since it is primarily expressed as insoluble 

proteins in E. coli inclusion bodies, posed a significant challenge in the design of target affinity 

binders. 

In chapter two, I proposed that SD1 inclusion body formation could be due to high-level protein 

expression and that transiently surface-exposed hydrophobic residues during protein folding 

caused protein instability and subsequent aggregation, resulting in the formation of inclusion 

bodies in E. coli. I investigated increasing SD1's net charge and decreasing aggregation-prone 

regions within the proteins by inserting charged residues on the protein surfaces and 

aggregation gatekeeper residues in the aggregation-prone regions.  

To test the feasibility of this approach, hexalysin was fused at the C-terminus of SD1, and when 

expressed in E. coli, the majority of the proteins emerged in the soluble fraction on SDS-PAGE. 

Encouraged by this finding, surface-exposed residues (Guex and Peitsch, 1997) and 

aggregation-prone regions (Fernandez-Escamilla et al., 2004) were identified and replaced with 

charged residues and aggregation gatekeeper residues using in silico site saturation 

mutagenesis, with the effect of each mutation on protein solubility being constantly evaluated 

(Schymkowitz et al., 2005). 
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SD1's solubility was significantly improved by replacing surface-exposed residues with 

charged amino acids and introducing gatekeeper residues within the numerous hydrophobic 

residues found in the protein. These findings corroborated previous reports, which stated that 

increasing protein net charge and pI causes electrostatic repulsive forces during protein folding, 

which facilitates correct folding while reducing interactions with transiently exposed 

hydrophobic side chains (Paraskevopoulou and Falcone, 2018; Kohara et al., 2022).  

The following mutations, S26K and Q91P, were believed to produce instability in SD1, but 

interestingly, the S26K/Q91P mutant was found to be the most soluble of all the mutants studied. 

The stabilization of this mutant may be attributed to the favorable torsion angle in the location, 

given that proline residues in a polypeptide chain have rigorously constrained   values of -60o 

and no main chain amide hydrogen (Prajapati et al., 2007). Therefore, the observed increase in 

soluble expression of the S26K/Q91P mutant could be attributed to proline activity within the 

loop region, which increases rigidity, slows folding kinetics, and allows partially folded 

conformations that are prone to aggregation to fold completely (Glatzova et al., 2021). 

Furthermore, proline residues can maintain protein structure by decreasing the conformational 

entropy of the denatured phase (Prajapati et al. 2007). The S26K mutation may have resulted 

in beneficial coulomb interactions between the internally charged lysine residues and the 

surrounding negatively charged residues (Isom et al., 2011), stabilizing the protein structure 

and increasing the mutant solubility. 

Finally, I generated ten mutants that showed increased soluble expression when compared to 

the WT SD1, but mutations aimed at increasing protein stability by introducing hydrophobic 

residues within the protein core and providing stability via the tyrosine corner by introducing 

pairs of interacting tyrosine partners within the protein reduced soluble expression when 

compared to the other soluble mutants. 
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In chapter three, the several generated mutants were characterized to understand better how 

protein surface charging, surface charge-charge distributions, pI, and fractions of surface polar, 

non-polar, and charged residues at different pH levels affect protein solubility and stability. 

This chapter's findings informed the choice of a suitable mutant for the design of the target 

affinity reagent. 

The solubility of the purified lyophilized proteins was investigated at pH 4.7 and 7.7. Mutations 

aimed at SD1 surface charging and those aimed at reducing aggregation-prone regions both 

showed significant solubility at the two pH levels tested; however, mutations aimed at 

decreasing aggregation-prone regions showed significantly higher solubility when compared 

to the surface charging approach. The in vitro solubility results confirmed the soluble 

enhancement observed in vivo by SDS-PAGE, with the exception of the hexa-lysin tagged SD1 

(SD1_6K), which was the most soluble protein in vivo expression in E. coli but was not 

significantly soluble in buffer solutions at pH 4.7 and 7.7. This was assumed to be due to the 

charge concentration at the protein's termini, as charge distribution has been demonstrated to 

contribute to protein stability and resistance to amorphous aggregation in solution (Kohara et 

al., 2022). The most soluble mutant, as in the in vivo experiment, was S26K/Q91P, which could 

be attributed to contributions from proline, which at the 91st position may have a -60   angle 

at the i + 1 position of a type II rotation to reduce conformational entropy while maintaining 

stability due to the favorable torsion angle (Hutchinson and Thornton, 1994). Additionally, the 

S26K core mutation in the protein could increase coulomb interactions, enhancing solubility. 

When evaluating the storage stability and aggregation kinetics of the various constructed 

soluble mutants, intrinsic protein solubility is critical in retaining a higher protein concentration 

in solutions for more extended periods while exhibiting a decreased tendency for quick 

aggregation. Mutants with solution storage pH near the protein's pI exhibited lower solubility. 

This discovery is reinforced by a study conducted by Kramer et al. (2012), who observed that 
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protein solubility in solution is lowest when the solution pH approaches the protein pI. 

Similarly, at pH 4.7, the Y15K/W18R/S106R mutant's solubility and storage stability were 

considerably affected, showing that the increased basicity of the solution may have caused non-

specific charge repulsion, compromising protein folding and stability in the solution. This 

assumption is supported by the report of Chi et al. (2003), which states that under such 

conditions, folded protein structures can become unstable due to increased charge repulsion. 

Fractions of surface polar, non-polar, and charged residues on the several mutants were studied 

to understand better the contributions of the variations to the different solubility observations 

among the mutants, taking into account the positional contributions of these residues to protein 

folding and solubility in solution. All other mutants exhibited an unequal distribution of 

charged residues on the protein surface. WT SD1 had an equal distribution of positively and 

negatively charged surface residues, which may have contributed to protein instability and the 

formation of insoluble aggregates via attractive electrostatic interactions (Chi et al., 2003; Kim 

et al., 2012). The Y15K/W18R/S106R mutant was chosen as the best candidate for the design 

of a target affinity reagent because it had the highest fractions of surface polar and charged 

residues and the lowest fraction of surface non-polar groups when compared to the other 

solubility mutants. Proteins' structural stability in solution is determined by interactions with 

surrounding water molecules, and polar and charged amino acids significantly enhance these 

interactions, burying hydrophobic residues and limiting their interactions with water molecules 

in solution (Shaytan et al., 2009; Rose et al., 1985), as is typical of soluble hydrophilic proteins. 

Unfortunately, the S26K/Q91P mutant, which was deemed the most soluble, had the highest 

fraction of surface non-polar groups and the fewest polar and charged groups. Therefore, 

additional studies are required to understand better the mutant's folding mechanism, which is 

currently beyond the scope of this work. Consequently, the first mutant, Y15K/W18R/S106R, 

was designated SD1-M1 for the design of binding functions in the subsequent chapter.  



 109 

Thermal stability experiments revealed that all mutants were thermally stable, with a melting 

temperature (Tm) of approximately 73 oC for all protein samples. This demonstrated that the 

numerous SD1 mutations did not affect the protein's thermal stability. This finding supported 

the hypothesis that SD1 is mutationally resilient and able to tolerate and accommodate a wide 

range of side-chain modifications aimed at generating target binding function. 

In Chapter 4, I designed the SD1-M1 library and evaluated it for TNF- target binding after 

confirming its monovalent display on the M13 pIII surface protein. The monovalent display of 

the protein was preferred because it has the potential advantage of allowing for the efficient 

selection of binders with high affinity to the targets. In contrast, a multivalent display could 

result in a more substantial avidity effect but is frequently confronted with challenges of little 

or no target binding upon the production of soluble binding proteins (Kwasnikowski et al., 

2005; Song et al., 2024). After five rounds of biopanning, the constructed library exhibited 

binding to the target as well as a 33-fold enrichment, indicating that the selected soluble mutant 

could be folded correctly to enable target binding. This observation is relevant because 

previous work in this lab demonstrated that the SD1 phage library binds mainly to the negative 

control, and enrichment could not be established due to the lack of binding to targets (data not 

shown). Given that the observed 33-fold enrichment was significantly lower than previous 

reports of 80 and 2815-fold enrichments for the VHH library against TNF-alpha (Reiter et al., 

1999; Nie et al., 2021) and that elution of targets passively immobilized on maxisorp microtitre 

plates could result in enrichment of background target binders. Competitive elution was 

explored, and it demonstrated a considerable increase in target binders from the phage pool 

after only one cycle of biopanning based on the polyclonal phage ELISA. 

The binding analysis results showed significant specificity; however, the low affinity indicates 

that the library should be optimized to increase the chances of selecting high-affinity binders. 

One of the significant limitations of this study was the amplification biases generated mainly 
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from highly infectious mutants, which often reduces the diversity, resulting in poor enrichments 

and reduced ability to identify high target binders. Consequently, further efforts are needed to 

focus on devising strategies to reduce the impact of unwanted biases and improve the 

dependability of selecting clones that actually bind to the target. Therefore, I propose 

performing sequence evaluation on clones selected after the third or fourth round of biopanning 

to extract information regarding potential binders by identifying the amino acid sequence space 

where functional mutations are improved in order to construct an optimized library that will 

contain potential binding clones from the enhanced sequence after multiple rounds of the 

affinity maturation process. 

From this perspective, SD1 has shown significant intrinsic thermostability and a high level of 

mutational resilience required for acquiring new functions. Owing to the paucity of proteins 

that function under extreme conditions, the use of thermostable proteins as biosensors for 

environmental monitoring is emerging. The necessity for stability across a wide range of 

environmental conditions requires the use of thermophilic proteins, and SD1’s ability to 

withstand extreme conditions makes it worthwhile in the design of immuno-sensors for 

environmental monitoring applications. 
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