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Abstract 

Protein engineering is an area of major interest for novel biotechnological and 

biopharmaceutical applications. As alternative to antibodies and other affinity ligands, several 

protein scaffolds have been explored. In this context, WW domains are proteins with high 

potential to become affinity reagents. They have approximately 40 amino acids, including two 

tryptophan residues spaced by 20 to 22 amino acids. Their structure present three antiparallel β-

sheets that promote protein-protein interactions. 

This work focuses on the detailed study of a previously selected 42 residue WW domain 

(CW3S) for binding Human Serum Albumin (HSA). The CW3S domain was produced 

chemically and biologically. The successfully produced protein by chemical synthesis was 

characterized through Mass Spectrometry and Circular Dichroism. To show the binding affinity 

for the target, several tests were performed, including binding tests after immobilization in a solid-

support, MicroScale Thermophoresis (MST) and Multiparametric Surface Plasmon Resonance 

(MP-SPR). Overall, CW3S was successfully synthesized showing an affinity constant of 5.0x106 

M-1 for the interaction with HSA. 

The biological production of the CW3S peptide was performed by bacterial expression (in E. 

coli) and then purified. The expression of CW3S was attempted alone or as a fusion protein with 

GFP. In the latter, BL21 Rosetta cells strain were used as expression host and the protein was 

purified by mixed-mode chromatography with A4C7 synthetic ligand chromatography, by gel 

filtration. The conditions for protein expression and purification need further optimizations. 

 

 Keywords: WW domains, CW3S, synthesis, expression, affinity, fusion protein. 
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Resumo 

 A engenharia de proteínas é uma área de grande interesse para o desenvolvimento de produtos 

biotecnológicos e biofarmacêuticos. Diversos scaffolds proteicos têm sido estudados como 

alternativa a anticorpos e outros ligandos de afinidade. Neste contexto, os domínios WW são 

proteínas com potencialidade para serem desenvolvidos como reagentes de afinidade. 

Apresentam aproximadamente 40 aminoácidos, contendo dois resíduos de triptofano separados 

por 20 a 22 aminoácidos. A sua estrutura possui três folhas-β antiparalelas que promovem 

interações com proteínas. 

 Este trabalho trata o estudo detalhado de um domínio WW de 42 resíduos (CW3S), 

previamente selecionado para ligar à Albumina de Soro Humano (HSA). O domínio CW3S foi 

produzido química e biologicamente. Através de síntese química, o péptido foi produzido com 

sucesso e caracterizado por Espectrometria de Massa e Dicroísmo Circular. Para demonstrar a 

afinidade e ligação à HSA foram realizados testes de afinidade, como um teste de ligação após 

imobilização do péptido num suporte, MicroScale Thermophoresis (MST) e Multiparametric 

Surface Plasmon Resonance (MP-SPR). Deste modo, o péptido CW3S foi sintetizado com 

sucesso, obtendo uma constante de afinidade de 5.0x106 M-1, no que diz respeito à interação com 

a HSA. 

 A produção biológica do CW3S foi realizada por expressão em E. coli, tendo o péptido sido 

posteriormente purificado. A expressão do CW3S foi realizada com o péptido sozinho e 

incorporado numa proteína de fusão, com a Proteína Verde Fluorescente (GFP). As células 

hospedeiras utilizadas foram Rosetta da estirpe BL21. Finalmente, a proteína de fusão foi 

purificada através de vários processos cromatográficos, incluindo o ligando sintético A4C7 e 

também filtração-gel. As condições para a expressão de proteína e purificação necessitam de 

posterior otimização. 

 

 Palavras-chave: Domínios WW, CW3S, síntese, expressão, afinidade, proteína de fusão. 
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1.1 – Background 

The engineering of proteins is a revolutionizing field in several biopharmaceutical and 

biotechnological applications [1]. Antibodies can still be considered as gold standard affinity 

reagents. Their large surfaces can establish various types of interactions (e.g. hydrogen bonds, 

hydrophobic interactions in the same region), being naturally evolved affinity proteins with high 

specificity to their targets [2]. Conventionally, antibodies were used as diagnostic, therapeutic, 

detection, sensing and purification agents. In affinity purification, protein engineering has been 

crucial in the production of new affinity reagents, such as antibodies, antibody-based architectures 

[3] and also new natural biological ligands [4]. Artificial proteins, such as protein domains, started 

being plausible alternatives to antibodies. However, engineered proteins have been reaching great 

interest, due to their less complexity compared to antibodies, the capability to recognize ligands 

with high specificity and affinity, and lower production cost [5]. Therefore, protein engineering 

may develop a relevant role in biotechnological applications, for instance, in affinity 

chromatography. This has been a major interest for the biopharmaceutical industry, in which 

engineered versions of protein A (derived from Staphylococcus aureus – SpA), for instance, are 

nowadays the model-type monoclonal antibodies (mAb) purification agents. However, the 

currently available affinity resins for laboratory or industrial applications are still expensive for a 

meaningful proportion of all production costs (60–80%) [6]. Moreover, there has been a crescent 

number and variety of new molecules and particles entering the market, adding more pressure in 

the development of purification steps [2]. 

Over the years, efforts have been made in order to reduce costs of purification and downstream 

processing. However, the development of an affinity reagent for purification must take into 

account diverse conditions, such as: the introduction of proper chemistry towards immobilization 

in a solid-support, stability to adverse chemical conditions (e.g. organic solvents and extreme pH), 

and also stability and maintenance of binding capacity with resin using conditions (“cleaning-in-

place”, sterilization in place, resin reutilization). For instance, protein-based complexes have a 

tendency to be less stable under harsh conditions, in resin washes and elution cycles. Thus, this 

may lead to ligands leakage and a decreased resin life-time [2,7]. 

A significant number of affinity ligands with different structures have been explored, from 

natural protein binders (e.g. antibodies) to small synthetic and pseudobiospecific ligands (Fig. 

1.1)  [2,8]. They can be characterized by their size, complexity, specificity, and cost of production, 

for example. Small synthetic and pseudobiospecific ligands, for instance, are very simple and 

affordable-cost reagents to synthesize. They are less complex are more stable under harsh 

conditions [8–10]. On the contrary, natural protein binders are more complex molecules and 

consequently more expensive to produce [6,11]. They are also more unstable in chemical 
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immobilization strategies, in cleaning and elution conditions, and tend to be subjected to protease 

attack [12–14]. For example, antibodies production relies on the expression of eukaryotic cells 

systems. Thus, their purification process most likely depends on protein A resins, being a crucial 

factor to increase their cost of production [11]. Antibodies denaturation can be caused by adverse 

pH oscillations, organic solvents and high concentrations of salt, which may lead to product 

contamination problems in purification processing, where these molecules are immobilized in 

chromatographic supports [7,12]. 

 

 

1.2 – Protein scaffolds as affinity reagents 

Protein domains can be derived from Immunoglobulin (Ig) fragments and non-

Immunoglobulins (non-Ig) structures, for the development of protein affinity reagents [2]. 

Recently, protein scaffolds have been used to generate combinatorial libraries to further develop 

affinity reagents to variable targets. This is possible through yeast, phage, ribosome, or cell free 

display systems [15]. Thus, this may allow the selection of scaffolds in order to adapt to a specific 

recognition region in a target protein [5]. These libraries were performed at first in Ig fragments 

by randomizing non-conserved regions. These considered mutations could be based on structural 

Fig.  1.1 - Different affinity reagents used in bioseparation and their properties variation (PDB code of 

Immunoglobulin G and Affibody: 1IGT and 2KZJ). 
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and functional information of the target, or simply by amino acid combination [15]. Therefore, 

the objective of combinatorial libraries relies on improving a specific function, while maintaining 

the protein structure [16]. Thus, this started to be a challenging factor in antibodies engineering, 

due to their lack of stability and high production cost. Consequently, libraries based on non-Ig 

structures started to have the interest to produce, due to protein domains advantages referred in 

1.1. Their affordable cost of production, for instance, relies on simple synthesis processes, via 

chemical synthesis or biological production (protein expression in E. coli) [5,13]. 

However, protein scaffolds to be used as affinity reagents for purification purposes must have 

ideal characteristics. For instance, these proteins should be robust and have small size (less than 

20 kDa) [17]; include well-defined regions, for both diversity and stability, i.e. conserved regions 

to maintain the folding, and variable regions, which can be partially or totally randomized, not 

affecting the overall structure of the protein; contain a recognition area to promote interaction; 

not include cysteines and disulphide bridges; be easy to synthesize (chemically or biologically); 

be robust to an unnatural component introduction; permit an easy, oriented and stable conjugation 

in solid supports; and keep their stability in the final application conditions. Moreover, 

modifications can not be limited only to the loops (like in antibodies) or other flat surfaces. 

Consequently, these scaffolds can be selected to adapt to the target contact surface, promoting 

crucial interactions between them [5,18]. 

Protein scaffolds are categorized by various authors in two different families: the globular 

proteins and the repeat proteins. Domains that are constituted by one peptide chain are classified 

in globular proteins, thus, repeat proteins chains include two or more repeats in one domain [2]. 

There is a great variety of protein scaffolds produced by research groups and biotechnological 

industries, however, just a few have been studied as affinity reagents for purification purpose, 

next reviewed on this chapter. 

Thus, non-Ig based protein scaffolds put together a set of important characteristics that justify 

their crescent use in biotechnological and pharmaceutical industries. High stability under different 

thermal and pH conditions, simple production systems (expression or chemical synthesis) and 

efficient interactions with the targets are the most searched and desired qualities of these proteins. 

Therefore, they can lead to favourable types of immobilization and also to better affinity 

purification yields. Currently, affibodies are the most explored and commercialized scaffold for 

affinity purification purposes. However, different protein scaffolds can have the same potential 

use. 
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Globular proteins 

Affibody 

Affibodies (Fig. 1.2A) are originated from a modified structure of the B domain of SpA, the 

Z domain, a three-helix structure with 58 residues (6 kDa), without disulphide bonds and 

independent folding [19]. This domain is easily synthesized through different approaches 

(biologically expressed and chemically produced) [20]. This structure has evolved by phage and 

ribosome display against variable targets. It includes a α-helix region, which typically can be 

randomized [21]. This region is the interaction surface with the targets in the natural protein A. 

Affibodies have already been studied for therapeutic solutions for some diseases, for example, by 

Affibody AB, a biotechnological company. Thus, affibody scaffolds have been engineered to 

target relevant receptors involved in human diseases, for example: cancer, breast cancer marker 

ErbB2 (Her2) with a 22 pM affinity [22]; and rheumatoid arthritis, TNF-α [23]. Affibodies were 

also explored in biotechnological applications, such as in sensors, diagnostic, immobilized in 

microarrays to capture proteins, and in other proteins fusion partner [21,24]. Affibodies also 

caused the generation of HOT Start DNA polymerases, by binding to Taq DNA polymerase. It 

was also demonstrated the binding and elution of Human Apolipoprotein A-1 [25]. Moreover, it 

was possible to capture SpA fusions and dimers in a picomolar range affinity by an anti-protein 

A affibody with a nanomolar range [26]. Furthermore, affibody-based resins have been used to 

purify several other targets involved in various diseases. These examples include Alzheimer 

amyloid β-peptides [27], transferrin [28], human serum albumin (HSA) [8,27,29] or transthyretin 

[30]. Consequently, this was explored with the purpose of depleting high abundant proteins and 

allowed the characterization of samples for the presence of low abundant proteins through mass 

spectrometry [2,30]. 

 Affibody scaffolds were easily immobilized on solid supports, for instance, with cysteine 

residue groups or His-tags [27]. In affibodies with a free sulfhydryl group from a cysteine residue, 

they can be immobilized in a resin with an iodoacetyl group (Sulfo-Link coupling, Pierce) [31]. 

They have also been explored as tags for recombinant fusion proteins purification, through 

positive or negative ion exchange column [32,33]. 

There are commercially available affibodies already immobilized in a resin, or including a 

cysteine residue present for immobilization, such as: Anti-EGFR Affibody, Anti-IgE Affibody, 

Anti-TNF-a Affibody, or Anti-Interleukin (IL-8), can be purchased through Affibody AB or 

Abcam, UK. These affinity scaffolds have been used in liquid chromatography columns for 

depletion of highly abundant proteins and are commercialized in pre-packed column format 

MARS-7 and MARS-14 columns from Agilent Technologies [2]. 
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Affilin 

Affilin (Fig. 1.2B) is derived from human protein g-B-crystallin, present in vertebrates eye 

lens. This is a protein with 176 amino acids which fold into several β-sheets and presents high 

stability, highly important for therapeutic applications, but specifically for affinity purification 

purposes. Human g-B-crystallin structure was randomized and phage display was performed 

against the nerve growth factor (proNGF) recombinant pro-form. Thus, it was demonstrated the 

characterization of this affilin for purification of this target. Hence, the antiproNGF affillin was 

immobilized in an epoxy-activated polymethacrylate resin. This support is extremely robust to 

regeneration conditions (pH range 1.6–12.5) and the binding to the target is maintained after the 

referred treatments [34]. Moreover, affilins were already selected to bind the Fc fragment of IgG 

(10-8 M, 10 nM), estradiol, testosterone (100–200 nM) [35], and extradomain B of fibronectin. 

The latter is a target which expression is practically exclusive in tumour tissues (30 and 200 pM) 

[36]. This protein scaffold has been explored for different applications as therapeutics and 

diagnostic. The capture of biomarkers for diagnostic using different solid-supports, spacer arms, 

and ligand formats (mono or multivalent scaffolds) are important examples of these applications. 

 

Affimer 

The Affimer scaffold (Fig. 1.2C) is derived from a protease inhibitor Stefin A (cystatin A). It 

is a small size (10 kDa) protein, with high thermal (80ºC) and chemical (pH 2–12) stability, and 

a conformation with two loops. Besides this structure, the loops can be engineered in 12–36 

positions [37,38]. These characteristics lead to an increasing interest in affimer studying as 

affinity reagents. Affimer-based binders can be applied in therapeutic applications, sensing 

(ELISA or Western-blot), diagnostic and also for affinity purification [39]. These applications are 

being explored by Avacta Life Sciences company. Regarding affinity purification, the enrichment 

of Complement C3b (CC3B3) from human serum was achieved. In order to simplify the 

immobilization in solid-supports procedure, affimers have been selected against the target and 

modified to have a cysteine residue or a His-tag. 

 

Albumin-binding domain 

The albumin-binding domain (ABD) (Fig. 1.2D) is a small domain constituted by 46 amino 

acids with a three-helix folding. ABD is derived from Streptococcal protein G and was obtained 

by phage display to increase affinity towards Human Serum Albumin (HSA), from a nanomolar 

to femtomolar range. This domain was engineeringly randomized in 15 amino acids, belonging 

to the ABD-HSA interaction region. Resulting from phage display, one of the designs developed 
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was applied in HSA purification [31], and in the extension of therapeutic proteins half-life, by the 

production of bivalent domains that can bind to HSA and Tumor Necrosis Factor-a (TNF-α) [40]. 

The HSA-binder was produced with a cysteine, allowing its immobilization on cross-linked 

agarose in order to promote HSA capture from human serum. 

 

Carbohydrate binding module 

The carbohydrate binding module (CBM) (Fig. 1.2E) is a small domain (18 kDa) derived from 

a xylanase from Rhodothermus marinus. It is a small domain (18 kDa) with a thermally stable 

structure that binds to soluble poly or oligosaccharides of xylose and glucose. CBM was 

randomized in 12 residues through a phage display library of 106 clones, against different targets. 

These targets included xylan cellulose, mannan, and a human glycoprotein (a monoclonal IgG4 

antibody). CBM was immobilized in silica to use in the chromatographic separation of 

saccharides, employing an isocratic gradient of temperatures between 25 and 65ºC. The support 

capacity could be maintained with treatments at 65ºC for 160 h [41]. Therefore, this work might 

indicate a conceivable application for purification of various targets using immobilization of 

CBM in solid-supports. 

 

Nanofitins 

Nanofitins (also named as Affitins) (Fig. 1.2F) are derived from protein Sac7d, a double strand 

DNA-binding protein from Sulfolobus acidocaldarius. Nanofitin is a 66 residues protein (7 KDa), 

without cysteines, and very thermally and chemically stable, since Sulfolobus acidocaldarius is a 

thermophile organism [42]. Therefore, nanofitins are well expressed in E. coli, i.e. a simpler 

production and also affordable [43]. Ribosome display was performed in this protein, being 

randomized at the surface in two short loops and used against different targets: Lysozyme (for 

glycosidase activity inhibition) [44], secretin PulD protein [45], and also human IgG. In IgG, it 

was verified the binding of C3 selected clone to IgG was inhibited by SpA, suggesting the 

recognized epitope is on the Fc domain of IgG. Another clone (D1) was not inhibited by SpA to 

bind IgG, thus, demonstrating another binding site on Fc [43]. Due to their high stability, 

nanofitins have been explored by the company Affilogic, leading to biomedical applications: 

inflammatory bowel disease treatment by anti-TNF-α therapeutics, via oral administration, is one 

example. Nanofitins can be immobilized in a variety of surfaces (e.g., glass slides, resins, or 

magnetic supports) with different approaches, which is important to extend their applications 

potential. Their immobilization can be performed in solid-supports using His-tags, 

phosphorylated serine residues, and cysteine residues. Nanofitins affinity purpose can be applied 
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in detection in microarrays [46,47] and purification in solid-support chromatographic resins or 

membranes [48]. 

Recently, anti-lysozyme and antiIgG affitins were produced and immobilized using a cysteine 

residue, and Sulfo-SMCC chemistry in a magnetic support. This strategy successfully allowed the 

capture of lysozyme and human IgG from E. coli supernatant and human plasma, respectively. 

This process also was executed with high purity (>95%). Hence, the bioseparation potential can 

be explored in the future, in the field of vaccines purification. Glycoconjugates, protein antigens, 

and viruses, now supported by the European project DiViNe. 

 

Repeat Proteins 

Armadillo repeat proteins 

The armadillo repeat proteins (Fig. 1.3A) are a protein family which is encoded by the 

Armadillo locus, a DNA region in Drosophila embryogenesis. The stability of the structures were 

computationally optimized, applying N and C-terminal modifications with repeats, so the 

hydrophobic core could be protected from solvent exposure [49]. From this, the obtained 

structures had high thermal stability, and generally could be used at neutral to high pH [50]. 

The native structures have been used to capture different families of proteins. For instance, 

armadillo repeats were expressed with FLAG tag and immobilized in anti-FLAG antibody resins. 

Fig.  1.2 - Globular proteins used in bioseparation. (A) Affibody (PDB code 5VZX). (B) Affilin (PDB code 

2JDG). (C) Affimer (PDB code 5A0O). (D) Albumin Binding Domain (ABD) (PDB code 1GJT). (E) 

Carbohydrate Binding Module (CBM) (PDB code 1K45). (F) Nanofitin (PDB code 4CJ2, chain C). 
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These resins showed the armadillo proteins could capture Striatin, SG2NA, and Zinedin (neuronal 

proteins) [51]. In a different example, it was randomized a designed armadillo repeat protein in 6 

positions in each 42 amino acid repeat, producing a variety per repeat. This protein was selected 

against peptide neurotensin through ribosome display. Neurotensin was immobilized in 

streptavidin beads and incubated with an E. coli extract that included the armadillo repeat. Thus, 

a very specific binding could be verified, besides the low affinity observed (range of 7 mM) [52]. 

 

Repebody 

Repebody (Fig. 1.3B) derives from variable lymphocyte receptors (VLRs), a three to six 

repeating Leucine-rich repeat (LRR) modules assembly. These modules hold 20–29 residues 

protein with a β-strand-turn-α-helix structure. These scaffolds are characterized by a high soluble 

expression in E. coli, and strong thermal (70–85ºC) and pH (3–12) stability. Repebodies have 

been currently engineered in order to obtain binders with different affinity against a target [53] 

basing on their modular structure. Therefore, phage display has been performed against 

interleukin-6 (IL-6), and lysozyme [54] and lately was used for the purification of IgG. The 

structure was immobilized in an N-hydroxysuccinimide (NHS)-activated resin and the 

purification of IgG performed at low pH. This strategy allowed the recovery of more than 96% of 

the protein of interest with high purity (95%). This support was also very stable to regeneration 

and allowed reutilization [55]. 

 

1.3 – WW domains 

WW domains are proteins with 38 to 40 residues in length, containing two tryptophan residues 

spaced by approximately 20 amino acids, which can develop an important role in protein function 

and stability [56,57]. These domains are assembled in a compact three-stranded and antiparallel 

Fig.  1.3 - Repeat proteins used in bioseparation. (A) Armadillo Repeat Protein (PDB code 4DB9). (B) 

Repebody bound to human C5a complex (PDB code 5B4P). 
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β-sheet structure [58]. This structure can promote protein-protein interactions, especially in 

proline-rich sequences, being frequently found in recognition regions. These interactions 

commonly occur in signalling pathways, although they are known as weak [59]. They are one of 

the smallest proteins which can fold into a monomer in solution, without disulphide bridges and 

cofactors [60]. This absence of cysteine residues was a good purpose for primary studies of WW 

domains as affinity reagents for purification purposes. 

 WW domains can be classified in two major groups and also in two minor groups [56]. The 

first major group (Group I), can bind polypeptides with Pro-Pro-X-Tyr residues; Group II, binds 

Pro-Pro-Leu-Pro motifs; minor groups can bind polyproline motifs flanked by Arg or Lys (Group 

III); and ligands that include phospho-Ser-Pro or phospho-Thr-Pro groups (Group IV) [59,61,62]. 

Despite not requiring cysteine residues for their folding, WW domains strongly necessitate 

hydrophobic interactions between conserved residues (for instance, proline and tryptophan 

residues in the both N and C terminals) and hydrogen bond interactions between in β-sheets amino 

acids [60]. 

 The regions with higher variability in WW domains are the loops. Macias et al developed a 

WW prototype sequence as a protein scaffold, that allowed further use of this domain as a base 

for increasing, engineering and randomizing the loop sequences [63]. This would turn WW 

domains promising and easy engineered proteins for further binders selection and exploiting 

several biotechnological applications. Moreover, these domains respect most of characteristics 

that a potential affinity ligand should have. For instance, they do not include cysteines and 

disulphide bridges, they contain a recognition region for protein interaction, allow unnatural 

component incorporation and include well-defined regions, for diversity and stability, including 

variable regions that can be randomized. Therefore, WW domains can be highly explored as 

affinity reagents for purification purposes. 
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1.4 – Objectives 

 The design of a WW prototype sequence allowed the development of a novel WW domain 

with tailored affinity and selectivity towards relevant targets. WW domains are scaffolds in which 

the loop regions can be easily engineered and randomized towards a possible binder molecule, 

through an in vitro selection process. The target chosen to this process was human serum albumin 

(HSA), due to its functional properties as a carrier protein. HSA is an abundant protein in human 

plasma and possesses interesting biomedical and biotechnological properties [64]. Its carrier 

function allows the transportation of relevant compounds, such as small drugs, fatty acids and 

hormones [65]. HSA also accumulates in inflammation regions and can be used as an important 

diagnostic tool [66]. In addition, protein domains that bind to HSA had been developing interest. 

These domains can be natural albumin binders or derived from Ig or non-Ig fragments further 

engineered to improve affinity towards HSA, by in vitro or in vivo evolution techniques [67]. 

In a previous work [68], a library of WW randomized clones was built and screened against 

HSA. From this process, a 42 residue sequence was selected, named CW3 (WW domain clone 3) 

(Fig. 1.4). This sequence was engineered in order to overcome problems in peptide production, 

such as the presence of methionine and cysteine residues, that could promote disulphide bridges 

and the peptide oxidation. In addition, a cysteine residue was added to the N-terminal with the 

aim of promoting immobilization in a matrix. The sulphide group in cysteine could be used to 

facilitate immobilization for further chromatography and affinity purposes. The chemical 

synthesis of CW3S has been attempted in a previous work [68]. However, the expected molecular 

weight was never achieved, indicating that a Serine residue was not efficiently coupled during 

synthesis process. Nevertheless, characterization, immobilization and further affinity studies were 

performed, demonstrating a promising domain with positive affinity ligand properties (binding 

rate against HSA of 88%, in chromatography binding tests, capturing 0.291 μg protein/mg 

support.; ka=8.37x106 M-1) [68]. 

 The objective of this work was to show that the chemical and biological production of CW3S 

was possible and that the produced protein showed binding for HSA. As such, this work is focused 

on the production of the CW3S peptide through chemical and biological routes, its 

characterization and study of affinity towards HSA. In this matter, several experiments were 

optimized and new affinity strategies were tried. 
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Fig.  1.4 - Representative scheme of the work planning. Optimization of the previous CW3S sequence 

obtained from phage display. Peptide chemical production: synthesis, characterization and affinity studies 

performed. Peptide biological production: techniques and strategies used in cloning, expression and 

purification (PBD code of WW prototype: 1E0M). 
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Chapter 2 

This chapter approaches the chemical synthesis, purification and characterization of the CW3S 

domain and the study of its potential as an affinity reagent for HSA. 

The CW3S was chemically produced using Fmoc-based solid-phase peptide synthesis (SPPS) 

(Fig. 2.1). Fmoc-based SPPS strategy is based in the use of Fmoc-protected N-terminal amino 

acids and a solid support (resin). These amino acids contain orthogonal side chain protecting 

groups when needed. Namely, protecting groups that are resistant to the basic conditions used to 

remove the Fmoc in each coupling step. These protections are used to avoid side chain reactions 

that will reduce the overall yield [69]. The amino acids are assembled on the resin from the C-

terminal to the N-terminal.  After the peptide is fully assembled, final deprotection and cleavage 

from the resin is carried out under acidic conditions. The crude peptide obtained is then purified 

by reversed-phase HPLC and characterized by Mass Spectrometry (MS) methods. Its purity is 

usually determined by analytical HPLC. The overall yield and the quality of the crude peptide 

obtained by SPPS can be improved by using microwave technology, special resins with better 

swelling properties (i.e. PEG-based resins) and the use of special protected amino acids that can 

improve the yield of coupling steps in long or difficult peptide sequences. 

 

Fig.  2.1 – Scheme of solid-phase peptide synthesis (SPPS), adapted from Sigma-Aldrich. 
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CW3S has 41 residues and the sequence is shown in Fig. 1.4. The C-terminal Serine was 

depleted from the previous produced CW3S. This decision was taken considering that the mass 

spectrometry results of the previous synthesis indicated that one Serine was missing and the fact 

that this Serine is at the N-terminal and therefore the chances to affect the final structure of the 

peptide are minimal. Thus, the synthesized sequence is: 

Acetyl-CMGLPPGWDEYKSSNLFLGKTYYYNHDNSPKTSTWTDPRMS-Amide   

 The chemically produced CW3S scaffold was purified by reversed-phase preparative HPLC, 

characterized by MS and Circular Dichroism (CD) spectroscopy and its purity determined by 

reversed-phase analytical HPLC. Afterwards, the peptide was immobilized in a solid support and 

finally, affinity studies were carried out using different techniques including chromatographic 

tests, MicroScale Thermophoresis and Multiparametric Surface Plasmon Resonance. 
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2.1 – Materials and Equipment 

All Fmoc protected amino acids, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU), NOVA-PEG Rink amide resin and pseudoproline units (Fmoc-

Lys(Boc)-Thr(ΨMe,Mepro)-OH and Fmoc-Ser(tBu)-Ser(ΨMe,Mepro)-OH), were purchased 

from EMD Biosciences/Merck Biosciences (Darmstadt, Germany). Solid-phase synthesis was 

performed in Biotage® Initiator+ Alstra™ Automated Microwave Peptide Synthesizer. Mass 

Spectrometry (ESI-MS) was performed in positive mode using a Waters Synapt G2 HDMS 

(Manchester, UK), and Circular Dichroism in a Chirascan Circular Dichroism Spectrometer. For 

peptide immobilization, agarose Sepharose CL-6B (GE Healthcare Life Sciences), Sulfo-SMCC 

(Pierce, ThermoScientific) and Bond-Breaker tris(2-carboxyethyl)phosphine (TCEP) (Thermo 

Fisher Scientific) were used. Protein quantification in binding studies was performed with 

QuantiPro BCA Assay Kit from Sigma-Aldrich. For MST and peptide labelling, Fluorescein 

Diacetate 5-Maleimide (Sigma-Aldrich) and PD10 desalting column (GE Healthcare Life 

Sciences) were used. MST assays were performed with Monolith NT.115 Standard Treated 

Capillary K002 in NT.115 Nanotemper, with filter BLUE/RED (for fluorescein, blue filter was 

used). In MP-SPR, Au-surface slides are provided by Bionavis and the assay is performed in MP-

SPR Navi 200 (Bionavis). 
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2.2 – Methods 

2.2.1 – Solid-phase peptide synthesis (SPPS) 

The peptide chemical synthesis (0.25 mmol scale) was performed in a Biotage® Initiator+ 

Alstra™ Automated Microwave Peptide Synthesizer using the Rink Amide NOVA PEG resin 

(0.53 mmol/g substitution). The resin was added in a 10 mL reaction vessel where the synthesis 

took place. Standard Fmoc chemistry protocols were employed. Namely, the amino acids (4 

equivalents) were coupled (75° C, 5 minutes) using HBTU (3.9 equivalents) as coupling agent, 

DIEA as base (8 equivalents) and DMF as solvent. For aspartate, histidine and cysteine the 

coupling reaction was carried out at 50ºC for 13 minutes. Double coupling was employed on 

arginine, proline, threonine, tryptophan and pseudoproline amino acids. The removal of the Fmoc 

protecting groups was always done by treatments with 20% piperidine in DMF solution (room 

temperature, 13 minutes). After the 23rd amino acid, the peptide was acetylated in the N-terminal 

using 10% acetic anhydride in DMF (room temperature, 10 minutes). After full assembly, the 

peptide was manually deprotected and cleaved from the resin by treatment with the mixture 

TFA/thioanisole/1,2 ethanedithiol/anisole (%v/v=90:5:3:2) for 3 h at room temperature and under 

nitrogen. The resin was filtered out and rinsed with TFA. The filtrate and rinses were combined 

and reduced under a nitrogen stream. Cold diethyl ether was added to precipitate the crude peptide 

which was recovered by centrifugation (8000 xg for 4 min). The pellet collected was dissolved in 

the minimum amount of water and lyophilized. 

The crude CW3S was purified by reversed-phase preparative HPLC in a Jupiter C18 15μm 

300Å column (250 x 21.2 mm) using solvent A (water/TFA, 99.9:0.1 v/v), solvent B 

(acetonitrile/water/TFA, 90:9.9:0.1 v/v) and a linear gradient of 20-60% solvent B for 30 minutes 

with a flow rate of 10 mL/min. The peptide was eluted from the column with a retention time of 

20.65 minutes. The purity of the CW3S was determined by reversed-phase analytical HPLC using 

a Jupiter C18 15μm 300Å column (250 x 4.6 mm) and the same solvents and linear gradient of 0-

100% solvent B, with a flow rate of 1 mL/min. The HPLC chromatograms were monitored at 220 

nm and 280 nm. The pure peptide was characterized by Mass Spectrometry (ESI-MS) in positive 

mode using a Waters Synapt G2 HDMS (Manchester, UK) equipped with an ESI source 

employing the following parameters: ESI capillary voltage: +2.8 kV; extraction cone voltage: +20 

V; desolvation gas (N2) flow: 100 L.h−1; source temperature: 35°C. The sample was dissolved in 

300 µL of water and diluted 1:10 in 0.5% formic acid in methanol. This final solution was 

introduced into the ionization source at a flow rate of 10 μL/min using a syringe pump. These 

experiments were performed at Spectropole, the Analytical Facility of Aix-Marseille University. 

Calculated ESI Data (m/z): 4831.4 ± 0.5 [M +1H]1+, 2416.2 ± 0.5 [M + 2H]2+, 1611.1 ± 0.5 [M 
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+3H]3+, 1208.6 ± 0.5 [M +4H]4+ and 967.1 ± 0.5 [M +5H]5+ and molecular weight of 4830.4 Da 

(using Peptide Molecular Weight Calculator https://pepetide2.com). 

 

2.2.2 – Circular Dichroism (CD) 

The CD spectra were collected under a constant flow of nitrogen on a qCD Chirascan 

spectrometer equipped with a thermostated cell holder, using a 1 mm path length quartz cell. The 

stock peptide solution was prepared with Milli-Q water previously purged with nitrogen and its 

concentration was determined by UV-Vis spectroscopy at 280 nm with 6 M GdnHCl, using the 

extinction coefficients of tryptophan (5690 M-1.cm-1) and tyrosine (1280 M-1.cm-1) [70]. Peptide 

concentration was also determined by the Ellman’s test [71] (quantification of free cysteines by 

their reaction with the reagent DTNB, using the extinction coefficient of TNB, the product formed 

with DTNB and a free sulfhydryl group reaction: 13650 M-1.cm-1) using UV-Vis spectroscopy 

and monitoring the absorbance at 410 nm.  

All the assays for the CD spectra of CW3S were carried out using 50 μM peptide in 10 mM 

sodium-phosphate, 100 mM NaCl pH 7 buffer. The spectra for the stability experiments were 

recorded in the wavelength range of 200-300 nm at 4ºC, 23ºC and 88ºC, with 2 to 5 minutes of 

equilibration in each temperature. The temperature denaturation studies were performed between 

4ºC and 88ºC (unfolding curve from 4 to 88ºC and refolding from 88 to 4ºC) with a step of 1 nm, 

tolerance of 2ºC and 1.5 min equilibration time between temperatures. Ellipticity was monitored 

at 230 nm. The following parameters were used during data acquisition: 0.2 nm scale, continuous 

scanning, 3 repetitions of each spectrum with 3 sec/nm. The molar residue ellipticities (MRE, deg 

cm2 dmol-1) were calculated by Equation 2.1, where ϴabs is the ellipticity in millidegrees, C the 

molar concentration, l the cell path length in cm, residue the total number of residues in the 

peptide sequence and 10 the conversion factor to dmol. The fitting of the unfolding results in a 

two-state model was performed using Greenfield et al, 2007 [72]. 

𝑀𝑅𝐸 =  
𝛳𝑎𝑏𝑠

𝐶×𝑙×𝑟𝑒𝑠𝑖𝑑𝑢𝑒×10
 (Equation 2.1) 

 

2.2.3 – Immobilization in solid support 

The CW3S peptide was immobilized in a chromatographic support (cross-linked agarose), 

using the peptide N-terminal cysteine with the Sulfo-SMCC chemistry (Pierce, 

ThermoScientific). Sulfo-SMCC is a cross-linking agent which can link an aminated support with 

a molecule containing a thiol group, in this case a cysteine. 

 

https://pepetide2.com/
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2.2.3.1 – Solid support epoxy-activation and amination 

The solid support used to immobilize the peptide was Sepharose CL-6B (GE Healthcare Life 

Sciences). 10 g of Sepharose CL-6B were epoxy-activated. For this, it was followed the method 

described in the literature [73,74] with few adaptations. Firstly, the resin was washed with distilled 

water in a glass filter funnel and drained. Next, the agarose was resuspended in water (1 mL/g) 

and in 10 M NaOH (0.040 mL/g), and incubated 30 minutes at 30ºC with orbital shaking (230 

rpm). Then, epichlorohydrin (99%) was added in the proportion of 0.072 mL/g moist agarose. 

The slurry was incubated for 3h at 36ºC (230 rpm) and at the end washed with water at vacuum. 

The amount of epoxy groups in agarose was determined by mixing 3 mL of 1.3 M of sodium 

thiosulfate with 1 g of agarose, and incubated 20 minutes at room temperature. Then, the solution 

was titrated with 0.1 M HCl until the pH reached approximately 7. The amount of epoxy groups 

was determined from the amount of HCl needed in order to maintain neutrality: Volume (mL)/10 

[73]. The total amount of epoxy-groups was about 24 µmol/ g agarose. 

The amination of the epoxy-activated agarose was performed with 5 molar excess conditions 

of 1,4-diaminobutane (Sigma-Aldrich). The slurry was incubated overnight at 40ºC with 200 rpm 

of orbital shaking. The resin was washed about 10x the total volume with distilled water. The 

content of amines was determined using Kaiser test (24 µmol/ g agarose) [75]. 

 

2.2.3.2 – Immobilization of CW3S in the solid aminated support 

To immobilize the peptide in the aminated support, the following solutions were used: 35% of 

50 mM HEPES, 1 mM EDTA pH 7.5 in DMF, as the immobilization buffer; and 50 mM HEPES 

pH 7.5 to dissolve Sulfo-SMCC. All buffers were de-aerated with a nitrogen stream before use. 

The resin was previously washed with immobilization buffer. Sulfo-SMCC was used according 

to the manufacturer instructions (Thermo Scientific). It was used a 0.5 µmol peptide: 1 µmol 

aminated support ratio and a 5 molar excess of 10 mg/mL of Sulfo-SMCC. The cross-linking 

agent and the aminated support were firstly incubated 30 minutes at room temperature with 

agitation (35 rpm). It was prepared a 5 mg/mL peptide solution with Bond-Breaker TCEP 

reducing agent in a 1:100 ratio. The CW3S with reducing agent solution was incubated 30 minutes 

at room temperature in dark. Before adding the peptide solution to the activated support, the latter 

was washed with immobilization buffer, in order to remove the excess of Sulfo-SMCC that did 

not react. Then, the immobilization reaction of the reduced peptide solution with the Sulfo-

activated support was incubated for 1h at room temperature with agitation (35 rpm). The resulting 

solution was washed with immobilization buffer to remove the peptide excess that did not react, 

and it was added 10 mg/mL of L-cysteine, as a blocking agent to the unreacted sites in the support 

(30 minutes incubation, at room temperature and rotary agitation of 35 rpm). Finally, the flow-
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through and washes were quantified by fluorescence (280-340 nm) to determine the amount of 

peptide that was immobilized in the solid support. The immobilized peptide was stored overnight 

in solution at 4ºC. 

 

2.2.4 – Affinity studies 

The affinity studies consisted in the assessment of binding between the immobilized peptide 

(CW3S-Ag) and two different targets: HSA and IgG. Two buffer solutions were employed, 

namely PBS 1x (10 mM sodium-phosphate, 150 mM NaCl, pH 7.4) for both binding and elution, 

and 0.1 M NaOH in 30% isopropanol as regeneration buffer. 

Firstly, CW3S-Ag was washed with water and regenerated 3 times with regeneration buffer. 

These washes were alternated with 3 distilled water washes. Then, the resin was equilibrated with 

binding buffer by several washes until the Abs280 was inferior to 0.005. The targets were added to 

50 mg of CW3S-Ag in duplicates, in a concentration of 66 µg/mL (20 µg target in a total volume 

of 0.3 mL). Negative controls were performed in the same method, with only aminated agarose 

instead. The immobilized peptide was incubated with the different targets at 4ºC, for 2h (manually 

mixed every 30 minutes until 1h incubation). Afterwards, the flow-through was collected and the 

resin was washed 8 times with binding buffer at 4ºC. The elution was performed with the same 

buffer, but 6 times at 23ºC. The loading, flow-through, washes and elutions were quantified by 

QuantiPro BCA Assay Kit from Sigma-Aldrich. This assay was performed according 

manufacturer indications. Micro BCA solvents QA, QB and QC were mixed in this order with the 

proportion of 25:25:1. 150 µL of sample with 150 µL of micro BCA reagent were mixed in a 

Starsted 96-well transparent microplate, that was incubated for 1h at 60ºC. The absorbance at 560 

nm was then measured. Binding (%) and elution (%) were determined by Equations 2.2 and 2.3. 

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 (%) =
𝑚𝑔 𝑏𝑜𝑢𝑛𝑑

𝑚𝑔 𝑙𝑜𝑎𝑑𝑒𝑑
× 100 (Equation 2.2) 

𝐸𝑙𝑢𝑡𝑖𝑜𝑛 (%) =  
𝑚𝑔 𝑒𝑙𝑢𝑡𝑒𝑑

𝑚𝑔 𝑏𝑜𝑢𝑛𝑑
× 100 (Equation 2.3) 

 

2.2.5 – MicroScale Thermophoresis (MST) 

MST is a technique to quantify biomolecular interactions, based in the concept of 

thermophoresis, which is the directed movement of molecules in a temperature gradient, that 

depends on a variety of molecular properties (e.g. size, charge, hydration shell or conformation). 

In order to detect and quantify the directed movement of molecules, CW3S peptide labelled with 
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a fluorescent agent (Fluorescein Diacetate 5-Maleimide) was tested for binding HSA, the ligand 

molecule. 

 

2.2.5.1 – CW3S labelling with Fluorescein Diacetate 5-Maleimide (FDM) 

CW3S labelling was performed using the Fluorescein 5-Maleimide protocol, provided by 

Thermo Fisher Scientific. A 15 fold molar excess of FDM was used into 1 mg/mL of CW3S, 

giving a final concentration of 3.105 mM of the fluorophore. Since FDM is not soluble in aqueous 

media, for concentrations higher than 1 mM, the fluorophore could be dissolved in DMF to a 

higher concentration of 6.21 mM (stock solution) and then diluted in 1:2 in the required labelling 

buffer (20 mM sodium phosphate buffer, 150 mM NaCl, 5 mM EDTA, pH 7.5) to reach the 

desired solution 3.105 mM in 50% DMF, 20 mM sodium phosphate buffer, 150 mM NaCl, 5 mM 

EDTA, pH 7.5. 

To separate the labelled protein from not-labelled FDM and CW3S, a PD10 desalting column 

was used, with a 5 KDa cut-off. The equilibration buffer used was the binding buffer to perform 

MST experiments, PBS (10 mM sodium phosphate, 150 mM NaCl) pH 7.4. The obtained 

fractions were quantified by A280, A495, fluorescence (λexcitation = 345 nm and λemission = 485 nm) 

and BCA assay. The determination of the protein concentration and labelling degree was achieved 

using the following equations, provided by FDM’s supplier: 

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛](𝑀) =  
𝐴280−(𝐴495 × 0.3)

𝜀
 (Equation 2.4) 

 

𝑚𝑜𝑙 (𝐹𝐷𝑀) / 𝑚𝑜𝑙 (𝑝𝑒𝑝𝑡𝑖𝑑𝑒) =  
𝐴𝑚𝑎𝑥 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑝𝑒𝑝𝑡𝑖𝑑𝑒

𝜀′×𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀)
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (Equation 2.5) 

 BCA Reagents A and B were mixed with the proportion of 50:1. 25 µL of sample with 200 

µL of BCA solution were mixed in a Starsted 96-well transparent microplate, that was incubated 

for 30 minutes at 37ºC. The plate was read with absorbance at 560 nm. 

 

2.2.5.2 – MST assays 

 The MST experiment was performed using 0.1 μM of labelled CW3S, per assay. The 

maximum concentration of HSA used was 1 μM. The assay buffer used was PBS pH 7.4, and as 

system settings, the experiment proceeded with auto-detect excitation power of 80% and medium 

MST-power. 16 samples were prepared, all of them with the same concentration of CW3S (0.1 

μM). The ligand was applied in serial dilutions of 1:2 from the first to the last sample, being the 
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maximum concentration 1 μM. These samples were transferred to 16 standard capillaries 

(Monolith NT.115 Standard Treated Capillary K002) (V ≈ 4 μL) and the signal read in Monolith 

NT.115 (Nanotemper). 

 

2.2.6 – Multi-Parametric Surface Plasmon Resonance (MP-SPR) 

 The MP-SPR assay was performed using a gold (Au) surface chip modified in-house. The chip 

was washed for 10 minutes in a previously boiled solution of 30% ammonia (NH4OH), 30% 

hydrogen peroxide (H2O2) in distilled water, in 1:1:5 proportion. Then, the Au sensor was rinsed 

in milliQ water and dried with a nitrogen air steam. For peptide immobilization, it was prepared: 

10 µM of CW3S with TCEP reducing agent (1:100) and 1 M ethanethiol. For the target, seven 

concentrations up to 50 µM of HSA (0, 0.1, 0.5, 5, 10, 20 and 50 µM) were also prepared. All 

samples were dissolved in PBS pH 7.4. In the following assay, the liquid chamber was used. A 

solution of CW3S (250 µL of 10 µM) was injected in the chamber and incubated for 15 minutes. 

This step was repeated to confirm that the Au-surface was modified and saturated. Then, 250 µL 

of 1 M ethanethiol blocking agent was added and incubated for 15 minutes. After each incubation, 

the Au-surface was washed with PBS pH 7.4 for 10 minutes, before the following injection. Then, 

the target samples were injected. In each 250 µL injection, HSA was incubated for 10 minutes, 

followed by 10 minutes in regeneration conditions (addition of 0.1 M NaOH in 30% isopropanol) 

and a 10 minutes wash with PBS pH 7.4. The assay was performed with a flow-rate of 20 µL/min 

at 20ºC. 
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2.3 – Results and discussion 

2.3.1 – CW3S synthesis and characterization 

 Chemical synthesis is a strategy already used for other protein domains production. Affibodies 

(through native chemical ligation) [20] and also hPin1 [76,77] and hYAP65 [78] WW domains  

are examples of protein domains in which this approach was positively used. Additionally, solid-

phase peptide synthesis (SPPS) and related chemical strategies are commonly used in proteins to 

introduce markers, labels and residues that facilitate, for instance, immobilization or detection 

[69,77]. The CW3S peptide is a WW domain with 41 amino acids and its chemical synthesis had 

to be well-designed to obtain good yields. This research group has already explored different 

SPPS strategies to  improve the yield of the chemical synthesis of other WW domains [77,78]. 

The use of microwave technology promotes more efficient amino acid coupling reactions [79]. In 

addition, PEG resins (hydrophobic resins) can facilitate difficult chemical synthesis processes 

[80]. In large peptides or peptides with tendency to aggregate, such as WW domains, the 

introduction of pseudo-proline units improve the yields of the production [77,81]. Pseudo-

prolines are oxazolidine dipeptides described as secondary structure disruptors, which can 

overcome errors and problems in the synthesis of difficult peptides. In this case, the introduction 

of these units was possible since the sequences of CW3S includes Serine and Threonine residues, 

for which pseudo-proline units are available. Double-coupling reactions were included in several 

amino acids for more efficient coupling reactions. Moreover, to reduce the formation of truncated 

sequences and obtain crude peptides of better quality, capping reactions were also performed after 

the 23rd amino acid residue. The peptide was fully deprotected and cleaved from the resin using 

standard protocols and purified by reversed-phase preparative HPLC.  

Fig. 2.2A shows the preparative HPLC chromatogram of the crude peptide. The peak at 20.86 

minutes was collected and lyophilized. The purity of the collected peak was determined by 

analytical HPLC (Fig. 2.2B) and it was greater than 95%. ESI-MS analysis confirmed the identity 

of the CW3S peptide (Fig. 2.2C). 
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The results shown in Fig. 2.2 corroborate the success of the chemical synthesis of the CW3S 

peptide. The use of PEG-based resin (Rink Amide Nova-PEG), the incorporation of two pseudo-

prolines and the fully optimized SPPS protocol (coupling and capping reactions) contributed to 

this achievement [77,80,81]. 

Fig.  2.2 – HPLC purification and MS identification of the crude peptide. (A) Preparative HPLC chromatogram of 

the crude peptide. Collected peak is identified by an arrow (retention time: 20.65) and the gradient used represented 

in the figure. (B) Corresponding analytical HPLC chromatogram of the collected and purified peak. (C) Mass 

spectrum of the collected peak obtained by ESI-MS. [M+2H]2+ 2416.2 (calculated)/2416.2 (determined), 

[M+3H]3+ 1611.1 (calculated)/1611.1 (determined), [M+4H]4+ 1208.6 (calculated)/1208.6 (determined), 

[M+5H]5+ 967.1 (calculated)/967.1 (determined). 
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To determine the peptide folding and characterize its thermal stability, CD spectroscopy was 

performed. The conditions used in the CD assays were the same as those previously applied in 

the study of other WW domains (hPin1 [77] and hYAP65 [78]). WW domains have a 

characteristic CD signal showing a maximum positive ellipticity at 230 nm and a maximum 

negative ellipticity at 206 nm [57]. The CD spectrum of the CW3S peptide was recorded in Far-

UV region at different temperatures, namely 4°C, 23ºC and 88°C (Fig. 2.3A). At 4 °C, the CD 

spectrum shows only the positive ellipticity at 230 nm. At 88°C this ellipticity is not observed 

indicating that the peptide is unfolded. At 23ºC, the 230 nm signal is observed but with lower 

intensity, which is indicative of an intermediate state between 4ºC and 88ºC. After the peptide 

was denatured at 88ºC, the solution was cooled down to 4°C and the CD spectrum was recorded 

again (Fig. 2.3A). The data suggests that the peptide is able to refold back after denaturation. 

However, the ellipticity at 230 nm is lower than that observed before denaturation. 

The temperature denaturation studies were performed between 4 °C and 88 °C (melting curve) 

by monitoring the change in signal at 230 nm (Fig. 2.3B). For the melting temperature (Tm) 

determination, the experimental data were fitted to a two-state model as described in methods. 

The Tm obtained was 28.95ºC. This value is lower in comparison with the Tm values of 

previously studied WW domain (54.2 ± 6.3 °C; R2=0.97) [68] and to the WW prototype sequence 

(44.2 ± 0.2 °C; R2=0.99) [63]. Thus, the determined Tm indicates a decrease in the thermal 

stability of CW3S. Specially, there is a significant difference between the 42 residue CW3S 

produced in previous work, and this one (41 residues). The reason of this difference is currently 

not fully understood since the simple depletion of the N-terminal amino acid is not most likely 

the origin. However, this Tm is comparable to other explored WW domains, in this case the 38 

residue version of hYAP65 which has Tm values of  31.4 ± 2.9 °C (R2=0.99) and 28.5 ± 2.6 °C 

(R2=0.99) (produced through two different chemical synthesis strategies) [78]. 
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2.3.2 – Immobilization of CW3S in a chromatographic support and binding assessment 

 The purification of HSA is possible through depletion, capture and separation processes. 

Different commercial kits are available, that include synthetic ligands, Ig/non-Ig fragments, which 

typically operate, at high salt concentrations in binding and elution conditions. The latter can be 

especially harsh for proteins. Moreover, available synthetic ligands present lower specificity 

towards HSA, and antibody-based resins are too expensive. Therefore, the possibility to use 

CW3S as an affinity ligand for HSA selective recovery is a promising strategy, presenting less 

expensive materials and possibly higher specificity. In addition, binding to IgG was also tested in 

this assay to explore the selectivity of the CW3S ligand. 

The solid support chosen to CW3S immobilization was cross-linked agarose (Sepharose CL-

6B), using the N-terminal cysteine residue of the peptide. Sulfo-SMCC was already successfully 

used for immobilization in cross-linked agarose, providing a chemistry for an oriented 

immobilization in the chromatographic support [77]. In the present study, the immobilization 

Fig.  2.3 – CW3S folding and thermal stability analysed through Circular Dichroism. (A) Far-UV CD 

spectra at 4ºC, 23ºC, 88°C and refolding at 4ºC. (B) Fitting to a two state-model curve for determination of 

melting temperature (Tm) between 4ºC and 88°C. 
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yield of CW3S was 85% with a final density of 4.96x10-3 µmol peptide/mg support. This value 

was within the range of previous immobilization procedures in CW3S peptide [68]. 

 According to data previously obtained, the binding experiment was performed at 4ºC and the 

elution at 23ºC, in PBS pH 7.4 [68,77]. Fig. 2.4 and Table 2.1A show that the immobilized CW3S 

(CW3S-Ag) bound about 29.4 % of the IgG loaded (0.12 µg peptide/mg support) and 17.2% of 

the HSA loaded (0.07 µg peptide/mg support). In the latter, these values are similar to the binding 

of unfunctionalized agarose to HSA (negative control). 

 

 

In previous tests, HSA binding to CW3S-Ag was 88% [68]. Despite the binding conditions 

(binding and elution temperatures, binding buffer and regeneration buffer) were the same between 

the preliminary data [68] and this work, the immobilization procedure was quite different. The 

CW3S peptide from this work, which differs from the previous work in one serine residue, showed 

serious difficulties to solubilize during the immobilization protocol, due to its highly hydrophobic 

Fig.  2.4 – Binding studies of the CW3S peptide immobilized in agarose solid support (CW3S-Ag) with 

Immunoglobulin G (IgG) and Human Serum Albumin (HSA), in pink. Blue columns correspond to 

negative control assay, i.e., binding between unfunctionalized agarose and both same target proteins. 

Table 2.1 – A) CW3S-Ag and Agarose binding to IgG and HSA (%), determined by Equation 2.2, and 

amount of target that bound per amount of support (µg target/mg support). B) IgG and HSA elution (%), 

determined by Equation 2.3, and amount of eluted target per protein bound (µg target/µg bound). 
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character. It was impossible to solubilize the peptide in the aqueous immobilization buffer, even 

combined with complementary strategies as vortex and sonication. The CW3S was only dissolved 

in 65% DMF, 35% 50 mM HEPES, 1 mM EDTA pH 7.5. The presence of this organic solvent 

could change completely the peptide properties and consequently affect its binding capacity 

towards HSA. It is therefore possible to assume that the peptide was not properly folded under 

those conditions, despite it was possible to immobilize it in agarose. As such, CW3S 

hydrophobicity was a major challenge and limitation in our protocols. Precipitation frequently 

occurred in the presence of aqueous media, even in relatively low concentrations (superior to 1 

mM). Therefore, it was not possible to assess CW3S-Ag binding to HSA in the standard and 

required conditions (peptide concentration, solvents, pH). The adopted solution was the 

dissolution in organic solvent, however additional affinity tests need to be tried, namely 

techniques that do not necessitate high concentrations of peptide. 

 

2.3.3 – MST: interaction between fluorescently labelled CW3S and HSA 

MicroScale Thermophoresis (MST) is a technique to quantify biomolecular interactions, based 

in the concept of thermophoresis. Thermophoresis is the directed movement of molecules in a 

temperature gradient, that depends on a variety of molecular properties (e.g. size, charge, 

hydration shell or conformation). Therefore, MST shows high sensitivity to any molecular 

properties changes, allowing a precise quantification of molecular events. In this experiment, an 

infrared laser induces a temperature gradient in a glass capillary, a high-power LED (light-

emitting diode) as a source of light excitation, a fluorescence detector, and a sample tray of 16 

capillaries [82,83]. The dissociation constant (Kd) is deduced from the binding curve, derived by 

plotting the normalized fluorescence (FNorm) at a given time against each ligand concentration 

[84–86]. The fluorescence source could be intrinsic (e.g., indole side chain of tryptophan), from 

attached dyes (e.g., Fluorescein, Alexa546) or from fluorescent protein (e.g., GFP, YFP). The 

fluorescence excitation/detection spectrum is also important in order to choose the appropriate 

MST apparatus. Different labelling approaches can be used in attaching dyes to a target protein, 

for example, the specific fluorophore molecule to the amine group of lysine, thiol group of 

cysteine, fusion protein (such as GFP), or even unnatural amino acids [87,88]. 

In this case, CW3S was labelled with Fluorescein Diacetate 5-Maleimide (FDM) through the 

maleimide chemistry, similar to Sulfo-SMCC referred in 2.3.2. Maleimide groups have the 

capacity to bind to the sulfhydryl group of the peptide cysteine, making the peptide detectable by 

fluorescence in the MST assay. FDM is a molecule effective for labelling sulfhydryl-containing 

compounds, in which maleimide groups react predominantly with sulfhydryls at pH 6.5-7.5, 

producing a stable thioether bond. FDM was the most adequate dye to use in this case, and already 
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available in the laboratory. FDM has an excitation wavelength of 492 nm and an emission of 530 

nm according to the manufacturer indications. 

After the labelling reaction, the mixture was separated by gel filtration and the fractions 

obtained from PD10 elution were analysed by A280, A495, fluorescence (λexcitation = 345 nm and 

λemission = 485 nm) and BCA assay (A560) (Fig 2.5). A280 shows the presence of peptide, while A495 

and fluorescence detect the fluorophore FDM. BCA gives information about the existence of 

peptide ligations, that can trace the linkage between the peptide and FDM. PD10 desalting column 

has a 5 kDa cut-off, meaning that molecules with molecular weights superior to 5 kDa are eluted 

first. With this, it was expected that CW3S-FDM would be eluted first, with a molecular weight 

of 5.34 kDa, followed by non-labelled peptide and lastly FDM non-conjugated. In Fig 2.5., 

through the BCA and A280 profiles, it was possible to observe that CW3S-FDM was eluted first. 

The elution of non-labelled peptide was also possible to obverse in A280 profile, corresponding to 

the second peak. However, FDM was not detected after CW3S elution in A495. It is possible that 

FDM was almost all conjugated with the peptide, thus there was no trace of it detectable in the 

chromatogram. In addition, FDM might present residual A280, which can mean that non-

conjugated FDM was eluted in this absorbance peak, with CW3S. For a more correct analysis, 

the BCA assay was performed and the ligation of the peptide and the marker was corroborated. 

Afterwards, the fraction corresponding to the BCA A560 peak (7 mL) was collected. Through 

Equation 2.4, a concentration of 0.28 mM of CW3S was determined and using Equation 2.5 it 

was possible to determine the degree of labelling of 0.134 mmol of FDM per mol of peptide. 
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MST presents several advantages, namely that the affinity studies are performed in solution, 

with no need to immobilization. Also, the time required for optimization and Kd determination, 

as well as sample preparation and data processing, is low in comparison to other affinity 

interaction evaluation techniques. Furthermore, MST is described as an economical technique, 

efficient and convenient for a rapid screening of a series of molecules [89]. 

Three MST assays were performed with a fixed concentration of CW3S-FDM of 0.1 µM and 

an increasing HSA concentration, per assay. MST software analysed different parameters in order 

to obtain a final dose-response curve and respective dissociation constant (Kd). In those 

parameters, are included the fluorescence intensity and homogeneity of all capillaries, in order to 

confirm that every sample presents the labelled protein in a proper concentration and fluorescence 

ratio. Other parameter is the MST trace, which is an overview that provides information about 

aggregation of the labelled molecule and photobleaching properties of the samples. It shows the 

fluorescence intensity of all capillaries over time, reflecting the MST signal of the fluorescent 

target molecule in presence of increasing ligand concentrations. For the three assays performed, 

three dose-response curves were obtained (Fig. 2.6), relating HSA concentration (M) and an 

optimized fluorescence norm (‰), an indicator of thermophoretic property of binding partners. 

MST software allowed the fitting of these data in order to obtain a Kd (M) of the experiment 

interaction. Ka (M-1) was also determined by the inverse of Kd. The values obtained for Kd and Ka 

were 2.0x10-7 M and 5.0x106 M-1, respectively. These values are within the range of previous by 

Fig.  2.5 – Chromatogram obtained in PD10 desalting column, regarding CW3S labelling with Fluorescein 

Diacetate 5-Maleimide. FF: fluorescence signal (λexcitation = 345 nm and λemission = 485 nm); A495: 

Absorbance 495 nm signal; A280: Absorbance 280 nm signal; A560: Absorbance 560 nm signal for BCA 

assay. 
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assessed affinity constant (Table 2.2) [68] and also within the range of a favourable affinity 

interactions (1x103 to 1x1011 M-1). The previous dissociation and affinity constants were obtained 

with GFP-fused CW3S (biologically produced), through ELISA. In our work, MST results for the 

chemically synthesized CW3S demonstrated Ka in the same order of magnitude (Table 2.2) [68]. 

In addition, a negative control was performed, to confirm that the labelling agent was not binding 

to HSA. The assay indicated no binding between the two compounds, and consequently a fitted 

dose-response curve was not possible to obtain. It is important to refer that this was the first time 

that a WW domain was studied by MST, and there was no previous work in this technique 

described in the laboratory. Therefore, these conditions were achieved through several 

optimizations. Nevertheless, different approaches can be tried. For example, using different 

labelling molecules, or labelling HSA instead and vary the CW3S concentration, or even trying 

different buffers in solution. Another complementary test would be performing MST in the same 

conditions, targeting IgG. Finally, these experiments were also marked by the absence of 

problems in the peptide solubility, since the concentrations of peptide and ligand used were very 

low. Therefore, MST provides a major advantage by not requiring substantial amounts of sample 

such as other affinity techniques, giving efficient and rapid results. However, protein labelling 

could be a challenge in certain cases. 

 

Fig.  2.6 – Dose-response curve fitted from MST assay, including the three assays performed. 0.1 µM of 

labelled CW3S was used in each assay, with a variation of HSA concentration (maximum fixed at 1 µM). 

Auto-detect excitation power of 80% and medium-MST power were used as equipment settings. 

Dissociation constant (Kd) deduced was 2.0x10-7 M and the affinity constant (Ka) 5.0x106 M-1. 
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Table 2.2 – Affinity and dissociation constant comparison between the previously biologically produced 

CW3S fused to GFP (through ELISA) and the chemically synthesized CW3S marked with FDM (through 

MST). 

 Method 
Affinity constant 

(Ka) 

Dissociation constant 

(Kd) 

GFP-CW3S with HSA [68] ELISA 8.37x106 M-1 1.19x10-7 M 

CW3S-FDM with HSA MST 5.0x106 M-1 2.0x10-7 M 

 

2.3.4 – MP-SPR: CW3S immobilization in Au-gold surface and binding against HSA 

Surface plasmon resonance (SPR) is an optical technique for measuring the refractive index 

of thin layers adsorbed on a metal. A fraction of the incident light energy at a defined angle can 

interact with the delocalized electrons in the metal film (plasmon), promoting the reduction of the 

intensity of the reflected light. The SPR experiment is based that, at certain conditions, surface 

plasmons on a metallic film can be excited by photons, converting a photon into a surface 

plasmon, depending on the refractive index of the adsorbate. SPR is as an economical and 

convenient technique to characterize interactions between a protein and a small molecule, since 

the protein is not consumed during analyses and can be reused for various cycles [90,91]. 

In this strategy, a non-modified Au-chip was used as the immobilization surface for CW3S. 

Since this chip presents surface thiol groups, it was possible to use CW3S cysteine residue to bind 

the surface through the sulfhydryl linkage. The blocking agent used was ethanethiol, another thiol 

reagent, used to prevent non-specific binding, i.e. to avoid the target molecule to bind directly to 

the Au surface. A crescent concentration of ligand was used: 0, 0.1, 0.5, 5, 10, 20, 50 µM and 

finally 1 mM. Fig. 2.7 represents the SPR signal variation with time, including the periods of 

peptide, blocking agent and target addition in both affinity and control chambers. The signal was 

measured in two wavelengths, 670 nm and 785 nm. In Fig. 2.7, only 670 nm results are presented, 

since 785 nm demonstrate the same signal variations. In this assay, the affinity chamber includes 

the addition of peptide towards immobilization in the Au-surface, and further ethanethiol and 

ligand additions. The control chamber includes the same compounds, however in a surface not 

modified with peptide. CW3S was added to the Au-surface twice, in the same 10 µM 

concentration (at 15.15 min and 37.46 min) to ensure the surface saturation. In both additions, the 

peptide adsorption is well observed through the signal increase. Provider information 

demonstrates that an increment of 0.05 deg is sufficient to conclude a molecule was absorbed. 

Therefore, after the second peptide addition, and before the blocking agent, it is possible to 

conclude the peptide was successfully immobilized. It was impossible to observe adsorption of 

the peptide on the surface, and significant desorption of the peptide, i.e., after the peptide 

additions, the signal did not return to the baseline, which would indicate that the peptide had been 
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desorbed and not linked to the surface. Then, the blocking agent was added and practically a 

complete desorption was verified. Possibly, all Au-surface was already filled with immobilized 

peptide, thus not presenting free thiol groups to bind ethanethiol. Moreover, CW3S is a high size 

molecule and its immobilization could cause obstruction to ethanethiol binding. Afterwards, 

different HSA concentrations were tested against immobilized CW3S. In concentrations up to 50 

µM, HSA did not bind to the immobilized peptide. It is well observed that after the injection of 

the target, it desorbs completely, i.e. the signal returns to the baseline with no significant variation 

between the initial and the final signals. However, in the control chamber, there is indication of a 

possible binding of HSA to the unmodified Au-gold surface. Since in this range of target 

concentrations, HSA did not bind to CW3S-Au, a higher concentration of 1 mM HSA was tried. 

Despite a small increase in the baseline (Δ=0.051), most of HSA had desorbed. According to 

supplier (BioNavis) instructions, affinity interactions start in variation (Δ) values superior to 0.05. 

This is an indicator that in future work, higher target concentrations should be tried. It is important 

to refer that there was not reported work regarding this technique towards this domain. All 

conditions were optimized for the first time for CW3S immobilization and further binding studies. 

For instance, it is unknown if the regeneration conditions used (0.1 M NaOH in 30% isopropanol) 

can harm the Au-surface binding. Complementary work must be performed in SPR for this 

purpose. Firstly, in the same experimental conditions, higher concentrations of target should be 

performed, in order to confirm HSA affinity towards CW3S. In addition, different buffer and pH 

conditions can also be experimented in HSA binding, as well as a different flow rate. Experiments 

without regeneration of the Au-surface can also be performed. Moreover, CW3S immobilization 

improvement could be explored with the presence of linkers that enable the binding between the 

peptide and the surface. As in chromatography affinity tests (2.3.2), CW3S interaction with IgG 

could also be studied. 

SPR can obtain rapid results and is a suitable and cost-effective technique, requiring small 

amounts of sample volumes. However, each assay needs rigorous standardization, which on the 

other hand ends up in using considerable amounts of precious ligand and peptide. In addition, the 

technique does not reach temperatures under 20ºC, an important factor that should be explored, 

and which could influence CW3S folding and consequently its binding capacity. Moreover, SPR 

requires the use of proper washing steps and regeneration conditions, a correct flow rate to avoid 

mass transfer limited binding, the use of correct reference for data subtraction and zeroing, and 

finally requires multiples or replicates for each assay [91,92]. 
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Fig.  2.7 – MP-SPR signal (deg) obtained with time (min), in affinity and control chambers, at a wavelength 

of 670 nm. Additions of CW3S, ethanethiol and all concentrations of HSA are represented in time (min): 

CW3S 15.15 min and 37.46 min; Ethanethiol 57.57 min; HSA: 0 µM 80.12 min, 0.1 µM 106.13 min, 0.5 

µM 136.34 min, 5.0 µM 165.04 min, 10 µM 192.55 min, 20 µM 225.20 min, 50 µM 257.61 min, 1 mM 

291.61 min. 
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2.4 – Concluding remarks 

 This chapter aimed at (i) the chemical production, purification and characterization of CW3S 

peptide; and (ii) the evaluation of the binding between CW3S and the target protein HSA. Positive 

results were accomplished regarding peptide synthesis, purification and characterization. The 

optimizations applied in the SPPS protocol were successful and the CW3S peptide was obtained 

with a yield of 3.3 %. 

Three different affinity techniques were performed to assess the binding between CW3S and 

the target HSA, namely affinity chromatography, MST and MP-SPR. MST was the only 

technique which allowed the determination of a Ka comparable with previous data [68] 

(Ka=5.0x106 M-1). Despite necessitating a labelling dye conjugated to CW3S, MST provides 

better assay conditions to a highly hydrophobic peptide. Although it uses the same binding buffers 

(PBS pH 7.4), the range of low concentrations used in MST avoids peptide precipitation and 

solubility problems. Moreover, MST does not require immobilization in a solid support and the 

assay is performed in solution. Still, labelling CW3S could be a challenge, since its hydrophobic 

character can affect solubility and promote precipitation during the removal of the labelling agent 

and the peptide not conjugated excess through PD10 desalting column elution. These issues could 

also be overcome by using low concentration of peptide in conjugation. 

The immobilization of CW3S in a chromatographic resin required high concentrations of 

peptide in aqueous solution for immobilization (≈1.5 mM). The need to include organic solvents 

in the immobilization buffer constitution (about 65%) to improve solubility, compromised 

previously optimized conditions for CW3S binding against HSA. CW3S folding and 

consequently its binding regions could have been affected due to harsh conditions. Despite these 

results indicate that CW3S does not present affinity towards HSA, a conclusion can not be taken, 

since the peptide was dissolved in a completely different solution. On the contrary, MP-SPR uses 

low concentrations (10 µM), although 10 times superior to MST. Nonetheless, MP-SPR 

parameters, binding conditions and concentrations must be optimized. As referred in 2.3.4, there 

are no record of experiments with CW3S in SPR, thus these parameters were tried for the first 

time, based on studies with other protein domains. 

Additional studies and different techniques need to be performed with appropriate conditions 

(namely low concentrations in aqueous buffers) for CW3S solubility. However, MST results 

indicate CW3S is still a promising scaffold for affinity and biotechnological applications. 
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Chapter 3 

This chapter focuses on the biological production of a WW domain (CW3S) in bacterial cells 

(Rosetta (DE3)) and further purification. The sequence of the CW3S peptide produced 

biologically includes the C-terminal Serine residue [68], since it was depleted during solid-phase 

peptide synthesis only due to coupling limitations. Therefore, CW3S presents a total of 42 

residues, a molecular weight of 5 kDa and the corresponding encoding gene presents a total of 

172 bp, presenting the sequence: (N-terminal) NH2- CMGLPPGWDEYKSSNLFLGKTYYYNH- 

DNSPKTSTWTDPRMS-COOH (C-terminal). 

 Two different strategies are approached in this chapter. The first one consists in the expression 

of CW3S domain alone in E. coli, using the expression vector pAP006 (6245 bp). The second one 

uses Green Fluorescent Protein (GFP) as a reporter tag fused at the N-terminal of CW3S, and the 

expression vector pAP004 (6199 bp) to facilitate the monitorization of the protein expression 

during production. GFP is a protein obtained from Aequorea victoria jellyfish, that has fluorescent 

properties, when a chromophore is formed due to molecular oxygen contact [93]. 
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3.1 – Materials and Equipment 

The plasmids pAP004 and pAP006 and the competent cells Escherichia coli Rosetta 

BL21(DE3) were available in the Group (UCIBIO, Portugal). pEX-A128 was ordered from 

Eurofins (Genomics). Nzy5α, NzyStar and MiniPrep kit were purchased from NZYTech. 

Restriction enzymes (NheI, KpnI and HindIII) were purchased from ThermoScientific. DNase I 

was obtained from Roche (Lisbon, Portugal). For DNA purification, E-gel from Invitrogen-

Thermo Scientific was used. The chromatographic materials cross-linked agarose (SepharoseTM 

CL-6B) and HiLoad 16/600 Superdex 75 column were obtained from GE Healthcare (Uppsala, 

Sweden). A4C7 resin was available from previous group work [94]. Brand Black immunograde 

96-well microplates and 96-well UV half area (Greiner) were supplied by VWR International 

(Lisbon, Portugal). The 96-well transparent microplates were acquired from Sarstedt (Lisbon, 

Portugal). 

 

3.2 – Methods 

3.2.1 – Transformation of pEX-A128, pAP004 and pAP006 plasmids into E. coli Nzy5α 

competent cells 

pEX-A128 was firstly designed with the sequence of interest and then ordered and purchased 

to Eurofins Genomics. pAP004 and pAP006 are pET21c plasmids used for molecular cloning. 

Regarding the transformation, 1 μL of plasmid was added to 50 μL of Nzy5α competent cells. 

For positive and negative controls, it was used 20 μL of competent cells. For the positive control, 

it was added the plasmid control provided by NzyTech (pCCC). These preparations were 

incubated in ice for 30 minutes, followed by 40 seconds in a water bath at 42ºC (heat-shock 

treatment), and finally 2 minutes in ice. It was added room-temperature LB media to each 

preparation, up to 1 mL of total volume, followed by 1h of incubation at 37ºC and 225 rpm orbital 

agitation. Afterwards, it was spread 50 μL and 150 μL from each sample to previously prepared 

LB/Agar/Ampicillin (Amp) plates. The remaining volume of each sample was centrifuged (2 

minutes/5000 rpm), most of the supernatant discarded and the pellet resuspended in a small 

volume. This was also spread in LB/Agar/Amp plates. The cells were grown on the plates 

overnight, at 37ºC and then stored at 4ºC. 

3.2.2 – Isolation, quantification and integrity of plasmid DNA from bacterial cells 

The pre-inoculums of the plasmids were prepared in duplicates (2 for each plasmid) by adding 

one isolated colony to LB media with 100 μg/mL Amp. In high-copy vectors (pEX-A128) it was 

used 6 mL of LB media, however in low-copy vectors (pAP004 and pAP006) it was used 12 mL. 
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The isolation of the transformed plasmids was performed using NzyMiniPrep kit from 

NzyTech, according to the manufacturer indications. The following volumes are referred 

according to high copy vectors. For low-copy, the volumes of A1, A2 and A3 buffers were the 

double of high-copy. The pre-inoculums were centrifuged for 2 minutes at 11000 rpm, the 

supernatant discarded and the pellets resuspended in 250 μL of buffer A1. Then it was added the 

same volume of A2 and incubated for 4 minutes at room-temperature. After the addition of 300 

μL of A3 buffer, the mixture was centrifuged for 10 minutes at 11000 rpm. The supernatant was 

collected to silica-gel based columns which were centrifuged for 2 minutes at 11000 rpm. The 

flow-through was discarded. Next, it was added to the columns 500 μL of AY buffer (previously 

heated) and 600 μL of A4 buffer with ethanol. In both buffer additions, the solutions were 

centrifuged for 2 minutes at 11000 rpm and the flow-through discarded. Next, to dry the columns, 

they were centrifuged for 3 minutes at 11000 rpm. The columns were placed in clean 1.5 mL 

eppendorfs to proceed to the elution. The first elution was performed by adding 30 μL of pre-

warmed milliQ water, incubation for 1 minute in a water bath at 42ºC and then a 2 minutes 

centrifugation at 11000 rpm. The flow-through was collected to each eppendorf. The second 

elution was performed by the same method, however with 50 μL of milliQ water instead. The 

obtained DNA was stored at -20ºC. 

The plasmid DNA was quantified in Nanodrop 1000 (Thermo Scientific). 

In order to evaluate the purity and integrity of each plasmid, a 0.8% agarose gel was run for 

pEX-A128, pAP004 and pAP006 plasmids. The gel was performed by adding the corresponding 

amount of ultra-pure grade agarose (NzyTech) to TAE buffer 1x (40 mM 

tris(hydroxymethyl)aminomethane, 20 mM glacial acetic acid and 1 mM EDTA). The gel dye 

used was Green Safe Premium, about 3 μL/100 mL agarose solution. The samples used in the gel 

were NzyDNA Ladder III DNA Marker, the first and second elutions of the extracted pEX-A128, 

pAP004 and pAP006 plasmids. For the plasmids, it was used 2 μL of plasmid DNA diluted in 2 

μL of milliQ water and 1 μL of Loading Dye from NzyTech (proportion of 1 volume of dye to 5 

volumes of sample), performing a total volume of 5 μL loaded in the gel. The electrophoresis was 

run for 60 minutes at 100 V. For gel revelation, it was used a UV Transiluminator (Bio-Rad Gel 

Doc XR+). 

 

3.2.3 – Digestions regarding the expression of CW3S peptide: pEX-A128 and pAP006 

double-digestions with NheI and HindIII 

 The purified plasmids pEX-A128 and pAP006 were digested with NheI and HindIII restriction 

enzymes, according to the manufacturer protocols, from Thermo Scientific. The digestion of pEX-

A128 was prepared with 4 μg of plasmid DNA, in a total volume of 40 μL. It was also added 4 
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μL of fast digestion buffer 10x, 2 μL of each restriction enzyme and milliQ water up to 40 μL. 

The digestion of pAP006 was prepared with 2 μg of plasmid DNA, with 2 μL of fast digestion 

buffer 10x, 1 μL of each restriction enzyme and milliQ water up to 20 μL. The digestion reactions 

occurred at 37ºC for 3h, plus the thermal inactivation of NheI and HindIII (65ºC/5 minutes and 

80ºC/10 minutes, respectively). The reaction was carried out in a T-100 Thermal Cycler from 

Bio-Rad. 

 Double digested pAP006 plasmid (dd_pAP006) was also dephosphorylated with Fast-AP 

(Thermosensitive Alkaline Phosphatase), from Thermo Scientific, to prevent recircularization and 

self-ligation of the transformation plasmid. The method was carried out as referred by the provider 

protocol. Fast-AP was added to dd_pAP006 in a proportion of 1 μL/10 μL double digestion 

volume. The mixture was incubated for 30 minutes at 37ºC, plus 20 minutes at 80ºC (Fast-AP 

enzyme inactivation) in the T-100 Thermal Cycler from Bio-Rad. 

Finally, it was performed an electrophoresis in agarose gel to confirm the release of the insert 

that contain the gene of interest in pEX-A128, and also to evaluate the digestion of the 

transformation plasmid, pAP006. For pEX-A128 it was used a 2% agarose gel, and for pAP006 

a 0.8% gel. The gels were accomplished as referred in 3.2.2. Regarding the 2% gel, both NzyDNA 

Ladder III DNA Marker and NzyDNA Ladder V DNA Marker were used. Undigested pEX-A128 

and double digested pEX-A128 (dd_pEX-A128) were loaded in the gel. For the first one, 1 μL of 

purified plasmid was diluted in 3 μL of milliQ water and 1 μL of loading dye. As for dd_pEX-

A128, 2 μL of plasmid were diluted in 2 μL of milliQ water and 1 μL of loading dye. For the 

0.8% gel, only NzyDNA Ladder III DNA Marker was used. For both undigested pAP006 and 

dd_pAP006 samples, it was added a volume proportion of 1 μL of plasmid, 3 μL of milliQ water 

and 1 μL of loading dye. In both gels, the final volume of every sample was 5 μL. The Loading 

Dye and gel revelation were used as referred in 3.2.2. 

 

3.2.4 – Digestions regarding the expression of CW3S peptide coupled to GFP: pEX-A128 

and pAP004 double-digestions with KpnI and HindIII 

 The purified plasmids pEX-A128 and pAP004 were digested with KpnI and HindIII restriction 

enzymes, according to the manufacturer protocols, from Thermo Scientific. The digestion of pEX-

A128 was prepared with 2 μg of plasmid DNA, in a total volume of 20 μL. It was also added 2 

μL of fast digestion buffer 10x, 1 μL of each restriction enzyme and milliQ water up to 20 μL. 

The digestion of pAP004 was prepared with 3 μg of plasmid DNA, with 3 μL of fast digestion 

buffer 10x, 1.5 μL of each restriction enzyme and milliQ water up to 30 μL. The digestion 

reactions occurred at 37ºC for 3h, plus the thermal inactivation of KpnI and HindIII (80ºC/5 
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minutes and 80ºC/10 minutes, respectively). The reaction was carried out in a T-100 Thermal 

Cycler from Bio-Rad. 

 Double digested pAP004 (dd_pAP004) was dephosphorylated as referred in 3.2.3 for 

dd_pAP006. 

Finally, it was performed an electrophoresis in agarose gel to confirm the release of the insert 

that contain the gene of interest in pEX-A128, and also to evaluate the digestion of the 

transformation plasmid, pAP004. The gels were accomplished as referred in 3.2.2. In the gel, it 

was loaded NzyDNA Ladder III DNA Marker, double-digested pEX-A128 (dd_pEX-A128) and 

dd_pAP004. For both plasmid samples, 1 μL of purified plasmid was diluted in 3 μL of milliQ 

water and 1 μL of loading dye. The Loading Dye and gel revelation were used as referred in 3.2.2. 

 

3.2.5 – Purification of the inserts and double-digested plasmids by e-gel 

 The inserts released in both digestions of pEX-A128 and the double-digested transformation 

plasmids (dd_pAP004 and dd_pAP006) were purified before the ligation reaction. The equipment 

used was E-gel from Invitrogen-Thermo Scientific and the purification methodology was 

performed according to the supplier instructions. The purification method consisted in an 

electronic gel in which 700 ng of digested DNA were loaded in each upper-well, in milliQ water, 

up to 20 μL. For each e-gel electrophoresis, 5 μL of a DNA marker was loaded. The method 

chosen was “0.8% gel run”. The different bands of each DNA sample were visible in the e-gel as 

in a usual electrophoresis. The bands of interest of each sample were collected in the collecting 

wells and quantified by Nanodrop before the ligation reactions. 

 

3.2.6 – Strategies for cloning CW3S sequence with an expression vector 

 For cloning the gene encoding CW3S peptide in an expression vector, two strategies were 

considered. In the first approach, the gene that codifies for CW3S peptide (obtained by digestion 

of pEX-A128 with NheI and HindIII) was cloned with the dd_pAP006 expression vector, which 

is referred in 3.2.6.1. The second approach considered the cloning of the insert with the genes that 

codified CW3S peptide sequence, Enterokinase (EK) cleavage site and Green-Fluorescent Protein 

(GFP) – GFP-EK-CW3S. This insert was obtained by digestion of pEX-A128 with KpnI and 

HindIII. The expression vector considered was dd_pAP004. The cloning method is referred in 

3.2.6.2. 
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3.2.6.1 – Cloning of CW3S sequence insert in dd_pAP006 expression vector 

 The cloning of the insert of interest in dd_pAP006 expression vector was performed with T4 

DNA Ligase (Thermo Scientific), by using the supplier protocol. The amount of DNA of insert 

was determined by the following equation: 

𝑛𝑔 (𝑣𝑒𝑐𝑡𝑜𝑟)×𝑘𝑏 (𝑖𝑛𝑠𝑒𝑟𝑡 𝑠𝑖𝑧𝑒)

𝑘𝑏 (𝑣𝑒𝑐𝑡𝑜𝑟 𝑠𝑖𝑧𝑒)
×

𝑖𝑛𝑠𝑒𝑟𝑡

𝑣𝑒𝑐𝑡𝑜𝑟
 (𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜) = 𝑛𝑔 (𝑖𝑛𝑠𝑒𝑟𝑡) (Equation 3.1) 

 To perform the ligation reaction, the amount of insert previously determined was added to 

other components to a final reaction volume of 20 μL. Therefore, they were considered two 

different vector-insert molar ratios (1:3 and 1:10) and a negative control reaction. In both cases, 

the following components were added into a PCR reaction tube, by this order: milliQ water up to 

20 μL, 25 ng of vector, the determined amount of insert (depending on the ratio considered), 2 μL 

of 10x Reaction Buffer and 0.4 μL of T4 DNA Ligase (5U/μL). Regarding the negative control 

reaction, no the insert was added to the reaction mixture. The reactions mixtures were then 

incubated for 2h at 22ºC for, followed by 5 minutes at 70ºC for T4 DNA Ligase inactivation, in a 

T-100 Thermal Cycler from Bio-Rad. The cloning product was stored at -20ºC. 

 

3.2.6.2 – Cloning of GFP-EK-CW3S sequence insert in dd_pAP004 expression vector 

 The methodology used for the cloning of GFP-EK-CW3S in the dd_pAP004 expression vector 

was the same as referred in 3.2.6.1. 

 

3.2.7 – Transformation of the cloning products (ligation reaction) from 3.2.6.1 and 3.2.6.2 

in NzyStar competent cells 

10 μL of each cloning product was added to 100 μL of NzyStar competent cells. For positive 

and negative controls, it was used 50 μL of competent cells. For the positive control, it was added 

the plasmid control provided by NzyTech (pCCC). These preparations were incubated in ice for 

30 minutes, followed by 40 seconds in a water bath at 42ºC (heat-shock treatment), and finally 2 

minutes in ice. It was added room-temperature LB media to each preparation, up to 1 mL of total 

volume, followed by 1h of incubation at 37ºC and 225 rpm orbital agitation. Afterwards, it was 

spread 50 μL and 150 μL from each sample to previously prepared LB/Agar/Amp plates. The 

remaining volume of each sample was centrifuged (2 minutes/5000 rpm), most of the supernatant 

discarded and the pellet resuspended in a small volume. This was also spread in LB/Agar/Amp 

plates. The cells were grown on the plates overnight, at 37ºC and then stored at 4ºC. 
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3.2.8 – Restriction analysis – Insert release confirmation 

 After transformation, 10 colonies were selected: 5 for each insert-vector molar ratio. 

Afterwards, restriction analysis of the respective colonies was performed. 

3.2.8.1 – Restriction analysis – CW3S cloning product 

10 pre-inoculums, and the respective extraction and purification of DNA were performed, as 

in 3.2.2. 2 μg of each sample of plasmid DNA, in a final volume of 20 μL, were digested with 

NheI and HindIII restriction enzymes, as referred in 3.2.3. 

In order to confirm the release of the insert, a 2% gel electrophoresis was performed. Both 

NzyDNA Ladder III DNA Marker and NzyDNA Ladder V DNA Marker were loaded in the gel, 

plus an undigested sample and all 10 products from ligation and digestion. The gel production, 

revelation and run, and all the samples dilutions were performed as in 3.2.3. 

 

3.2.8.2 – Restriction analysis – GFP-EK-CW3S cloning product 

 10 pre-inoculums and the respective extraction and purification of DNA were performed, as 

in 3.2.2 and 3.2.8.1. The purified products of GFP-EK-CW3S cloning were digested with KpnI 

and HindIII restriction enzymes and prepared with 2 μg of DNA in a final volume of 20 μL. The 

digestion reactions components, methodology and equipment were performed as referred in 3.2.4 

and for 2 μg DNA digestions. 

In order to confirm the release of the insert, a 0.8% gel electrophoresis was performed. 

NzyDNA Ladder III DNA Marker was used, plus an undigested sample and all 10 products from 

ligation and digestion of GFP-EK-CW3S. The gel production, revelation and run, and all the 

samples dilutions were performed as in 3.2.4. 

 

3.2.9 – Transformation of positive clones in E. coli Rosetta (DE3) competent cells 

 For transformation in Rosetta cells, one positive clone for each cloning strategy was selected. 

The clones were transformed, following the methodology referred in 3.2.7 for NzyStar competent 

cells, although for this case LB/Agar/Amp/Chloramphenicol (CL) plates were used. 

 

3.2.10 – Expression of CW3S and GFP-EK-CW3S sequences in E. coli 

 For each expression strategy, a pre-inoculum with one isolated clone with 5 mL of LB media, 

100 μg/mL Amp and 100 μg/mL CL was incubated for ≈9h at 37ºC with 225 rpm of orbital 
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agitation. 1 mL of the previous pre-inoculums was added to 50 mL of LB media containing 100 

μg/mL Amp and 100 μg/mL CL, and incubated overnight at 37ºC with 225 rpm of orbital 

agitation. 10 mL of the respective inoculums were added to 1 L of LB media pH 7.5, 100 μg/mL 

Amp and 100 μg/mL CL, in 2 L Erlenmeyers, incubated at 37ºC with 225 rpm of orbital agitation. 

Once the culture reached an optimal density at 600 nm (OD600) of approximately 0.6, the protein 

expression was induced with 1 mM of isopropyl β-D-1 thiogalactopyranoside (IPTG). Every 2h 

after induction, for 6h, aliquots were collected. The culture was kept overnight at 30ºC with 225 

rpm agitation. After overnight time, two more aliquots were collected. 

 

3.2.11 – Cellular fractionation 

 After the expression, the cell cultures were taken from the 2 L Erlenmeyers and were 

centrifuged at 6500 rpm for 15 minutes at 4ºC. The pellets were then resuspended in 15 mL PBS 

and incubated at -80ºC. In order to promote the fragility of the cellular membrane, three cycles of 

freeze/thaw cycles were performed. Afterwards, the cells were subject to four cycles of disruption 

under 4000 psi, in a French Press (ThermoScientific). The obtained disrupted cells were treated 

with 10% DNAaseI and incubated on ice for 15 minutes, followed by 30 minutes centrifugation 

at 10000 xg at 4ºC. The pellet was resuspended in 20 mL and the supernatant collected to 

ultracentrifuge at 204710 xg for 1h30min at 4ºC. The supernatant of the ultracentrifugation was 

collected and stored at -20ºC and the pellet resuspended in 20 mL PBS. Cellular fractionation for 

GFP-EK-CW3S expression was evaluated by GFP fluorescence, BCA assay and SDS-PAGE 

analysis. For CW3S expression, the analysis by fluorescence were not performed, as in this case, 

the GFP was not used as reporter tag. The fractions evaluated were the pellet and the supernatant 

of the centrifugation (PC and SC, respectively), and the pellet and the supernatant of the 

ultracentrifugation (PU and SU, respectively). 

 

3.2.12 – Quantification of GFP-EK-CW3S by fluorescence intensity 

The samples regarding protein expression and cellular fractionation of GFP-EK-CW3S were 

quantified by fluorescence intensity of GFP fusion protein. The fluorescence was read in a 96-

well black microplate (Brand, VWR), using an excitation and emission wavelength of 485 nm 

and 535 nm, respectively. The gain considered for the readings was 41 and the volume use in the 

plate was 200 μL. The fluorescence was read in an Infinite Tecan Microplate Reader. GFP 

concentration was determined by the following equation: 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 = 487016 × [𝐺𝐹𝑃] + 279.24 (Equation 3.2) 
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3.2.13 – Quantification of total protein for both CW3S and GFP-EK-CW3S expression by 

BCA assay 

 BCA assay was performed according to supplier instructions Sigma-Aldrich. For BCA 

quantification, it was used 25 μL of each sample in a 96 well transparent flat-bottom microplate 

(Stardsted). A calibration curve of BSA was also prepared, in the range of 0.2 to 1 mg/mL. The 

BCA working solution was prepared by mixing reagent A with reagent B in a 50:1 ratio. 200 μL 

of BCA solution was added in each well containing the respective sample, followed by a 30 

minutes incubation at 37ºC, with aluminium foil covering the microplate. Afterwards, the 

absorbance was immediately read at 560 nm in an Infinite Tecan Microplate Reader. 

 

3.2.14 – SDS-PAGE Electrophoresis Analysis 

The samples from the protein expression during time course and cellular fractionation were 

analysed by SDS-PAGE electrophoresis gel. For CW3S expression, the electrophoresis was 

carried out in a 12.5% polyacrylamide gel and also in a Tris-Tricine gel. For GFP-EK-CW3S, it 

was used only a 12.5% polyacrylamide gel. 

 

3.2.14.1 – SDS-PAGE Electrophoresis in a 12.5% polyacrylamide gel 

 To produce the 12.5% acrylamide running gel, it was added 1.5 mL of 3M Tris Base pH 8.8-

9.0; 4.16 mL of 30% acrylamide/bis solution 37:5:1; 0.1 mL of 10% SDS; 4.2 mL of distilled 

water; 0.076 mL of 10% APS; 0.005 mL of TEMED. For 5% acrylamide stacking gel, it was 

added 0.9 mL 0.5 M Tris Base, pH 6.6-6.8; 30% acrylamide/bis solution 37:5:1; 0.036 mL of 

10% SDS; 1.88 mL of distilled water; 0.027 mL of 10% APS; 0.004 mL of TEMED. As protein 

molecular weight marker, it was used Precision Plus Protein Dual Xtra Standard (from Bio-Rad). 

The sample buffer used was 5 mL of 0.5 M Tris Base, pH 6.6-6.8; 2 mL of 100% glycerol, 4 mg 

of Blue Bromophenol; 8 mL of 10% SDS, 1 mL β-mercaptoethanol; distilled water up to 20 mL. 

50 μL of sample buffer was added to time-course expression samples and 5 μL to cellular 

fractionation samples. The samples were boiled for 10 minutes, before they were loaded in the 

gel. The volume added of time-course expression protein samples was determined by the 

following equation: 

𝑉 (𝑚𝐿) =  
1.2

𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷600 𝑛𝑚
 (Equation 3.3) 

 The gel was run for approximately 90 minutes at 100 V. Then, the gel was stained with 

Coomassie blue (1 g of Coomassie blue R-250, 15 mL Acetic Acid Glacial, 90 mL Methanol, 

distilled water up to 200 mL) for 30 minutes with small agitation; and distained using a distaining 
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solution (75 mL Acetic Acid Glacial, 450 mL Methanol, distilled water up to 1000 mL). The 

revelation of the gel was performed in a UV Transiluminator. 

 

3.2.14.2 – SDS-PAGE Electrophoresis in a Tris-tricine gel 

To produce the Tris-tricine separating gel (amounts optimized for two gels), it was added 3.5 

mL of distilled water; 5 mL of 3M Tris-HCl/SDS Base pH 8.45; 5 mL of 30% acrylamide/bis 

solution 37:5:1; 1.5 mL of 100% glycerol; 0.014 mL of 30% APS; 0.014 mL of TEMED. For the 

stacking gel, it was added 3.9 mL of distilled water; 1.55 mL of 3M Tris-HCl/SDS pH 8.45; 0.8 

mL 30% acrylamide/bis solution 37:5:1; 0.014 mL of 10% APS; 0.014 mL of TEMED. As protein 

molecular weight marker, it was used Precision Plus Protein Dual Xtra Standard (from Bio-Rad). 

The sample buffer used was 5 mL of 1 M Tris-HCl, pH 6.8; 12 mL of 100% glycerol; 4 g of SDS; 

1.5 g of DDT (Dichlorodiphenyltrichloroethane); 10 mg Coomassie Blue R350; distilled water 

up to 50 mL. 50 μL of sample buffer was added to time-course expression samples and 5 μL to 

cellular fractionation samples. The anode buffer was 2 M Tris pH 8.8 (2x) and the running buffer 

Tris/Tricine/SDS Running Buffer (1x). The samples were boiled for 10 minutes, before they were 

loaded in the gel. The volume added of time-course expression protein samples was determined 

by the Equation 3.3. 

 

3.2.15 – Purification of GFP-EK-CW3S with A4C7 resin in AKTA system 

 The soluble fraction of the crude extract of GFP-EK-CW3S (supernatant of the 

ultracentrifugation – SU) was purified in the AKTA Pure System. A Tricorn 10/50 empty column 

was packed using agarose resin modified with Ugi Ligand A4C7 [94]. It was used 2.3 mL of resin 

of a 50% slurry. The resin was packed overnight under gravitational flow rate at 4°C. The column 

was connected to the AKTA Pure System using a flow rate of 0.3 mL/min. The following steps 

of column regeneration, equilibration, binding and elution ware carried by using a flow rate of 1 

mL/min.  Initially the resin was regenerated with 0.1M NaOH in 30% Isopropanol alternated with 

water, 10 CV each, with a total of 30 CV. To equilibrate the column, PBS buffer pH 7.4 was used 

in a total of 15 CV. The crude extract sample, previously filtered in a 0.2 μm filter, was then 

loaded into the column by using a 5 mL loop. The column was then washed with 15 CV of buffer 

pH 7.4 to remove unbound proteins. Protein elution was then performed by using 20 CV 0.1 mM 

glycine–NaOH pH 9.0. The flow-through, washes and elutions were collected in a 96-well deep 

well block in 2 mL independent fractions. All fractions were quantified by fluorescence and BCA 

assay (as referred in 3.2.13), giving a chromatogram of this purification step. From this 
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chromatogram, the fractions with higher fluorescence values and coincident higher absorbance 

were pooled into one fraction. This pool was stored at -20ºC for further SDS-PAGE analysis. 

 

3.2.16 – Purification by Gel-Filtration in AKTA system 

The pool fraction obtained from A4C7 resin chromatography was purified in the AKTA Pure 

System. A HiLoad 16/600 Superdex 75 (GE Healthcare) column was equilibrated with 2 CV of 

water and 1.5 CV of PBS pH 7.4, using a flow rate of 0.5 mL/min. The column was connected to 

the AKTA Pure System using a flow rate of 0.3 mL/min. Then, 2.5 mL of A4C7 purified sample 

was injected into the column through 5 mL injection loop. The extract sample, previously filtered 

in a 0.2 μm filter, was then loaded into the injection 5 mL loop. Purification was then performed 

at a flow rate of 1 mL/min. In the column regeneration step 1 CV of water was used with a flow 

rate of 1 mL/min, and lastly 1 CV of 20% Ethanol at a flow rate of 0.5 mL/min. All fractions were 

collected in a 96-well deep well block in 2 mL independent fractions. They were quantified by 

fluorescence and BCA assay (as referred in 3.2.13), giving a chromatogram of this purification 

step. From this chromatogram, the fractions with higher fluorescence values and coincident higher 

absorbance were put together in a pool, labelled as the product of Gel-Filtration purification. This 

pool was stored at -20ºC for future SDS-PAGE analysis. 

 

3.2.17 – Cleavage of GFP-EK-CW3S with Enterokinase 

 The cleavage with Recombinant Enterokinase (Novagen) was performed according to 

manufacturer instructions, 1 unit of EK cleaves 50 μg of protein). The obtained pool fraction from 

3.2.16 was concentrated in an Amicon (Merck Millipore) and buffer exchanged to EK-cleavage 

buffer (Tris-HCl pH 7.4, 50 mM NaCl, 2 mM CaCl2). Protein concentration was then determined 

by Equation 3.2, The cleavage reaction was performed for 16h at 23ºC with gentle agitation. 

 

3.2.18 – Purification by Gel-Filtration in AKTA system after cleavage with Enterokinase 

Purification by gel-filtration was performed accordingly to 3.2.16. 

 

3.2.19 – Quantification of the obtained CW3S expressed peptide by tryptophan (Trp) 

fluorescence 

The samples obtained after the cleavage with Enterokinase, followed by gel-filtration 

purification, were quantified by fluorescence intensity of Trp amino acid. The fluorescence was 
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read in a 96-well black microplate from Brand, using an excitation and emission wavelength of 

280 nm and 345 nm, respectively. The gain considered for the readings was 41 and the volume 

used in the plate was 200 μL. The fluorescence was read in an Infinite Tecan Microplate Reader. 
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3.3 – Results and discussion 

3.3.1 – Design of the gene containing the CW3S sequence for cloning in expression vectors 

For CW3S expression, the DNA fragment encoding for CW3S was designed. This fragment 

included CW3S encoding gene and the incorporation of restriction sites and other sequences (e.g. 

affinity tags and protease cleavage site) in order to facilitate molecular cloning and subsequent 

purification (Fig. 3.1). 

Three polylinkers, were incorporated in the sequence (Fig. 3.1), each one compiling different 

restriction sites. The first polylinker (PI) introduced, was constituted by BamHI, KpnI, NdeI and 

SacI restriction sites, in this order (from 5’ to 3’). Followed by PI, the sequences encoding for 

GFP reporter tag and an Enterokinase (EK) cleavage site (that allows the final recovery of the 

CW3S peptide in the purification process) were also incorporated. Then, the polylinker II (PII) 

was introduced, constituted by NheI and SalI restriction sites. After the PII, the gene encoding for 

CW3S and a STOP codon were incorporated. Next to the STOP codon, the last polylinker was 

introduced. Polylinker III (PIII) was constituted by XhoI, SmaI, BamHI, EcoRI and HindIII 

restriction sites, from 5’ to 3’. 

 

 GFP reporter tag was incorporated in the CW3S peptide N-terminal in order to mask the 

peptide high hydrophobicity and also to facilitate and enable purification. Moreover, GFP 

inclusion can also promote obtaining CW3S without undesired extra amino acids in the fusion 

protein to purify, since they could influence and limit the peptide affinity towards possible targets 

in eventual future binding studies. 

 

3.3.2 – Protein expression strategies 

The three polylinkers allow performing two different protein expression strategies (Fig. 3.2). 

The first one, for the expression of the CW3S sequence itself (Fig. 3.2B). Through PII and PIII 

restriction sites, the cloning of the DNA fragment containing CW3S into pAP006 expression 

vector, was possible to conduct. The second approach consists in the expression of CW3S fused 

to a reporter tag that allow protein monitorization (GFP) and a protease cleavage site (EK) for 

Fig.  3.1 – Design of the gene construct that includes the gene encoding for CW3S. 
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further recovery of CW3S, in purification (Fig. 3.2C). PI and PIII restriction sites allowed the 

cloning of the CW3S-fused DNA fragment into pAP006 expression vector. 

Expression vectors pAP004 and pAP006 are pET21c plasmids. pET21c is an optimized system 

for cloning and expression of proteins in E. coli. Target genes are cloned in pET plasmids under 

control of bacteriophage T7 transcription and (optionally) translation signals. These plasmids can 

be transferred into expression hosts containing a chromosomal copy of the T7 RNA polymerase 

gene under lacUV5 control, thus the expression can be induced by the addition of IPTG (pET 

Manual System). pET21c is already presents a start codon (AUG). The suffix “c” refers to the 

recognition region of BamHI cloning site reading frame, GGATCC. Furthermore, accordingly to 

the supplier manual [95], this type of vector allows the expression levels in E. coli increase with 

fused protein sequences with efficient expressed amino terminal sequences. pET21c plasmids 

contain a marker for antibiotic resistance. In this case, it is the gene ampr, that codifies for the 

plasmid resistance to Ampicillin (Amp). Thus, Amp is used in LB/Agar media plates 

(LB/Agar/Amp), in all transformations in competent cells, to allow the growth to only Amp-

resistant DNA.
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Fig.  3.2 – Representative design of the two strategies approached. (A) Plasmid that contains the encoding gene for CW3S, (B) gene construct of pAP006 expression vector and 

corresponding cloning strategy of the insert; (C) gene construct of pAP004 expression vector and corresponding cloning strategy of the insert. 
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3.3.3 – Molecular cloning and integrity evaluation of plasmid DNA 

The obtained DNA fragments of the gene of interest (CW3S and GFP-EK-CW3S) were cloned 

in pAP006 and pAP004 expression vectors, respectively. At first, all considered plasmids – pEX-

A128, pAP006, pAP004 – were successfully transformed in Nzy5α competent cells. The obtained 

plasmid DNA was isolated and purified and the final DNA concentration determined and 

presented in Table 3.1. 

Table 3.1 – Quantification of the plasmid DNA purified by E-gel kit (Invitrogen). 

Plasmid DNA [DNA] (ng/μL) Abs260/Abs280 Abs260/Abs230 

pEX-A128 230.1 1.79 1.33 

pAP006 265.5 1.92 2.28 

pAP004 141.4 1.89 2.10 

 

The quantification of the purified plasmid DNA presented acceptable concentrations and the 

values of Abs260/Abs280 and Abs260/Abs230 ratios revealed the good quality of the DNA. The 

Abs260/280 ratio shows the evaluation of nucleic acids (maximum absorbance at 260 nm) 

regarding the trace of proteins (maximum absorbance at 280 nm). Values in the order of 1.8 

indicate a good quality and purified DNA. On the other hand, the Abs260/230 ratio may indicate 

other possible contaminations, for instance alcoholic contaminants (maximum absorbance at 230 

nm). The expected values for Abs260/230 ratio are about 2.0 to 2.2 [96]. The observed results 

presented in Table 3.1 indicate normal values for the two absorbance ratios considered. Thus, it 

was possible to use the obtained concentrations for further cloning process. 

The purified plasmid DNA integrity was evaluated and confirmed by a 0.8% agarose gel 

electrophoresis (Fig. 3.3). It is observed that the obtained DNA bands correspond to their correct 

molecular weight. The plasmid which includes the encoding gene for CW3S (pEX-A128) has 

2450 bp and the expression vectors, pAP004 and pAP006 present 6199 bp and 6245 bp, 

respectively.  

The two strategies approached will include the cloning of the gene that codifies for CW3S in 

pAP006 expression vector and the cloning of CW3S-fused sequence (GFP-EK-CW3S) in 

pAP004 expression vector. Two purified samples of pEX-A128 were chosen to use in both 

approaches, and further in each double-digested expression plasmid. 
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3.3.3.1 – CW3S cloning in pAP006 expression vector 

At first, a pEX-A128 sample and pAP006 were digested with NheI and HindIII restriction 

enzymes. In Fig. 3.4A-B, the release of the respective fragments in each plasmid is shown. In Fig. 

3.4.A, the obtained fragment from pEX-A128 digestion is the CW3S insert, presenting 172 bp 

(released from the 2450 bp pEX-A128). Due to the insert low size, it was performed an 

electrophoresis in a 2% agarose gel. The concentrated gel allowed a better visualization of the 

172 bp DNA band. pAP006 double-digestion is shown in a 0.8% agarose gel electrophoresis (Fig. 

3.4B), where the double-digested plasmid (dd_pAP006) is obtained, with 5443 bp. This weight 

corresponds to the non-digested pAP006 (6245 bp) without the released fragment (802 bp). Each 

band of interest was extracted and purified by e-gel. Nanodrop quantification of these samples 

presented the concentrations and purity ratios of the following Table 3.2. 

 

Table 3.2 – Quantification of the DNA purified by E-gel kit (Invitrogen). 

Plasmid DNA [DNA] (ng/μL) Abs260/Abs280 Abs260/Abs230 

dd_pEX-A128 10.4 1.23 0.76 

dd_pAP006 10.8 1.33 0.38 

Fig.  3.3 – Integrity evaluation of the plasmid DNA extracted by Miniprep kit for the considered plasmids. 

0.8% (w/v) agarose gel. Each sample was loaded with the total volume of 5 µL, including DNA Ladder III. 

E1 and E2 represent elution 1 and elution 2, respectively. 
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With the indicated concentrations (Table 3.2) and Equation 3.1, it was possible to proceed with 

the cloning reaction, using T4 DNA Ligase enzyme. Three vector:insert molar ratios were used: 

1:3, 1:10 and a negative control of 0:1 (without insert). T4 DNA Ligase, beyond being the catalyst 

for the ligation reaction, can repair single-strand nicks of DNA to form a double helix structure 

[97].  

The ligation products were successfully transformed in NzyStar competent cells. To ensure 

that the grown colonies actually had the insert incorporated in the digested plasmid, it was 

performed a colony screening by a restriction analysis assessment. This consisted in the selection, 

isolation and purification of 10 colonies (5 for 1:3 and other 5 to 1:10 molar ratios) and further 

digestion with the same restriction enzymes used before, NheI and HindIII. The DNA fragments 

release was assessed in a 2% agarose gel electrophoresis (Fig. 3.4C), where it was possible to 

confirm the release of the insert previously incorporated, and then collect one sample that was 

positively cloned. In Fig. 3.4C, only two clones did not confirm the insert ligation (clones 1 and 

3 from 1:3 molar ratio). Clone 1 shows a pAP006 with different weight than the digested ones, 

and clone 3 did not show any DNA bands at all. All the other samples revealed the release the 

insert of interest: the insert CW3S with 172 bp. However, other small bands are observed in some 

clones, indicating that most likely the digestion was not specific in these DNA fragments. The 

chosen clone to proceed to the expression was clone 2 of 1:10 molar ratio. This one showed only 

the two DNA bands of interest. This clone was transformed in E. coli Rosetta (DE3) cells and 

then plated in LB/Agar/Amp/CL. 
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Fig.  3.4 – Hydrolysis with NheI and HindIII restriction enzymes, concerning the CW3S cloning into 

pAP006 expression vector. Each sample was loaded with the total volume of 5 µL, including DNA Ladders. 

(A) Hydrolysis of pEX-A128 plasmid in 2% (w/v) agarose gel. (B) Hydrolysis of pAP006 expression vector 

in 0.8% (w/v) agarose gel. (C) Insert (CW3S) release confirmation (ligation reaction confirmation) from 

pAP006, in a 2% (w/v) agarose gel. 
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3.3.3.2 – Cloning of the GFP-EK-CW3S insert in pAP004 expression vector 

 In the second cloning strategy, pEX-A128 and pAP004 were digested with KpnI and HindIII. 

In this case, the obtained insert pEX-A128 digestion is composed by GFP-EK-CW3S sequence. 

The band corresponding to the released insert can be observed in a 0.8% agarose gel 

electrophoresis (Fig. 3.5A) with 911 bp. In addition, the expression vector dd_pAP004 was 

completely digested, presenting in the gel the band corresponding to 5350 bp (Fig 3.5A). 

Each band of interest was extracted and purified by e-gel. Nanodrop quantification of these 

samples presented the concentrations and purity ratios of the following Table 3.3. 

 

Table 3.3 – Quantification of the DNA purified by E-gel kit (Invitrogen). 

Plasmid DNA [DNA] (ng/μL) Abs260/Abs280 Abs260/Abs230 

dd_pEX-A128 8.4 1.33 0.84 

dd_pAP004 8.7 1.42 0.44 

 

Using the previous concentrations (Table 3.3) and Equation 3.1, it was possible to proceed to 

the cloning reaction, using T4 DNA Ligase enzyme. Three insert:vector molar ratios were used: 

1:3, 1:10 and a negative control of 0:1 (without insert). The ligation products were successfully 

transformed in NzyStar competent cells and the colony screening by restriction analysis was 

performed. Thus, the 10 products were double-digested with KpnI and HindIII and ran in a 0.8% 

agarose gel electrophoresis, in order to assess the DNA fragments release. In Fig. 3.5B, it is 

possible to conclude that the best clone was clone 5 of 1:10 molar ratio, indicating the correct 

molecular weights of the DNA bands corresponding obtained (insert GFP-EK-CW3S with 911 

bp and dd_pAP004 with 5350 bp). However, most of the other clones screening showed 

incomplete digestions, in which is verified a division of dd_pAP004 band in two. In addition, 

clones 4 and 5 from 1:3 molar ratio and clone 4 from 1:10 did not even show the insert release, 

indicating that possibly the ligation in these samples was not successful. Still, clone 5 of 1:10 

molar ratio was positive to proceed to further expression. Finally, it was transformed in E. coli 

Rosetta (DE3) cells and then plated in LB/Agar/Amp/CL. 
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Fig.  3.5 – Hydrolysis with KpnI and HindIII restriction enzymes, concerning the GFP-EK-CW3S cloning 

into pAP004 expression vector. Each sample was loaded with the total volume of 5 µL, including DNA 

Ladders. (A) Hydrolysis of pEX-A128 and pAP004 plasmids in 0.8% (w/v) agarose gel. (B) Insert (GFP-

EK-CW3S) release confirmation (ligation reaction confirmation) from pAP004, in a 0.8% (w/v) agarose 

gel. 
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3.3.4 – Expression of CW3S and GFP-EK-CW3S clone products in E. coli Rosetta (DE3) 

cells 

 Both expression strategies were performed in E. coli as cell host. The benefits of using E. coli 

as an expression host are currently well known. It has unparalleled fast growth kinetics [98], i.e. 

high cell density cultures are easily achieved using rich complex media, that can be made from 

easily available and not expensive components [99]. Moreover, transformation with exogenous 

DNA is fast and easy [100,101]. Concretely, both inserts obtained were cloned into the expression 

vectors, which in turn were expressed in E. coli Rosetta (DE3) cells. Rosetta host strains are 

BL21(DE3) derivatives designed to improve the expression of proteins by comprising codons 

rarely used in E. coli [102]. These strains include tRNAs for AGG, AGA, AUA, CUA, CCC, 

GGA codons on a compatible chloramphenicol-resistant plasmid. In Rosetta (DE3) pLysS, the 

rare tRNA genes are present on the same plasmids that carries the T7 lysozyme gene, for instance 

pET expression systems. DE3 shows that the host is a lysogen of λDE3, containing a 

chromosomal copy of the T7 RNA polymerase gene under control of the lacUV5 promoter. This 

lac promoter allows the induction of expression with a lactose analogue, IPTG [101]. 

 The expression was performed using the clone products from 3.3.2, for CW3S and GFP-EK-

CW3S. The latter, refers to the expression of the CW3S peptide using GFP as a reporter tag. This 

tag fluorescent properties made GFP a promising protein to perform fusion constructs and 

labelled-proteins [103], which led to an easier monitorization of protein expression [104] and 

other advantages, such as exploring protein stability [105], folding/unfolding mechanisms [106], 

and to monitor membrane protein topology and overexpression [93,107]. GFP is also very stable 

under harsh conditions and does not present significant toxicity to the host cell, which can be 

advantageous in protein expression [108]. Protein expression using GFP-fusion proteins is well 

documented in literature [106] and CW3S peptide is a novel protein domain that has been 

explored. Therefore, the two presented expression strategies consist in the proof of concept that 

CW3S can be expressed alone and, in a second approach, in the form of a to GFP fusion protein. 

 Since the peptide being expressed has an hydrophobic character, slower rates of protein 

expression can give newly transcribed recombinant proteins time to fold properly, and 

consequently an increase of cellular protein concentration with the proper folding. In this way, a 

few parameters were followed to overcome protein expression possible issues. Incubation 

temperature after induction was decreased from 37ºC to 30ºC, which would reduce aggregation, 

since it is favoured at higher temperatures due to hydrophobic interactions temperature 

dependence [101,109]. Moreover, the pH of the LB media was previously set to 7.5, thus the 

protein could be kept negatively charged (pI=7.08) and electrostatic repulsions prevent the protein 

from aggregation. 
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 The cells were grown until OD600nm was about 0.6 to 0.8 and the expression induced with 

1mM IPTG in each suspension. Aliquots were collected in different time-periods: the first one in 

the induction moment (t=0), representing the initial time of the expression profile; the following 

ones in every 2h until 6h; 18h; 20h; and at the end, 22h. 

 The following chapters carry the expression results regarding CW3S peptide (3.3.4.1) and 

GFP-EK-CW3S (3.3.4.2) fusion protein. 

 

3.3.4.1 – CW3S expression in E. coli Rosetta (DE3) cells 

 The results concerning the 5 kDa CW3S peptide expression are represented in Fig. 3.6. 

According to this, CW3S peptide expression (with pAP006 as expression vector) was not 

conclusive. 

 At first, in Fig. 3.6A, the cellular optical density of the protein production increases with the 

induction time, which was expected. Regarding the expression procedure, as referred in 3.3.3, 

incubation temperature was reduced to 30ºC and the LB media pH adapted to 7.5, in order to 

prevent aggregation and favour the peptide correct folding [101,109]. 

 The time-course of the expression and the cellular fractionation process were analysed by 

SDS-PAGE in a polyacrylamide 12.5% gel (Fig. 3.6B-C). Total protein quantification is 

presented in Table 3.4. In order to conclude there was protein expression, a difference between 

before induction (B.I.) and after induction (A.I.) samples has to be observed (Fig. 3.6B), as well 

as presence of insoluble and/or soluble protein (Fig. 3.6C). In both gels the 5 kDa band 

corresponding to CW3S expression was not shown. In Fig. 3.6B-C, bands with molecular weights 

lower than 10 kDa are very difficult to observe, meaning that SDS-PAGE protocol needs 

optimization. To ensure the visualization of bands of this weight range, a higher gel crosslinking 

density could be attempted. would lead to a tighter gel, promoting a slower migration of the bands 

and possibly a better separation of low molecular weight bands [110]. A similar approach for this 

issue was the production of Tris-tricine gels, to improve SDS-PAGE resolution (Fig. 3.6D-E) 

[111]. However, the gels did not run properly and this technique still needs optimization. 

Table 3.4 – Total protein quantification (using BCA) of cellular fractionation samples. 

Sample Total Protein (mg/mL) 

Supernatant Low speed centrifugation (SC) 1.24 ± 0.07 

Supernatant Ultracentrifugation (SU) 1.15 ± 0.16 
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The absence of conclusion about CW3S expression clearly highlights the need of a reporter 

tag to its production. The peptide small weight would benefit if expressed in a fusion protein, for 

a better identification in the gels, monitorization over expression and easier purification (e.g. with 

affinity tags). Moreover, a hydrophobic peptide with tendency to form erroneous disulphide bonds 

(CW3S has cysteine and methionine residues) can lead to protein misfolding and aggregation into 

inclusion bodies [101]. Since cysteine oxidation takes place in the cell periplasm, there are 

engineered E. coli strains that allow expression in the cytoplasm. For this, documented Origami 

cells can be attempted [101]. Nevertheless, the second cloning strategy further discussed, consists 

in CW3S-fused to GFP protein expression. 

 The objective regarding this cloning strategy was to assess the proof of concept of a WW 

domain expression in E. coli. Unfortunately, due to the peptide small size and lack of optimization 

on peptide separation electrophoresis techniques, it is impossible to conclude about its expression 

in bacterial hosts. 
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Fig.  3.6 – Analysis of the expression of CW3S. (A) Monitorization of the Optical Density at 600nm with induction time (induction with 1 mM IPTG). (B) Time-course 

expression evaluation by SDS-PAGE (12.5% polyacrylamide). (C) Cellular fractionation evaluation by SDS-PAGE (12.5% polyacrylamide). (D) Time-course expression 

evaluation by Tris-tricine SDS-PAGE. (E) Cellular fractionation evaluation by Tris-tricine SDS-PAGE; M: Precision Plus Protein Dual Xtra Prestained Protein Standard, BI: 

before induction, AI: after induction, SC: supernatant of low speed centrifugation, PC: pellet of low speed centrifugation, SU: supernatant of ultracentrifugation, PU: pellet of 

ultracentrifugation. 
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3.3.4.2 – CW3S expression in E. coli Rosetta (DE3) cells as a GFP-fusion protein 

 Fusion protein GFP-EK-CW3S (33 kDa) expression results are represented in Fig. 3.7. 

According to this, the fusion-protein (with pAP004 as expression vector) was expressed. 

 Firstly, in Fig. 3.7A, the cellular optical density of the protein production increases with the 

induction time, which was expected. Regarding the expression procedure, as referred in 3.3.3, 

incubation temperature was reduced to 30ºC and the LB media pH adapted to 7.5, in order to 

prevent aggregation and favour the peptide correct folding, as also performed for expression of 

CW3S itself [101,109]. However, GFP fluorescence intensity did not show any substantial 

increase as shown in OD600nm. It was expected that fluorescence intensity would increase as the 

OD600nm values, once the fusion protein was being expressed. Nonetheless, from t=0 to 2h 

induction, there is a fluorescence intensity significant increase, reaching a maximum at 

approximately 1362 F.U.. In general, from 2h to 22h A.I fluorescence intensity stays practically 

constant (1362 to 1326 F.U.). 

 The time-course of the protein expression and the following cellular fractionation were also 

analysed by SDS-PAGE in a polyacrylamide 12.5% gel (Fig. 3.7B-C).  

 According to Fig. 3.7B, the production of GFP-EK-CW3S over a total of 22h of induction was 

verified. By monitoring the band of GFP-EK-CW3S fusion protein of 33 kDa, it was possible to 

observe an increase of protein band intensity, between before induction (B.I.) and after induction 

(A.I.) aliquots. Also, according to SDS-PAGE gels of the Fig. 3.7C, it is possible to notice that 

the fusion protein was expressed in both soluble and insoluble forms. The soluble fractions 

correspond to the fractions obtained from the supernatants of the low speed centrifugation (SC) 

and the ultracentrifugation (SU). The SU fraction was the fraction with the highest fluorescence 

intensity (6100 F.U.) (Fig. 3.7D). The same sample presented a total protein concentration of 1.0 

± 0.29 mg/mL, where 1.2% ([GFP](mg/mL)/[Total Protein](mg/mL)*100) corresponds to GFP 

fusion protein (0.012 mg/mL). Total protein quantification regarding the cellular fractionation is 

represented in Table 3.5. 

Table 3.5 – Total protein quantification (using BCA) of the cellular fractionation samples. 

Sample Total Protein (mg/mL) 

Supernatant Low speed centrifugation (SC) 2.89 ± 0.15 

Supernatant Ultracentrifugation (SU) 1.0 ± 0.29 
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Fig.  3.7 – Analysis of the expression of GFP-EK-CW3S. (A) Monitorization of the Optical Density at 600nm and Fluorescence Intensity (λexcitation and λemission of 485 nm 

and 535 nm, respectively) with induction time (induction with 1 mM IPTG). (B) Time-course expression evaluation by SDS-PAGE (12.5% polyacrylamide). (C) Cellular 

fractionation evaluation by SDS-PAGE (12.5% polyacrylamide). (D) Fluorescence intensity of cellular fractionation samples. M: Precision Plus Protein Dual Xtra Prestained 

Protein Standard, BI: before induction, AI: after induction, SC: supernatant of low speed centrifugation, PC: pellet of low speed centrifugation, SU: supernatant of 

ultracentrifugation, PU: pellet of ultracentrifugation. 
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 The SU fraction was firstly purified by affinity chromatography with Sepharose-CL6B 

functionalized with the affinity ligand A4C7 in a Tricorn 10/50 column. A4C7 is a synthetic 

ligand with high affinity towards GFP [94].  From this process, a chromatogram was obtained 

(Fig. 3.8A), overlaying fluorescence intensity and absorbance at 560 nm of BCA. It is verified 

that some contaminant proteins were firstly eluted in the washes with PBS 1x pH 7.4 (18 to 36 

mL) and afterwards the GFP-EK-CW3S fusion protein in the elution with 0.1 mM glycine–NaOH 

pH 9.0 (74 to 82 mL). 76 to 80 mL elutions were collected to a pool aliquot, corresponding to the 

absorbance and GFP-fluorescence peaks. Purification through A4C7 ligand chromatography 

registered 100% binding to GFP-fusion protein, however only 15.8% was recovered. Basing on 

existent literature, it would be expected a higher recovery of GFP-fusion protein [94]. Thus, 

CW3S hydrophobicity character might be affecting A4C7 interaction to GFP. A4C7 only elution 

peak (Fig. 3.8A) was loaded in a 12.5% polyacrylamide SDS-PAGE gel (Fig. 3.8D). At first, it is 

seen that A4C7 chromatography did not purify in the best conditions. The lane was clearer than 

the loading sample, however it should have been more accurate purification process. It is observed 

that the elution purity is too low. A4C7 has a capacity of 1 mg GFP/g of resin [94]. The 

concentration loaded was 0.012 mg/mL of GFP, in a total amount of 0.18 mg of GFP introduced 

in the column, indicating that A4C7 was not saturated with loading sample. 

 Although the elution fraction from A4C7 affinity chromatography did not reveal high purity, 

the samples were still purified in in a gel-filtration in a HiLoad 16/600 Superdex 75 (GE 

Healthcare) column. Gel-filtration is a size-exclusion chromatography, in which molecules with 

higher molecular weight are eluted first. A chromatogram with fluorescence intensity and 

absorbance at 560 nm was also obtained (Fig. 3.8B). Both total protein (by BCA) and GFP-

fluorescence (≈32 to 50 mL) were detectable. These volumes were collected to an aliquot, 

representing the maximum of GFP-fluorescence to use in the next purification. The fraction GFP 

concentration obtained after gel-filtration was 0.0014 mg/mL. Before the cleavage with EK, the 

pool sample from gel-filtration was exchanged to EK-cleavage buffer Tris-HCl pH 7.4, 50 mM 

NaCl, 2 mM CaCl2. The concentrated sample used to perform EK-cleavage and to purify in the 

second gel-filtration presented now a GFP concentration of 0.0086 mg/mL. It was used 1 U of 

EK in excess to cleave GFP-EK-CW3S. 

 With EK-cleavage and following gel-filtration, it was expected to observe the separation of 

GFP, EK and CW3S, obtaining the final pure peptide. Fig. 3.8C represents the chromatogram 

obtained from the second gel filtration. The expected interpretation of this chromatogram is that 

GFP and EK are obtained firstly, and finally the CW3S peptide (5 kDa). Therefore, the observed 

peaks in this purification were analysed in a SDS-PAGE gel (12.5%), along with an aliquot of the 

product from A4C7 chromatography, the first gel filtration and a GFP-EK-CW3S loading sample 

(Fig. 3.8D). The referred peaks are represented by peak 1 (P1) and peak 2 (P2). The latter is a 
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pool of the last three small peaks obtained in the elution. Observing Fig. 3.8C profile, one possible 

interpretation was that GFP was eluted in the first peak (P1) and the CW3S peptide at the end of 

the elution (P2), respecting gel-filtration size principles. 

 From Fig. 3.8D, it is clear that the purification of CW3S peptide could not be concluded. The 

highlighted area corresponds to the 33 kDa band of GFP fusion protein. Regarding EK cleavage, 

it would be expected to observe a decrease in P1 band molecular weight, since in this step the 

GFP-fusion protein was cleaved. Therefore, the 33 kDa band would decrease to 28 kDa (GFP 

molecular weight). However, the band decrease was not verified, which can mean that EK 

cleavage was not efficient. Its protocol could require optimization for more effective fusion 

protein cleavage. Lastly, in P2, CW3S (5 kDa) is not observed. It could possibly have precipitated 

or is very diluted in the sample, since there is not a clear signal of CW3S presence in Fig. 3.8C. 

Moreover, if EK did not cleave effectively, most of CW3S is still present in GFP-fusion protein, 

which can be observed, however in a thinner band. As an attempt to observe CW3S 5 kDa band, 

a Tris-tricine gel was performed (Fig. 3.8E). This protocol still needs optimization and no possible 

conclusion could be taken. 

 CW3S is a highly hydrophobic peptide, which can be a challenge in purification purposes. Its 

tendency to precipitate requires the peptide detection at very low concentrations. Thus, the peptide 

could have precipitated during the process, thus compromising the purification efficiency. 

Therefore, different reporter tags could be experimented for CW3S expression and purification. 

Affinity tags can be detected along the expression and purification processes and can reach 

maximal solubility [101,112]. Glutathione-S-transferase (GST), for example, is a non-peptide 

fusion partner that has the extra advantage in performing as a solubility enhancer [113]. The 

reasons why it can act as solubility enhancer remain unclear [101]. From the most studied non-

peptide fusion tags, GST has the lowest solubility enhancement capacity [114]. However, it can 

be used to purify the fused protein by affinity chromatography [115]. 
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Fig.  3.8 – Purification of GFP-EK-CW3S fusion protein analysis. (A) Chromatogram of chromatography with A4C7 ligand. (B) Chromatogram of the first gel-filtration. (C) 

Chromatogram of the second gel-filtration (exported from AKTA Pure System). (D) Purification course evaluation through SDS-PAGE (12.5% polyacrylamide). (E) Purification 

course evaluation through Tris-tricine SDS-PAGE. M: Precision Plus Protein Dual Xtra Prestained Protein Standard, L: Loading, A4C7: Pool obtained from the elution of the 

chromatography with A4C7 ligand, GF: Pool obtained from the gel-filtration peak marked as GFP-EK-CW3S, EK/L: Loading of the second gel-filtration (after cleavage with 

EK), P1: First peak of the second gel filtration, P2: Pool of the final elution peaks of the second gel filtration. 
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3.4 – Concluding remarks 

 This chapter presented the differences between two expression strategies of the CW3S peptide 

in bacterial cells. In the first approach (CW3S expression), nothing could be concluded, since the 

5 kDa peptide could not be identified in both time-course and fractionation gel results. However, 

from this chapter, the benefits in using fusion proteins in small peptides expression were clearly 

demonstrated and experimented. In the second strategy, GFP allowed a much easier 

monitorization and quantification of an intracellular fusion protein, without the need to lyse cells. 

Moreover, the final recovery of the peptide is much simpler. A4C7 ligand is a major advantage 

for GFP-fusion proteins, which then can be used in chromatography. Other techniques can be 

combined, such as enzymatic cleavage of a specific site (e.g. Enterokinase) and complementary 

chromatography. Despite the CW3S could not be identified at the end of the purification process, 

it is demonstrated that GFP-fusion protein expression and purification is an efficient and 

optimistic strategy for protein production. 
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Chapter 4 

 This work focused on the production of CW3S peptide and its assessment as a suitable affinity 

reagent to HSA, aiming to biotechnological or biopharmaceutical applications. CW3S production 

and respective studies involved a wide variety of techniques. The peptide was produced through 

two different strategies: solid-phase peptide synthesis (SPPS) and the peptide expression in 

bacterial cells. 

 Chemical production through SPPS brought several benefits to reduce errors in the production 

process, such as the possibility of optimizing a protocol, introducing double coupling and capping 

reactions. The incorporation of pseudo-proline units was also a determinant parameter for 

synthesis of a long peptide. Finally, insoluble resins (such as PEG-based resins) and the 

microwave technology promoted a more efficient production [77]. In general, SPPS presents 

various advantages: the use of filtration to separate the intermediate peptides from soluble 

reagents and solvents, excess reagents can be employed to drive reactions to completion, and 

finally, significant losses can be minimized as the peptide remains attached to the support (resin) 

during the synthesis. However, SPPS has some limitations. The formation of incomplete 

reactions, side reactions or impure reagents can accumulate throughout peptide chain assembly 

and increase the final product contaminations. Specially for long peptides (superior to 50 

residues), the probability of occurring errors is quite significant, being SPPS not recommended 

for these products [69,81]. The 41 amino acid CW3S is far from being a short peptide, thus this 

production was a difficult synthesis. One error could compromise all peptide sequence and its 

final identity (molecular weight). Furthermore, long peptides tend to spend more volume of 

solvents, which increases their production cost. Despite all difficulties, CW3S chemically 

produced presented the correct molecular weight (through Mass Spectrometry), besides being 

thermally unstable (Tm=29ºC), as compared to previously prepared WW domains. 

 The biological production of CW3S involved several steps until obtaining the expressed 

peptide. This strategy allowed the design and manipulation of the gene that encodes for CW3S 

peptide. Therefore, this permitted the selection of the interest sequence and its introduction in an 

expression vector (cloning). The cloned vector was then transformed into the host of choice (E. 

coli bacterial cells), the expression was induced and, after concluding the peptide was expressed, 

it was ready for purification and characterization. On the contrary of SPPS, this process can be 

highly monitored and easily manipulated in each step. This could be positive for error analysis 

and troubleshooting in various stages, however, several errors can occur. The most common ones 

are cloning (gene insertion in the expression vector), poor growth of the cells, inclusion body 

formation, protein inactivity and, finally, not obtaining any protein [101]. In order to avoid these 

particular situations, this peptide was produced in Rosetta BL21 E. coli cells strain, that contain 
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rarely used codons in E. coli, including tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons 

on a compatible chloramphenicol-resistant plasmid. Moreover, this production was performed 

with a reporter tag (GFP), for having an easier monitorization of a small peptide (5 kDa is not 

easily detected in SDS-PAGE gels), through the fusion protein size (33 kDa) and also its 

fluorescent properties. Moreover, GFP facilitated the purification process, using a synthetic ligand 

with high affinity towards GFP. In addition, a protease cleavage site with EK allowed the 

separation of GFP from the interest peptide (CW3S). Despite the positive expression obtained of 

the fusion protein (0.012 mg/mL of GFP in the soluble fraction), the purification process was 

more complicated. CW3S highly hydrophobic characteristics promote its precipitation during the 

process, compromising its identification in the final elutions. In addition, from the purification 

profile (Fig. 3.8D), it was possible to conclude the unsuccessful purification process. In A4C7 

ligand chromatography, the resin could have been highly saturated, requiring a lower 

concentration of the loading sample. Additionally, protease cleavage with EK also could have 

been ineffective. Therefore, biologically produced GFP-EK-CW3S purification require 

significant optimizations, such as the loading in A4C7 chromatography and EK cleavage protocol. 

Moreover, affinity tags such as GST, could be experimented for CW3S expression and 

purification to improve the peptide solubility. 

 Regarding CW3S potential affinity properties towards HSA, affinity techniques that require 

low peptide concentration need to be optimized in the future. From this analysis, it was 

demonstrated that CW3S hydrophobicity did not allow the use of techniques that require high 

peptide concentrations (e.g. 2 mM in aqueous buffer conditions), for instance the binding tests in 

agarose against HSA. However, both MST and MP-SPR must be further optimized in order to 

obtain significant results regarding the peptide interaction with HSA. Concretely, in MP-SPR the 

regeneration conditions must be completely changed, or even replaced with simple binding buffer 

(PBS 1x pH 7.4) washes, in order to attempt the saturation of CW3S-modified Au-surface and 

consequently, its interaction with HSA analysis. Finally, it would be interesting to try performing 

MST and MP-SPR in the same conditions to evaluate CW3S interaction with IgG, and the 

selectivity towards HSA. 
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