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Abstract 
 

Synthetic ligands that mimic the structure and binding of natural biological ligands are designated 

as biomimetic ligands. After the first uses of textile dyes as pseudo-affinity ligands, this technology 

started to be the basis of de novo synthesis and rational design concepts of triazine-scaffolded synthetic 

affinity ligands. This rational approach was formally used to find stabilizing ligands, which could bind 

cutinase with high affinity while retaining enzymatic activity. 

The stabilizing effect on cutinase from Fusarium solani pisi obtained with triazine-scaffolded 

synthetic ligands, and, particularly with a selected lead-ligand (3’/11), is the basis for future research 

with triazine-based compounds as probes for enhancing protein stability by adsorption. It is envisaged 

that some of these ligands are assessed and screened for their potential stabilizing effect on other 

enzymes. 

In the present work, the high affinity of ligand 3’/11 to cutinase was confirmed and the same ligand 

was screened for its ability to bind other enzymes, as lipases from Aspergillus oryzae, Candida rugosa, 

Chromobacterium viscosum, Rhizomucor miehei and Rhizopus niveus, and invertase from 

Saccharomyces cerevisiae. The enzymes CRL, CVL, RNL and invertase showed significant adsorption 

yields to ligand 3’/11 – 32, 29, 36 and 94%, respectively –, and the thermostability at 60ºC of the free 

and adsorbed enzymes was studied. CVL and CRL were stabilized by adsorption to ligand 3’/11. In the 

cases of CRL and invertase, other ligands, from the original combinatorial library, were tested: CRL was 

stabilized by adsorption to ligand 3/3’ and invertase was stabilized by adsorption to ligand 5/3’.  

 

 

Keywords: Thermostability; affinity interactions; biomimetic ligands; cutinase; lipases; invertase. 
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Resumo 
 

Ligandos sintéticos que mimetizam a estrutura e as interações de ligandos biológicos naturais 

são designados biomiméticos. Após os primeiros usos de corantes têxteis como ligandos de pseudo-

afinidade, esta tecnologia foi a base do desenho racional e da síntese de novo de ligandos sintéticos 

de afinidade baseados na triazina. Esta abordagem foi utilizada para encontrar ligandos capazes de 

adsorver a cutinase com elevada afinidade, mantendo a sua atividade enzimática. 

O efeito estabilizador observado na cutinase com ligandos sintéticos de afinidade baseados na 

triazina e, particularmente, com o ligando 3'/11, constituiu a base de outros estudos com estes 

compostos, como sondas para aumentar a estabilidade de proteínas por adsorção. Alguns destes 

ligandos foram avaliados quanto ao seu potencial efeito estabilizador sobre outras enzimas. 

No presente trabalho, confirmou-se a elevada afinidade do ligando 3'/11 para cutinase de 

Fusarium solani pisi, sendo o mesmo testado quanto à sua capacidade de ligação com outras enzimas, 

como as lipases de Aspergillus oryzae, Candida rugosa, Chromobacterium viscosum, Rhizomucor 

miehei e Rhizopus niveus e a invertase de Saccharomyces cerevisiae. As enzimas CRL, CVL, RNL e 

invertase apresentaram rendimentos de adsorção significativos com o ligando 3'/11 – 32, 29, 36 e 94%, 

respetivamente –, e foi estudada a termoestabilidade das enzimas livres e adsorvidas a 60ºC. CVL e 

CRL foram estabilizadas quando adsorvidos ao ligando 3'/11. Nos casos da CRL e da invertase foram 

testados outros ligandos. Verificou-se que a CRL foi estabilizada por adsorção ao ligando 3/3’ e a 

invertase foi estabilizada por adsorção ao ligando 5/3'. 

 

 

Palavras-chave: Termoestabilidade; interações de afinidade; ligandos biomiméticos; cutinase; lipases; 

invertase. 
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1. Introduction 

1.1 Lipases 

1.1.1 Background 

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) catalyze the hydrolysis and the synthesis of 

esters from glycerol and long-chain fatty acids (Sharma et al., 2001). This kind of enzymes is reported 

to be monomeric, having a molecular weight in the range of 19-60 kDa and, in the addition to its 

hydrolytic activity, lipases can also catalyze esterification, interesterification, acidolysis, alcoholysis and 

aminolysis reactions (Hasan et al., 2009). 

Catalytic triad of lipases is composed of a serine, a histidine and an aspartate or glutamate, which 

is also found in serine proteases. The mechanisms involved during lipase-catalyzed hydrolysis are 

illustrated in Fig. 1.1. In the first step, serine is activated by deprotonation, for which histidine and 

aspartate or glutamate are required (Fig. 1.1a). Consequently, the nucleophilicity of the hydroxyl residue 

of serine is enhanced and attacks the carbonyl group of the substrate forming an acyl-enzyme 

intermediate (Fig. 1.1b). The presence of an oxyanion hole contributes to the stabilization of charge 

distribution and reduction of the ground state energy of the tetrahedral intermediate. Finally, in the 

deacylation step (Fig. 1.1b and c), a nucleophile, e.g. water or monoglyceride, attacks the acylated 

enzyme leading to product release and regeneration of the catalytic site (Reis et al., 2009). 

 

Figure 1.1 – Mechanism of lipase-catalyzed hydrolysis. Adapted from (Reis et al., 2009). 

 

The discussion on the mechanism of lipase-catalyzed hydrolysis has also focused on either a 

substrate or an enzyme model. The substrate model emphasizes an increased substrate availability and 

suitable orientation at the lipid/water interface. On the other hand, the enzyme model assumes a 
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conformational change in the lipase upon adsorption at the same interface. These structural changes 

were supported by the resolution of the crystal structure of a fungal and a human pancreatic lipase 

where it was revealed that the active site is covered with a α-helical loop – a lid that renders it 

inaccessible for the substrate. It is presumed that the lid is displaced during the process of interfacial 

activation (Reis et al., 2009). The 3D structures determined for some, but not all, lipases show a lid 

controlling the access to the active site (Reis et al., 2009). 

Lipases can attack the triacylglycerol molecule randomly or may exhibit positional specificity. 

Nonspecific lipases that catalyze the reaction at all positions in triacylglycerols are of limited value. 

Regiospecific lipases, namely, the sn-1,3-specific lipases, offer the greatest potential for industrial 

application, due to the fact that this kind of lipases releases fatty acids from the outer 1 and 3 positions 

of acylglycerols, producing structured lipids with unique functional properties (Thomson et al., 1999). 

The activity of lipases is highly dependent on pH, temperatures and other factors as the presence 

or absence of water or cofactors, for example. Regarding the effect of the pH on the enzymatic activity, 

some lipases are stable at or near the neutral pH value – range of 6.0 to 7.5 – and also show 

considerable stability at acidic pH down to 4.0 to alkaline pH up to 8.0 (Ghosh et al., 1996). The impact 

of the temperature on the activity of lipases is always dependent on the source organism (Ghosh et al., 

1996). 

In contrast to esterases, lipases are activated only when adsorbed to an oil-water interface and 

do not hydrolyze dissolved substrates in the bulk fluid, splitting emulsified esters of glycerin and long-

chain fatty acids such as triolein and tripalmitin. However, lipases often display little activity in aqueous 

solutions containing soluble substrates like, for example, p-nitrophenyl acetate (Sharma et al., 2001). 

In eukaryotes, lipases are involved in various stages of lipid metabolism including fat digestion, 

absorption, reconstitution, and lipoprotein metabolism. In plants, lipases are found in energy reserve 

tissues (Balashev et al., 2001). 

Because of their wide-ranging significance, lipases remain a subject of intensive study. Research 

on lipases is focused particularly on structural characterization, elucidation of the mechanism of action, 

kinetics, sequencing and cloning lipase genes, and general characterization of performance. In 

comparison with this effort, relatively little work has been done on the development of robust lipase 

bioreactor systems for commercial use (Sharma et al., 2001). 

 

1.1.2 Microorganisms producing lipases and general applications 

 

Lipase-producing microorganisms have been found in diverse habitats such as industrial wastes, 

vegetable oil processing factories, dairies, soil contaminated with oil, oilseeds, and decaying food, 

compost heaps, coal tips and hot springs (Sharma et al., 2001). 

Taxonomically close strains may produce lipases of different types. There are many 

microorganisms known to produce different lipases, being that most of the industrial microbial lipases 

are derived from fungi and bacteria (Sharma et al., 2001; Jaeger and Reetz, 1998) – vide Table 1.1. 
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Table  1.1 – Some commercially available microbial lipases. Adapted from (Jaeger and Reetz, 1998). 

Type Source Applications 

Fungal 

Candida rugosa 
Organic synthesis 

Candida antarctica 

Thermomyces lanuginosus Detergent additive 

Rhizomucor miehei Food processing 

Bacterial 

Burkholderia cepacia 
 

Organic synthesis 
Pseudomonas alcaligenes 

Chromobacterium viscosum 

Pseudomonas mendocina Detergent additive 

 

Lipases are widely used in the processing of fats and oils, detergents and degreasing 

formulations, food processing, the synthesis of fine chemicals and pharmaceuticals, paper manufacture, 

and production of cosmetics (Sharma et al., 2001; Vulfson, 1994). Major applications of lipases are 

summarized in Table 1.2. 

 

Table  1.2 – Industrial applications of microbial lipases. Adapted from (Vulfson, 1994). 

Industry Action Product or application 

Detergents Hydrolysis of fats Removal of oil stains from fabrics 

Dairy foods 
Hydrolysis of milk fat, cheese 

ripening, modification of butterfat 

Development of flavoring agents in milk, 

cheese, and butter 

Bakery foods Flavor improvement Shelf-life prolongation 

Beverages Improved aroma Beverages 

Food dressings Quality improvement Mayonnaise, dressings, and whippings 

Health foods Transesterification Health foods 

Meat and fish Flavor development Meat and fish products; fat removal 

Fats and oils Transesterification; hydrolysis 
Cocoa butter, margarine, fatty acids, 

glycerol, mono-, and diglycerides 

Chemicals Enantioselectivity; synthesis Chiral building blocks, chemicals 

Pharmaceuticals Transesterification; hydrolysis Specialty lipids, digestive aids 

Cosmetics Synthesis Emulsifiers, moisturizers 

Leather 

Hydrolysis 

Leather products 

Paper Paper with improved quality 

Cleaning Removal of fats 

 

Because of their ability to hydrolyze fats, lipases find a major use as additives in industrial laundry 

and household detergents, as it can be seen in the table above. Detergent lipases are specially selected 

to meet the following requirements: (1) a low substrate specificity, i.e., an ability to hydrolyze fats of 

various compositions; (2) ability to withstand relatively harsh washing conditions (pH 10.0-11.0, 30–60 
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°C); (3) ability to withstand damaging surfactants and enzymes, e.g., linear alkyl benzene sulfonates 

and proteases, which are important ingredients of many detergent formulations (Sharma et al., 2001). 

Lipases have also been successfully used as a catalyst for the synthesis of esters. The esters 

produced from short-chain fatty acids are used as flavoring agents in the food industry. Accurate control 

of lipase concentration, pH, temperature and emulsion content are required to maximize the production 

of flavor (Pandey et al., 1999). 

 

1.1.3 Lipases under study 

The lipases used in this study are all commercial products from Sigma, except lipase from 

Chromobacterium viscosum (commercialized by Toyo Jozo). The organisms producing lipases are 

described in Table 1.3 as well as their type. 

 

Table  1.3 – Lipases used in the study and their type. 

Type Organism 

Fungal 

Aspergillus oryzae 

Candida rugosa 

Rhizomucor miehei 

Rhizopus niveus 

Bacterial Chromobacterium viscosum 

 

The lipases of all the organisms presented in Table 1.3 have different properties, not only in terms 

of conformation but also regarding their activity.  

Aspergillus oryzae is a fungus that produces useful enzymes, which are used as koji in the 

manufacturing of sake, soy sauce, or miso. However, this species produces only a small number of 

lipases. One of them had a higher specificity towards dimercaptobutyrate and was fully characterized 

with a molecular mass of 41 kDa and it seemed to be a monomeric enzyme (Toida et al., 1995). 

Regarding the effect of temperature on enzymes activity and stability, it was verified that the optimal 

activity was about 30 ºC when assayed at pH 7.0 and it was stable up to about the same temperature 

at the same pH for 3h; in the case of pH, the optimal activity of the purified enzyme was observed at 

about pH 7.0 when assayed at 30 ºC and the enzyme stability was low at acidic pH and it was stable in 

a pH range from 6.0 to 9.0 at 25 ºC for 18h (Toida et al., 1995). 

Candida rugosa is a non-sporogenic, pseudo-filamentous, unicellular and non-pathogenic yeast 

that synthesizes and secretes a mixture of lipase isoenzymes. Each enzyme has a single polypeptide 

chain consisting of 543 amino acid and an apparent molecular weight of 60 kDa (Benjamin & Pandey, 

1998).  

 These different isoenzymes are documented to lead the hydrolysis of p-nitrophenyl butyrate and 

triolein, to be very active towards long-chain triglycerides, resulting in the full hydrolysis of the three 

chains of the glycerol moiety, and to have non-specificity of any kind (Benjamin & Pandey, 1998). With 

olive oil as substrate, it was possible to study the effects that temperature and pH have in lipase activity 
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and stability. Regarding the effect of temperature, it was reported that the optimal activity is achieved at 

a temperature of 40ºC, using an assay pH of 7.5, but the enzyme presented only 20% of residual activity 

when incubated at this temperature for a period of 1 hour, with this value declining to around 10% when 

the temperature of the assay was set to 60ºC; when the test was made using a pH of 8.0 instead, the 

optimal temperature achieved was 37 ºC (Soares et al. 1999; Paula et al., 2008). As for the effect of pH, 

with assays at 37ºC, it was verified that the optimal activity was reached with a solution pH of 7.5 and 

when that value was rosen to 9.0 the enzymatic activity declined almost five times (Soares et al. 1999; 

Paula et al., 2008). 

The lipase from Rhizomucor miehei has an expected molecular weight between 30 and 32 kDa, 

it is composed of 269 amino acids, presenting 4 tryptophan residues, 15 tyrosine residues and 10 

phenylalanine residues that work as natural fluorophores of this protein. Its isoelectric point is 3.8 (Noel 

& Combes, 2003; Wu et al., 1996). 

This lipase is a sn-1,3-specific type, which makes it is widely used in the dairy industry, in 

household cleaning products, in oleochemical industry, medical applications, production of chiral 

compounds for the agrochemical and pharmaceutical industries and in the resolution of racemates after 

synthesis. With all these functions, the hydrolytic activity of this enzyme has been extensively studied. 

It was reported by Wu et al., 1996 that, using olive oil as substrate, the optimal temperature for hydrolytic 

activity was 50ºC – using a pH 7.0 assay – and the optimal pH was 8.0 – using an experimental 

temperature of 37ºC. Regarding the stability of the enzyme, it was also reported that the lipase lost 

completely its hydrolytic activity above 55ºC and the enzyme was much more stable in a basic 

environment (pH values between 8.0 and 10.0) than in acidic one (pH values between 3.0 and 6.0), 

where the activity decreases by more than 35% – using an assay time of 24 hours. Noel & Combes, 

2003 reported that for temperatures of 40, 50, 55 and 60ºC the enzyme has values of half-lives of 5800, 

207, 35 and 5 minutes, respectively – using as experimental conditions a temperature of 30ºC, a pH 

value of 7.0 and tributyroylglycerol as substrate. 

Lipases from Rhizopus niveus have sn-1,3-specificity, like the ones from R. miehei, and are useful 

in producing cocoa butter substitutes. Two types of lipases from R. niveus – lipase I and lipase II – were 

studied and described. Lipase I consisted of two polypeptide chains – a small peptide of 52 amino acids 

with a sugar moiety (A-chain) and a large peptide of molecular weight consisting of 297 amino acids that 

associate non-covalently. Lipase II had a molecular weight of 30 kDa consisting of a single polypeptide 

chain; this enzyme was produced from Lipase I by limited proteolysis due to the action of a specific 

serine protease which was found in a small amount in the purified Lipase I solution found (Kohno et al., 

1994).  

In terms of enzymatic activity, while Lipase I had an optimal pH between 6.0 and 6.5, the value 

associated to lipase II was 6.0 – a difference that can be explained given the possible differences in net 

charge due to different amino acid composition. Regarding the temperature, the optimal values obtained 

were 35 and 40 ºC for lipase I and II, respectively. Concerning the enzymatic stability, while lipase I had 

activity between 80% and 100% in the range of temperatures from 28 to 38ºC and 0% activity at 60ºC, 

lipase II had this level of activity between 23 and 43ºC and 10% activity at 60ºC. In other words, lipase 
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I was more temperature sensitive than lipase II. It should be pointed out that the substrate used in the 

activity assays was olive oil-polyvinyl alcohol, for both lipases (Kohno et al., 1994; Kohno et al., 2000). 

The lipase from Chromobacterium viscosum is an enzyme with industrial interest due to its high 

stability in organic solvents, in a wide range of pH values as well as to heat denaturation. This enzyme 

consists of a monomeric enzyme with 319 amino acid residues and a molecular mass of about 33 kDa 

– an amino acid sequence identical to that of the lipase from Pseudomonas glumae – with an isoelectric 

point estimated between 6.9 and 7.1 (Taipa et al., 1992; Taipa et al., 1995; Lang et al., 1996). 

The hydrolytic activity of lipase from C. viscosum was characterized. It was reported that the 

activity of this enzyme had an optimal pH of 9.0, when the temperature assay was 37ºC, and an optimal 

temperature of 50ºC when the pH assay was 9.0. Regarding enzymatic stability, this lipase showed 

some stability at a temperature assay of 60ºC and pH assay of 9.0, presenting a half-life time value of 

45 minutes (Castellar et al., 1997). 

 

1.2 Cutinase from Fusarium solani pisi 
 

Aerial plants organs are protected by cutin, an insoluble polymeric structural component 

composed of hydroxy and hydroxyepoxy fatty acids, associated with soluble lipids collectively called 

waxes (Kolattukudy et al., 1981). Germinating fungal spores of phypathogens secrete cutinase, an 

extracellular fungal enzyme that allows such fungi to penetrate through the cuticular barrier into the host 

plant, starting the fungal infection (Ettinger et al., 1987). 

Cutinase (EC 3.1.1.74) from Fusarium solani pisi is a lipolytic enzyme that catalyzes the 

hydrolysis of cutin. Additionally, cutinase is capable to hydrolyze a vast variety of esters, extending from 

p-nitrophenyl esters to insoluble long-chain triglycerides (Lauwereys et al., 1991). 

Cutinase is a 197-residue protein with a molecular weight of 22 kDa (Longhi et al., 1997) and an 

isoelectric point of 7.8 (Petersen et al., 2001). This enzyme is a serine esterase containing the classical 

Ser, His, Asp triad of serine hydrolases (Ettinger et al., 1987). Cutinase is an α-β protein, with a central 

β-sheet of five parallel strands covered by five helixes on either side of the sheet (Martinez et al., 1992). 

It also contains two disulfide bridges that are critical for catalytic activity, since their reduction resulted 

in the complete inactivation of the enzyme (Ettinger et al., 1987). 

In terms of enzymatic activity, using p-nitrophenyl acetate as substrate and a pH assay of 8.0, the 

optimal temperature obtained for cutinase was 50ºC (Sousa, 2010), while the optimal pH was 9.0, 

determined by a pH-stat methodology. Regarding the enzymatic stability, Sousa et al., 2013 reported 

half-life times of 35, 20 and 2 minutes at 60, 70 and 80ºC, using a pH value of 8.0, respectively. 

 

1.3 Invertase from Saccharomyces cerevisiae 
 

External invertase (β-frutofuranosid fructohydrolase, EC 3.2.1.26) from Saccharomyces 

cerevisiae is an important enzyme in the food industry. This enzyme catalyzes the hydrolysis of sucrose 

into an equimolar mixture of glucose and fructose, known as inverted sugars (Danisman et al., 2004). 

This type of sugars has lower crystallinity than sucrose, which is important in the food industry to 

guarantee that the products remain fresh and soft for a long time and, in the production process of high-
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test molasses, the addition of the external invertase is essential to prevent crystallization (Piggot, 2003). 

This enzyme from S. cerevisiae is commonly used in the food industry because this yeast is non-

pathogenic and non-toxigenic (Food and Drug Administration, 2001). 

The main structure of the external invertase from S. cerevisiae is a homodimer with a molecular 

weight of 270 kDa (Neumann & Lampen, 1967) and an isoelectric point between 3.4 and 4.4 (Colonna 

et al., 1975). These dimers can also associate to form tetramers, hexamers and octamers. This last 

structure is better described as a tetramer of dimers that oligomerize by intersubunit extension of the 

two β-sheets that end the β-sandwich domain within each subunit, counting with 36 hydrogen bonds 

and one salt bridge (Sainz-Polo et al., 2013). The active site of this enzyme is located at the interface 

between each pair of dimers and it is described as a cavity, a little different from the other enzymes 

already mentioned in the present work (Sainz-Polo et al., 2013). 

In terms of enzymatic activity, the optimal temperature found for invertase from S. cerevisiae was 

45ºC, using a pH assay of 5.0, and the optimal pH obtained was 5.0 at a temperature assay of 35ºC 

(Danisman et al., 2004). Regarding the enzymatic stability, the same author reported a half-life time of 

12 min at 60ºC, in deionized water (Danisman et al., 2004). 

 

1.4 Triazine-scaffolded synthetic affinity ligands 
 

Affinity techniques are based on the molecular recognition between biological macromolecules 

and complementary ligands. Therefore, they have the advantage of being highly selective (Sousa & 

Taipa, 2014), reason why affinity-based strategies are common approaches for both small and large-

scale protein separation processes. The use of affinity ligands in protein recovery reduces nonspecific 

interactions, increases operational yields, and facilitates the elimination of undesirable contaminants 

(Taipa, 2014). 

Among these processes, affinity chromatography is the most powerful and efficient methodology 

for protein purification (Roque et al., 2004). In this technique, the affinity ligands are covalently 

immobilized onto a solid support, commonly agarose or derivatives, being then packed in a 

chromatographic column and the isolation of a protein of interest is done into three main steps: capture, 

purification and polishing (Taipa, 2014). In the capture step, the target protein is adsorbed onto the 

column, while contaminants are washed off, allowing the purification and concentration of the bound 

protein. Elution can be performed by using either nonspecific eluant, such as changes of pH, ionic 

strength and temperature, or a specific one (competitive molecule). Finally, a high-resolution polishing 

step which is normally designed to remove impurities that closely resemble the target protein (Roque et 

al., 2004). 

Affinity ligands for protein purification can be natural molecules such as enzymes substrates and 

inhibitors, effectors, coenzymes, hormones, antigens, nucleic acids, and sugars, presenting high-affinity 

constants and selectivity for their complementary proteins (Lowe et al., 1992). However, the increasing 

demands for highly purified proteins favored the development of synthetic affinity ligands, generally 

regarded as safe and more economic alternatives, comparing with natural ligands, that are usually 

unstable, expensive and often immunogenic, which becomes problematic in case of leakage when 

purifying protein for use as therapeutics (Roque et al., 2007). 
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Synthetic affinity ligands are chemically synthesized low-molecular-weight compounds that 

interact with the target protein by affinity-like interactions (Taipa, 2014). This type of ligands generally 

shows moderate affinity for the target protein, which can be advantageous since it allows the 

employment of mild elution conditions (Sousa & Taipa, 2014). The main advantages of the synthetic 

ligands for affinity processes are their scalability, durability, capability of reusage over multiple cycles 

and low price. They are also commonly not toxic and their exceptional stability enables the harsh elution 

as well as in-place cleaning and sterilization procedures (Lowe et al., 2001). 

 

1.4.1 Triazine-scaffolded ligands 

Reactive textile dyes are a type of synthetic ligands, since a large family of triazine dyes were 

reported with the ability to bind proteins (Garg & Mattiasson, 1996). 

Although this ability and the remarkable selectivity showed in some cases, most of them usually 

interacted with several proteins, fact that can compromise protein binding specificity and it was a major 

drawback to their use. However, the utilization of buffers or compounds which eluted specifically the 

target protein was one way to deal with this problem (Clonis et al., 2000). 

Considering these advantages and easily surmountable disadvantages, new dye ligands with 

improved affinity and selectivity for specific proteins were designed (Sousa & Taipa, 2014). 

 

1.4.1.1 Design of synthetic affinity ligands 

Synthetic ligands that mimic the structure and binding of natural biological ligands were 

designated as biomimetic ligands (Clonis et al., 2000). It was only many years after the first uses of 

textile dyes as pseudo-affinity ligands that this technology could start being based on de novo synthesis 

and rational ligand design concepts (Lowe et al., 1992). The first generation of biomimetic ligand was 

developed in the early 1980s, when sophisticated molecular modeling software, needed for the study of 

ligand-protein interactions, was not available. Therefore, biomimetic ligand design depended only on 

known binding preferences of the proteins of interest for natural ligands, X-ray crystallography, and other 

available biochemical information (Clonis et al., 2000). Over the 1990s, the development of sophisticated 

computed based molecular modeling software and new bioinformatic tools, as well as of data banks 

containing extensive and detailed information about a huge number of proteins, allowed the in silico 

exploitation of virtual ligand-protein complexes and the emergence of a suitable and well-succeeded 

approach for the de novo intelligent design of synthetic affinity ligands (Sousa & Taipa, 2014). 

The ease of manipulation of the triazine scaffold and the reacitivity of cyanuric acid towards 

amines together with its structural rigidity have attracted a large interest in exploring its combinatorial 

derivatization for biological applications (Löwik & Lowe, 2000). Several biomimetic triazine-based 

ligands have been designed as stable synthetic analogues that replaced efficiently natural biological 

ligands (Sousa & Taipa, 2014). 

There are two main strategies for de novo design of triazine-scaffolded synthetic affinity ligands: 

a template-guided and a templateless approach (Taipa, 2014). 
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In the template-guided approach, after the acquisition of the structural information of the protein 

by X-ray crystallography and/or NMR, computer-assisted tools are used to model the natural ligand-

protein interactions and, with this information, triazine-scaffolded biomimetic ligands are synthesized 

(Taipa, 2014). This approach was used, for example, by Roque et al., where a triazine-scaffold library 

of affinity ligands was used to discover protein L mimetics in the purification of immunoglobulin 

molecules and Fab/scFv fragments (Roque et al., 2005). 

In the templateless approach, after the acquisition of the structure information of the protein, a 

study of surface-exposed motifs or key amino acids for complementary interaction is done (Taipa, 2014). 

This approach was used by Ruiu et al., 2006 where the rationale was to find stabilizing ligands, which 

were able to bind cutinase with high affinity while retaining enzymatic activity. Therefore, the target 

surface regions, or weak regions, were considered suitable for the design of complementary ligands, 

since these regions were found to be involved in the early unfolding events of cutinase (Creveld et al., 

1998) – vide Figure 1.2. 

 

 

Figure 1.2 – Representation of Fusaium solani pisi cutinase showing its weak regions, recognized to 

be involved in the initiation of the unfolding. These regions comprising residues 52-66, 133-141, 151-

166 and 191-213 are shown in ribbon representation (yellow); the active site residues Ser120, Asp175, 

and His188 are shown in green; the remaining backbone (with side chains omitted) is colored according 

to the secondary structure, with β-strands in blue, α-helices in red, and remaining portions in grey. 

Adapted from (Taipa, 2014). 

A total of five amino acids was identified as key residues that were exposed to the surface and 

involved in the initiation of unfolding, and were amenable for the establishment of intermolecular 

interactions, hydrophobic and/or hydrogen bounds (Ruiu et al., 2006). 
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Molecular studies in silico on the regions comprising these five target amino acids on the surface 

of cutinase were used as basis to the design of triazine bi-substituted molecules in a complementary 

affinity-like mode with surface exposed residues (Ruiu et al., 2006). Figure 1.3 shows two examples of 

designed ligad-cutinase complexes after energy minimization. 

  

 

Figure 1.3 – Molecular models showing triazine-based ligand anchoraged on the surface of cutinase. 

(a) ligand 4/5, comprising 4-aminophenylacetic acid as substituent in R1 position (mimic of Aspartic and 

Glutamic acids) and in isoamylamine in R2 position (mimic of Leucine), docked on the surface of 

cutinase, interacting with Arg 156, showing also the relative size of both molecules; (b) ligand 3/5, 

comprising 4-aminobenzoic acid as substituent in R1 position (mimic of Aspartic and Glutamic acids), 

docked on the surface of cutinase, interactin with Arg 158. Hydrogen bonds are shown as dashed lines. 

Adapted from (Ruiu et al., 2006). 

 

1.5 Solid-phase synthesis of synthetic affinity ligands 
 

 

1.5.1 The solid-phase: Sepharose CL-6B 

Sepharose CL-6B is a vastly used gel filtration medium and consists of cross-linked agarose 

beads (6% agarose content), with a wet bead diameter between 45 and 165 μm and a surface area 5 

cm2/mL, according to the supplier’s product information. 

Agarose is an algal polysaccharide and its polymeric chain is formed by repeating units of 

alternating 1,3-linked β-D-galactose and 1,4-linked 3,6.anhydro-α-L-galactose (Lahaye & Rochas, 

1991). The gel structure consists of an open three-dimensional network of fibers made of spontaneously 

aggregated galactan helices (Johansson et al., 2003). 

According to the supplier’s information, the cross-linkage of Sepharose CL is prepared by reaction 

of Sepharose with 2,3-dibromolpropanol under strongly alkaline conditions. After this step, the gel is 
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desulfated by alkaline hydrolysis under reducing conditions. The partial structure of Sepharose CL is 

shown in Figure 1.4. 

Sepharose CL-6B was used by Sousa, 2010 as the solid matrix for the synthesis and screening 

of triazine-scaffolded biomimetic ligands to bind and stabilize cutinase. This gel matrix was used in that 

work due to some important characteristics: it does not interact with cutinase, preventing non-specific 

adsorption of the enzyme; cutinase does not show any increased thermostability in the presence of the 

support alone; Sepharose CL-6B possesses a sufficient amount of hydroxyl groups that can be activated 

or modified to enable the linkage of ligands; finally, this matrix is resistant to a huge range of pH values 

(3-14) and high temperatures (it may be autoclave frequently at 120ºC and pH 7). 

 

 
 

Figure 1.4 – Schematic representation of the Sepharose CL matrix. 

 

 

1.5.2 Synthesis of solid-phase biomimetic ligands 

The solid-phase synthesis of triazine-based ligands was performed according to the reactional 

scheme shown in Figure 1.5, and as described in §3.2.1. This strategy consists of a combination of 

some methodologies proven to be effective in the development of this type of affinity ligands to bind to 

several proteins (Palanisamy et al., 2000; Teng et al., 1999; Filippusson et al., 2000). 

The two initial steps of the solid-synthesis enable the activation of the support. Firstly, 

epichlorohydrin introduces epoxy groups and, eventually, it increases the degree of cross-linking; 

secondly, the introduction of amino groups using ammonia, needed for the reaction with cyanuric 

chloride, which, by reaction of epoxy groups, also creates a spacer arm between the surface of the 

support and the ligand (vide Figure 1.4) which may be important for effective binding to the protein 

molecules (Cuatrecasas & Anfinsen, 1971). 
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After the activation of the support with cyanuric chloride, the two remaining chlorines were 

displaced by nucleophilic substitution using aminated compounds – §3.2.1.1.4. The R1 and R2 

substitutions are performed at controlled temperatures, since the reactivity of chlorine atoms decreases 

as the triazine ring becomes substituted (Thurston et al., 1951). 

 

 

Figure 1.5 – Solid-phase synthesis of triazine-based ligands. The first and second steps are the epoxy 

activation of Sepharose CL-6B with epichlorohydrin and ammonia, respectively. The third step is the 

activation with cyanuric chloride. The fourth and fifth steps are the sequential substitutions of the two 

chlorines with different aminated compounds, mimicking the side chains of various amino acids. Adapted 

from (Sousa, 2010). 

 

1.6 Ligand screening for binding cutinase 

1.6.1 Random solid-phase library of ligands for binding cutinase 

A large ligand library had been designed by Roque et al., to select ligands that mimicked protein 

L from Peptrostreptococcus magnus for the affinity purification of antibodies and small fragments. 

(Roque et al., 2005b). 

This library was called “random” for binding cutinase, since its construction was not due to the 

interaction with this enzyme and did not have this goal in mind. However, the substituents of the triazine 

ring mimicked the side chains of eleven essential amino acids (out of twenty), so it was expected that 

some ligands would be able to bind cutinase. Table 1.4 shows the aminated compounds used in the 

synthesis of this library (Sousa, 2010). The combinatorial solid-phase synthesis of ligands including all 

combinations of R1 and R2 yielded a 144-membered library, comprising amines 1 to 11 plus 0, which 

was NH3 that was used as control (Sousa et al., 2009). 

This random library was screened to bind cutinase: firstly, by a qualitative screening using a 

fluorescence-based method (Roque, 2004; Ruiu, 2008; Sousa et al., 2009); followed by a standard 

chromatographic assay in which the ligands, packed in columns, were loaded with a cutinase solution 

and then washed with buffer – §3.2.4.1. 
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Table  1.4 – Aminated compounds used for the solid-phase synthesis of the random combinatorial library screened 
to bind cutinase. Amine 0, which served as a control, is not shown. Adapted from (Sousa, 2010). 

Number 
Structure and name of the aminated 

compound 
Analogue amino acids 

1 

 
L-alanine 

 

Alanine 
Glycine 

2 

 

 
1,5 – diaminopentane 

 

Lysine 

3 

 

 
tyramine 

 

Tyrosine 

4 

 

 
m-xylylenediamine 

 

Lysine 

5 

 
isoamlylamine 

 

Leucine 

6  
4-aminobutyric acid 

 

Glutamic acid 

7 

 
phenetylamine 

 

Phenylalanine 

8 
 

4-aminobenzamide 
 

Glutamine 
Asparagine 

9 
 

1-amino-propan-2-ol 
 

Threonine  

10 
 

β-alanine 

Aspartic acid 

11 

 
2-methylbutylamine 

 

Isoleucine 
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1.6.2 Solid-phase semi-rational library of ligands for binding and 

stabilizing cutinase 

From the ligands that bound more than 50% of the loaded enzyme, when screened by a 

chromatography assay, amines 3, 5, 7, 8 and 11 (vide Table 1.4) gave generally good results. Amines 

1, 2, 4, 6, 9 and 10 reported good binding results usually when combined with one of the aforementioned 

amines (Sousa, 2010). Thus, the amines chosen for the synthesis of a second-generation ligand library 

were 3, 5, 7, 8 and 11, combined with amines 3 and 4 of the rational library reported by Ruiu et al., 2006, 

which were after named 3’ and 4’, respectively (Sousa, 2010; vide Table 1.5). 

Many ligands that contained amine 8 showed incoherent results revealing an apparent low binding 

to cutinase and then a very high specific activity of bound enzyme, sometimes higher than 100% (Sousa, 

2010), reason why this amine was not further used testing and screening assays. 

 

Table  1.5 – Amines reported by Ruiu et al., 2006 that were combined with the amines 3, 5, 7, 8 and 11 

(from Roque et al., 2004) chosen for the solid-phase semi-rational library. (Adapted from de Sousa, 

2010). 

Number 
Structure and name of the aminated 

compound 
Analogue amino acids 

3’ 

 

4-aminobenzoic acid 

Aspartic acid 

Glutamic acid 

4’ 

 

4-aminophenylacetic acid 

Aspartic acid 

Glutamic acid 

 

The screening of the solid-phase semi-rational library for binding cutinase was done by batch 

adsorption assay and the specific activity, after adsorption, was measured towards p-NPA – §3.2.3.1 

(Sousa et al., 2009, 2013). 

It was found that all the ligands contained in this library were able to bind more than 50% of the 

enzyme (Sousa et al., 2009). In terms of specific activities of bound cutinase, it was seen that adsorbents 

containing combinations of amines 3’ and 4’ reported higher values (Sousa et al., 2009). 

These ligands were further studied for their ability to stabilize adsorbed cutinase against thermal 

deactivation. 
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1.6.2.1 Thermostability assays with adsorbed cutinase 

The ligands of the solid-phase semi-rational library were all screened for their effect on the 

thermostability of adsorbed cutinase and different deactivation profiles were obtained (Sousa et al., 

2013). 

With ligands bearing combinations between amines 3, 5, 7 and 11, ligands with two hydrophobic 

moieties (vide Table 1.4), the bound enzyme showed a very quick deactivation, which occurred mostly 

in the first minutes of incubation (Sousa et al., 2013). 

The ligands with a combination of one of the amines mentioned in the last paragraph and 3’ and 

4’, bearing an acidic group (vide Table 1.5) showed a thermostabilizing effect on adsorbed cutinase, but 

different deactivation profiles were observed (Sousa et al., 2013). 

The results reported by Sousa, 2010 of the percentage of residual activity of cutinase adsorbed 

to solid-phase synthesized affinity adsorbent are shown in Table 1.6. 

 

Table  1.6 – Percentage of residual activity of cutinase adsorbed to solid-phase synthesized affinity 

ligands after 90 minutes (for stabilizing ligands) and 15 minutes (for destabilizing ligands) of incubation 

at 60ºC and pH 8.0. Adapted from (Sousa, 2010). 

Stabilizing ligands (after 90 minutes) Destabilizing ligands (after 15 minutes) 

Ligand % residual activity Ligand % residual activity 

3’/3 79 3/3 0.10 

3/3’ 64 5/5 1.8 

3’/5 77 7/7 1.2 

5/3’ 70 11/11 8.2 

3’/7 85 3/7 0.2 

7/3’ 45 7/3 13 

4’/3 14 5/7 0.0 

3/4' 55 7/5 0.80 

4’/5 33 3/5 2.0 

5/4’ 91 5/3 15 

4’/7 37 3/11 0.9 

7/4’ 85 11/3 26 

4’/11 38 5/11 8.6 

11/4’ 69 11/5 8.9 

3’/11 94 7/11 5.6 

11/3’ 82 11/7 6.8 

Free Cutinase 16 Free Cutinase 70 

 

Results displayed in Table 1.6 showed that the ligand with the better performance, in terms of 

activity retention of bound cutinase, amongst the tested ligands, was ligand 3’/11, that was the chosen 

as the lead for further studies (Sousa, 2010). 
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1.6.3 Stabilization of cutinase adsorbed to ligand 3’/11 relatively to free 

enzyme 

Solid-phase synthesized ligand 3’/11 allowed the stabilization of the adsorbed cutinase relatively 

to free enzyme at three different temperatures (Sousa, 2010; Sousa et al., 2013).  

The half-life times obtained for free cutinase at 60, 70 and 80 ºC, and pH 8.0, were 35, 20 and 2 

minutes, respectively, while, for the adsorbed enzyme, at 70 and 80ºC, the values of t1/2 reported were 

8-9 and 2.5-3 hours, respectively. At 60ºC, the immobilized cutinase presented a relative specific activity 

above 90%, upon 2 hours of incubation (Sousa, 2010; Sousa et al., 2013). 

Figure 1.6 shows the deactivation profile of both free and adsorbed cutinase to 3’/11 and its 

symmetrical 11/3’ at 70ºC. Both ligands were seen to bind and stabilize cutinase in a similar mode. 

 

 

Figure 1.6 – Deactivation of cutinase, free and adsorbed to solid-phase synthesized ligands 3’/11 and 

11/3’, at 70ºC. The incubation was performed in 20 mM Tris-HCl, pH 8.0. Adapted from (Sousa, 2010). 

 

1.7 Adsorption of CVL to ligand 11/3’ and thermostability of free and 

adsorbed lipase 

Chromobacterium viscosum lipase was the enzyme used as an alternative to cutinase to study 

the capability of a thermostabilizing support to act as a stabilizer of a different enzyme (Sousa, 2010). 

This lipase was chosen since it was available in a relatively pure form and it showed similarities with 

cutinase from a functional and topological point of view (Lang et al., 1996). 

Although binding of CVL to ligand 11/3’, symmetrical of ligand 3’/11 was very low (25%, 

approximately), the thermostabilizing effect showed on cutinase was also verified in the case of the 

lipase of C. viscosum (vide Figure 1.7). 
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This study was the first one in a series of assays that were proposed by Sousa, 2010 to check if 

other enzymes, with different sizes, topologies, functions, tertiary and quaternary structures, would be 

adsorbed and stabilized by the same ligand. 

In this work, the study that was proposed and started by de Sousa, 2010 is continued, by 

performing adsorption and thermostability assays with different lipases, including CVL, and invertase. 

 

 
Figure 1.7 – Deactivation of free CVL and adsorbed to solid-phase synthetized ligand 11/3’, symmetrical 

of 3’/11, at 70ºC. The incubation was performed in 20 mM Tris-HCl, pH 8.0. Adapted from (Sousa, 2010). 

 

1.8 Modelling used to describe the thermal deactivation data 

The thermal deactivation of most enzymes is explained by a first order law (Equation 1.1). 

 

𝐸 → 𝐸𝑑      (Equation 1.1) 

 

In the previous equation, E is the initial active form, while Ed is the denaturated conformation. 

Using the differential equation for the depletion of the enzyme activity and integrating, the first order law 

is obtained (Equation 1.2) and also the expression of the half-life time, t1/2 (Equation 1.3). 

 

𝐸

𝐸0
= 𝑒−𝑘𝑡   (Equation 1.2) 

𝑡1/2 =
𝑙𝑛 2

𝑘
   (Equation 1.3) 

 

In the previous equations, E0 is initial activity and k the rate constant of first order deactivation. 
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For immobilized enzymes, a four-parameter biexponential model is commonly used to describe 

the deactivation kinetics. This model corresponds to the formalism of the series-type deactivation model 

of Henley and Sadana (Henley & Sadana, 1985; Equation 1.4). 

 

This model is purely and simply a sequence of two first order steps with rate constants k1 and k2. 

In Equation 1.4, E is the initial active form of the enzyme and E1 and E2 are the intermediate and final 

species, respectively. The terms β1 and β2 are the specific activity of E1 and E2 relative to E. 

According to this mechanism, the activity decay is described by Equation 1.5. 

 

𝐴𝑡

𝐴0
= (1 +

𝛽1𝑘1

𝑘2−𝑘1
−

𝛽2𝑘2

𝑘2−𝑘1
) 𝑒−𝑘1𝑡 − (

𝛽1𝑘1

𝑘2−𝑘1
−

𝛽2𝑘2

𝑘2−𝑘1
) 𝑒−𝑘2𝑡 + 𝛽2   (Equation 1.5) 

 

In the previous equation, At is the enzymatic activity at a given time and A0 is the initial activity. 

Series-type models are frequently used to describe the thermal deactivation of adsorbed enzymes 

(Gama et al., 2003). However, although the utilization of this formalism, it is not possible to claim that it 

is the most correct or suitable model to describe, from a mechanistic point of view, the different 

deactivation of several enzymes. The fitting is performed to provide a phenomenological description, 

but to a mechanistic elucidation, further data is needed. 

The biexponential formalism (Equation 1.6) is another model that is commonly used, fitting several 

different mechanistic descriptions as “concominant models” (Figure 1.8A), “series models” (Figure 

1.8B), “competitive models” (Figure 1.8C) and some more complex hybrid ones (Figure 1.8D), (Aymard 

& Belarbi, 2000). 

 

 

Figure 1.8 – Some mechanism of thermal inactivation of enzyme. A: concominant model; B: series 

model; C: competitive model; D: hybrid model (mixed competitive-consecutive model); k1, k2, k3, k-1: rate 

constants. Adapted from Aymard & Belarbi, 2000. 

(Equation 1.4) 
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𝐴𝑡

𝐴0
= 𝐴𝑒−𝛼𝑡 + 𝐵𝑒−𝛽𝑡

   (Equation 1.6) 

In the equation 1.6, At is the activity at a given time, A0 is the initial activity, A and B are complex 

functions of individual rate constants and α and β are apparent first-order rate constants. 

For several cases, this formalism may be reduced to an even more simple three-parameter 

biexponential expression (Aymard & Belarbi, 2000) – Equation 1.7. 

 

𝐴𝑡

𝐴0
= 𝐴𝑒−𝛼𝑡 + (1 − 𝐴)𝑒−𝛽𝑡

   (Equation 1.7) 

 

In the case of the application of the series-type mechanism described by the Equation 1.7, it 

implies that β2
 is 0. 

These models with a universal character are useful to describe thermal enzyme activity decay, 

failing to take in account the underlying mechanism of such deactivation (Sousa, 2010). However, given 

their simplicity, they are very helpful when little is known about the actual inactivation mechanisms, such 

as in the present work.  
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2. Background and Objectives 
 

Cutinase surface studies using sophisticated computer modelling tools was the basis for the de 

novo design of complementary biomimetic ligands able to interact in an affinity-like mode with identified 

key residues in target regions where unforlding, under destabilizing conditions, is likely to be initiated. 

Combinatorial libraries provided molecular diversity from which ligands could be selected. A 

random combinatiorial library of triazine bi-substituted molecules, synthesized in solid-phase, directly 

on derivatized Sepharose beads, was screened for binding to cutinase. Substituents that gave 

consistently good results were combined with others previously selected from a rationally designed 

library, and used to synthesize a second-generation biased library, following a semi-rational approach. 

This library of ligands was screened for binding cutinase while maintaining biological activity. 

Several solid-phase synthetized adsorbents were able to bind cutinase (model-enzyme) with high 

affinity and retention of enzyme activity. For stabilizing ligands, after 90 minutes of incubation at 60ºC, 

the retained activity was up to 94% for the best lead ligand compared to only 16% for free cutinase. One 

particular ligand showed a very good performance, stabilizing efficiently the enzyme – half-lives 

increased over 20 times – at elevated temperatures as 70 and 80ºC. The adsorption of lipase from 

Chromobacterium viscosum, or Pseudomonas glumae, to this adsorbent demonstrated that, although 

the affinity was lower as compared to cutinase, stabilization of this enzyme could also be achieved. 

The stabilizing effect on cutinase obtained with biomimetic affinity supports, and, particularly, with 

a selected lead-ligand – 3’/11 –, was the basis for future research with triazine-based compounds as 

probes for enhancing protein stability by adsorption. It is envisaged that some of these ligands are 

assessed and screened for their potential stabilizing effect on other enzymes. 

The main objective of this work is to further explore a novel approach for enhancing 

enzyme/protein stability. This approach relied on the synthesis and selection of solid-phase triazine-

scaffolded synthetic ligands, capable of stabilizing an enzyme against thermal inactivation, through 

affinity-like interactions based on non-covalent forces. 

So, firstly the triazine-scaffolded ligand adsorbents – synthesized in solid-phase, directly on 

sepharose beads – were confirmed as binders and stabilizers of cutinase under pre-established 

conditions; then, the same biomimetic ligands were screened for their ability to bind with high affinity 

other related and non-related enzymes, as lipases from Aspergillus oryzae, Candida rugosa, 

Chromobacterium viscosum, Rhizomucor miehei and Rhizopus niveus, and invertase from 

Saccharomyces cerevisiae – while preserving biological activity; finally, thermostability studies were 

performed at high temperature – 60 ºC –, the deactivation pathways for free and adsorbed enzyme were 

obtained and compared. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Chemicals 

The reagents and solvents used were pro-analysis and they are presented in Table 3.1. 

 

Table  3.1 – Chemical reagents used in the experimental work and respective suppliers. 

Reagent Supplier Reagent Supplier 

Acetic acid Fisher Chemical 2-Methylbutylamine Aldrich 

Acetone Riedel-de Häen 
p-Nitrophenyl acetate (p-

NPA) 
Sigma 

Acetonitrile Fisher Chemical 
p-Nitrophenyl butyrate (p-

NPB) 
Sigma 

40% Acrylamide/Bis 

(29:1 ratio) 
Bio-Rad 

p-Nitrophenyl palmitate (p-

NPP) 
Sigma 

4-Aminobenzoic acid 

(ligand 3’) 
Aldrich 

Pierce BCA and Pierce 

Micro BCA Protein Assay 

reagents 

Thermo Scientific 

Ammonium hydroxide 

33% (v/v) 
Riedel-de Häen Propanol Labscan 

Ammonium persulfate 

(APS) 
Sigma-Aldrich Silver Nitrate Panreac 

Arabic gum 
José M. Vaz 

Pereira, Ltd 
Sodium carbonate Merck 

Cyanuric acid Merck 
Sodium dodecyl sulfate 

(SDS) 
Merck 

Ditiotreitol (DTT)  Sigma-Aldrich Sodium hydroxide Fisher Chemical 

Epichlorohydrin Aldrich Sodium thiosulfate Sigma 

Formaldehyde Panreac Sucrose Fisher Chemical 

Glycine Bio-Rad 
Tetramethylethylenediamine 

(TEMED) 
Sigma 

Isopropanol Fluka Tris base Eurobio 

Laemmli buffer Bio-Rad Triton® X-100 Merck 

 

3.1.2 Biochemicals 

Recombinant cutinase, from Fusarium solani pisi, cloned in pMa/c5-CUF plasmid was produced 

and purified in our laboratory. 

Lipases from Aspergillus oryzae (AOL), Candida rugosa (CRL), Rhizomucor miehei (RML) and 

Rhizopus niveus (RNL) were from Sigma. 

Lipase from Chromobacterium viscosum (CVL) was from Toyo Jozo Enzymes. 

Pierce bovine serum albumin (BSA) standard solutions were from Thermo Scientific. 

SDS-PAGE molecular weight (MW) markers were Precision Plus ProteinTM Dual Color Standards 

(10–250 kDa) from Bio–Rad. 

Dinitrosalicylic (DNS) acid were gently supplied by Ricardo Pereira. 
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3.1.3 Chromatography Suports 

Sepharose CL-6B were from Sigma-Aldrich. 

Ligands 3/3’ and 5/3’ were previously synthetized by Isabel Teixeira de Sousa. 

 

3.1.4 Instrumentation 

SDS-PAGE electrophoresis was performed in a Min-PROTEAN TetraSystem cell from Bio-Rad 

with power supply apparatus Power Pac 300 from Bio-Rad. 

In the synthesis of ligands, steps performed at 83ºC were carried out in a hybridization 

oven/shaker from Amersham Pharmacia Biotech. 

Microplate mixer/incubator was either Titramax 1000 from Heidolph Instruments or Agitator 200 

from Aralab. 

Spectrophotometric readings performed in 1 cm pathlength cuvettes – Hellma® adsorption 

standard cells – were done on Hitachi U-2000 spectrophotometer. For activity measurements, an 

electronic stirrer Model 300 from Rank Brothers Ltd was adapted on the cuvette holder, and a 

Thermomix® MM thermocouple from B. Braun with a thermocouple was used to measure the 

temperature. 

Spectrophotometric readings performed in microplates were taken on a SpectroMax384 Plus 

microplate reader from Molecular Devices. 

 

3.2 Methods 

3.2.1 Triazine-based ligand synthesis and support derivatizations 

3.2.1.1 Solid-phase synthesis of triazine-based ligands 

The synthesis of triazine-based ligands was performed by a combinatorial method using 

Sepharose CL-6B as the solid support according to a methodology usually described as a tool to obtain 

biomimetic ligands for affinity purification of biomolecules (Palanisamy et al., 2000; Teng et al., 1999; 

Roque et al., 2005b). 

 

3.2.1.1.1 Epoxy activation of Sepharose CL-6B 

The epoxy activation of Sepharose CL-6B was performed according to a method described by 

Filippusson et al., 2000. Sepharose CL-6B was washed thoroughly with distilled water on a sinter funnel 

to remove the storage ethanol solution. The gel was suspended in 0.8 mL of 1 M NaOH per gram of 

moist gel. Epichlorohydrin was added in a proportion of 0.1 mL per gram of gel and the mixture was 

incubated overnight with gentle agitation in a rotary shaker at 30 ºC. The activated gel was washed 

thoroughly with distilled water and used for the amination step. 
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3.2.1.1.2 Amination of epoxy-activated Sepharose CL-6B 

Epoxy-activated agarose was aminated with ammonia according to a protocol adapted from 

Roque et al., 2005b. The washed epoxy-activated gel was suspended in 1.5 mL of ammonia per gram 

of moist gel. The slurry was incubated overnight at 30ºC with gentle agitation in a rotary shaker. The 

aminated support was washed utterly in a sintered funnel with distilled water to remove any traces of 

ammonia. Washing was carried out until the pH of the washing solution was lowered to the pH of the 

distilled water and no odor could be detected. Aminated supports were either used immediately and 

activated with cyanuric chloride or stored in 20% (v/v) ethanol between 0 and 4ºC. 

 

3.2.1.1.3 Activation of aminated Sepharose with cyanuric chloride 

Preparation of dichlorotriazinyl gel was performed according to a method adapted from the 

literature (Palanisamy et al., 2000; Teng et al., 1999; Roque et al., 2005b). 

Aminated agarose was suspended in a solution acetone/water 50% (v/v) – 1 mL per gram of gel. 

The slurry was maintained at 0 ºC in an ice bath on a shaker. An amount corresponding to 5 molar 

equivalent of cyanuric chloride – relative to the extent of amination (≈20 μmol amine groups/g gel) – was 

dissolved in 8.6 mL of acetone per gram of cyanuric chloride and it was divide into four aliquots. Each 

aliquot was added to the aminated gel with intervals of about 30 minutes, maintaining the mixture at 0 

ºC with constant shaking. The pH was monitored with the aid of pH-indicator strips and maintained 

neutral by addition of a NaOH 1M solution. The gel was then washed with 2 x 10 gel volumes of each 

acetone/distilled water mixture (v/v) – 1:1, 1:3, 0:1, 1:1, 3:1, 1:0 – and then with abundant water to 

remove unreacted cyanuric chloride (Roque, 2004). The cyanuric chloride activated gel was not stored 

but immediately used for the substitution of R1 – §3.2.1.1.4 (I). 

 

3.2.1.1.4 Nucleophilic substitution of the second and third chlorine atoms of 

dichlorotriazinyl Sepharose 

After the activation of aminated Sepharose with cyanuric chloride – previous point – the second 

and third chlorines – in the R1 and R2 positions, respectively – of dichlorotriazinyl agarose were 

sequentially substituted with commercially available amines (Roque, 2004; Ruiu et al., 2006).  

 

(I) Substitution with aminated compound R1 

The cyanuric chloride activated gel was divided into aliquots. Each aliquot was used for the 

substitution of the second available chlorine in the triazine ring with two different aminated compound: 

ammonia – amine 0 – or 4–aminobenzoic acid – amine 3’. An amount corresponding to 2 molar 

equivalents of each amine – relative to the determined density of amine groups in the support (≈20 

μmol/g gel) – was dissolved in distilled water. For amine 3’, one equivalent of sodium bicarbonate was 

also added. The volume of solvent used was 1 mL per gram of gel. Each aliquot of dichlorotriazinyl 

agarose with respective amine solution was incubated at 30 ºC for 24h in a rotary shaker. After this, 

each gel was thoroughly washed with distilled water on a sintered funnel (Roque, 2004). The R1 
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monosubstituted ligands were used immediately for the substitution with amino compounds R2 – 

§3.2.1.1.4 (II). 

 

(II) Substitution with aminated compound R2 

The following R2 substitution was performed using ammonia – amine 0 – or 2–methylbutylamine 

– amine 11. For this step, a 5-fold molar equivalent – relative to the determined density of amine groups 

in the support (≈20 μmol/g gel) – of aminated compounds were used and the volume of distilled water 

was 3 mL per gram of gel. The substitution was performed in a rotary oven at 83ºC for 72 hours (Roque, 

2004). The gels were thoroughly washed with distilled water and stored in 20% (v/v) ethanol at 0-4ºC. 

 

3.2.2 Protein determination by the BCA assay 

Protein concentrations were determined in a microplate assay by the bicinchoninic acid (BCA) 

method patented by Pierce (Smith et al., 1985). According to the range of concentrations required, either 

the BCATM Protein Assay kit – appropriate for concentrations ranging from 20 μg/mL to 2.0 mg/mL – or 

the Micro BCATM Protein Assay kit – for concentrations between 2.0 and 40 μg/mL – were used. The 

detection reagents were prepared according to the instructions included in each kit: 50 parts of reagent 

A and 1 part of reagent B – for the standard BCA assay – or 25 parts of reagent A plus 24 parts of 

reagent B and 1 part of reagent C – for the Micro BCA assay. 

The volume ratio of sample/detection reagent, as well as the incubation temperature and time, 

may be adjusted in order to shift the working concentration range. For protein determinations using the 

BCATM Protein Assay, sample volumes were either 25 or 50 μL, and the detection reagent volume was 

200 μL. When using the Micro BCATM Protein Assay, the sample volume was 150 μL the detection 

reagent volume was 150 μL. 

After adding both the sample and the detection reagent to each microplate well, the plate was 

thoroughly mixed for some seconds and then incubated for 30 minutes at 37ºC – in the case of standard 

BCA assay – or 2 hours at the same temperature – for the Micro BCA assay – in a plater mixer/incubator. 

After cooling to room temperature, absorbance was read at 562 nm in a microplate reader. A standard 

curve with bovine serum albumin (BSA) in a suitable concentration range was used for the determination 

of total protein. Standards were always prepared in the same buffer as the samples since the buffer 

strongly affects the results of BCA-based assays. 

 

3.2.3 Enzyme activity assays 

3.2.3.1 Activity towards p-NPA 

Activities of AOL, cutinase, CVL and RML were determined by a spectrophotometric assay, 

similar to the one used by Gonçalves et al., 2000, but using p-nitrophenyl acetate (p-NPA) instead of p-

nitrophenyl butyrate (p-NPB) and also a different concentration of substrate. A stock solution of substrate 

– p-NPA – was prepared in pure acetonitrile with a concentration of 150 mM. Activity assays were 

performed in 20 mM Tris-HCl buffer at pH 7.0 or 8.0, at either 30 or 37ºC in a stirred cuvette, with a total 
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reaction volume of 1.5 mL. AOL sample was added to attain a final concentration of 14 μg/mL of total 

protein; cutinase and CVL samples – either a solution of free enzyme or a suspension of derivatized 

resin with adsorbed enzyme – were added to reach a final concentration of 16 nM and in the case of 

RML this value was 22 μg/mL. The reaction was initiated by the addition of 15 μL of stock substrate 

solution. The release of p-nitrophenol was monitored by reading absorbance at 400 nm (ε = 15400 M-

1cm-1), every 6 seconds, during one minute (Gonçalves et al., 2000). The enzyme concentrations were 

such that were in the range where the absorbance varied linearly in the time of the assay, and the 

enzyme activities were proportional to the amount of each enzyme. One enzyme activity unit (U) on a 

standard assay conditions was defined as the quantity of enzyme that catalyzes the formation of 1 μmol 

of p-nitrophenol per minute (vide figure 3.1). 

 

 

Figure 3.1 – Reaction scheme for the hydrolysis of p-NPA. The products are p-nitrophenol and acetic 

acid. 

 

3.2.3.2 Activity towards p-NPB 

Activity of RNL towards p-nitrophenyl butyrate (p-NPB) was determined by spectrophotometric 

assay adapted from Brissos (2006). The reaction scheme for the hydrolysis of p-NPB is similar to that 

of Figure 3.1, releasing butyric acid instead of acetic acid. A stock solution of substrate – p-NPA – was 

prepared in pure acetonitrile with a concentration of 70 mM. Activity assays were performed in 20 mM 

Tris-HCl buffer at pH 7.0 or 8.0, at either 30 or 37ºC in a stirred cuvette, with a total reaction volume of 

1.5 mL. RNL sample was added to a final concentration of 6.4 μM, when the case in study was the free 

enzyme, and 4 μM, when the adsorbed enzyme to the derivatized resin was studied. The release of p-

nitrophenol was monitored by reading absorbance at 400 nm (ε = 15400 M-1cm-1), every 6 seconds, for 

two minutes – in the case of free enzyme – or during five minutes – in the case of the adsorbed enzyme 

to the ligand. One enzyme activity unit (U) on standard assay conditions was defined as the quantity of 

enzyme that catalyzes the formation of 1 μmol of p-nitrophenol per minute. 

 

3.2.3.3 Activity towards p-NPP 

Activity of CRL towards p-nitrophenyl palmitate (p-NPP) was determined by a spectrophotometric 

assay adapted from Vorderwülbecke et al., 1992. The reaction scheme for the hydrolysis of p-NPP is 

similar to that of Figure 3.1, releasing palmitic acid instead of acetic acid.  
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This activity assay required two solutions: solution 1, or stock substrate, – 8 mM of p-NPP in 

propane-1-ol – and solution 2 – 4.4% (v/v) Triton X-100, 1.1% (w/v) gum arabic in 20 mM Tris-HCl buffer 

at pH 7.0 or 8.0. The activity assay was performed at 30 or 37ºC in stirred cuvette, with a total reaction 

volume of 2 mL. The assay mixture containing 1780 μL of solution 2 and 180 μL of solution 1 was added 

to the cuvette and the reaction started by addition of 40 μL of enzyme solution, either in the case of free 

enzyme or when the case study was the adsorbed enzyme to a ligand-derivatized resin. The release of 

p-nitrophenol was monitored by reading absorbance at 400 nm (ε = 15400 M-1cm-1), every 6 seconds, 

for one minute – in the case of free enzyme – or during three minutes – in the case of the adsorbed 

enzyme to the ligand. One enzyme activity unit (U) on standard assay conditions was defined as the 

quantity of enzyme that catalyzes the formation of 1 μmol of p-nitrophenol per minute. 

 

3.2.3.4 Activity using 2,4-dinitrosalicylic acid (DNS) method 

Dinitrosalicylic (DNS) acid method in 96 wells microplate (U96 MicroWell® plate, NUNCTM, USA) 

was adapted from Miller (1959) and Nunes et al., 2010. Firstly, 980 μL of sucrose 5% (w/v) in 20 mM 

acetate buffer at pH 5.3 and 20 μL of invertase solution – either of free enzyme or of a suspension of 

derivatized resin with adsorbed enzyme – were added. For the blanks, the enzyme was replaced by 

water. The microplate was covered by aluminum foil and incubated at 50ºC in a rotary shaker. After this, 

20 μL of each one of wells were transferred to a new microplate and, then, 80 μL of MilliQ water and 

100 μL of DNS reagent were added. Once again, this microplate was covered and placed on the surface 

of water bath 100ºC for 5 minutes. After cooling to room temperature, placing the microplate in a tap 

water bath during 5 minutes, 500 μL of MilliQ water were added and the plate was put in a waved shaker 

for 2 minutes. Finally, 200 μL of the content of each well was transferred to another 96 round wells 

microplate. The reducing sugars – glucose and fructose –, obtained after the hydrolysis of sucrose 

catalyzed by Invertase, were quantified by reading the absorbance of the samples at 550 nm with a 

spectrophotometer. A standard curve with glucose in a suitable concentration range – 0.2 to 4 g/L –  

was used for the determination of total reducing sugars (vide Appendix II). One enzyme activity unit (U) 

was defined as the quantity of enzyme that catalyzes the hydrolyze of 1 μmol of sucrose to inverted 

sugar per min. 

 

3.2.4 Enzyme adsorption to ligand-derivatized Sepharose 

3.2.4.1 Screening of enzymes binding ligand 3’/11 by affinity chromatography 

Affinity chromatographic assays were performed at room temperature as described previously in 

(Sousa et al., 2013). Resins were packed into 4 mL columns – 1 mL of packed gel – and were washed 

with 3x2 mL regeneration solution – 0.1 M NaOH in 30% (v/v) isopropanol –, then with water to bring 

the pH to neutral and finally equilibration buffer – 20 mM Tris-HCl, pH 8.0 or 20 mM acetate, pH 5.3 in 

the case of invertase. For each resin, 1 mL of enzyme solution – 1 mg/mL in 20 mM Tris-HCl, pH 8.0 – 

was loaded onto the column. Washing with equilibration buffer proceeded and 1 mL fractions were 

collected until the absorbance at 280 nm became lower than 0.005. A standard curve with bovine serum 

albumin (BSA) in a suitable concentration range – 0.025 to 2 mg/mL – was used for the determination 
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of total protein (vide Appendix I). Percentages of bound protein were calculated by difference from the 

initially loaded amount of enzyme. Finally, the columns were regenerated with regeneration solution, 

followed by distilled water, and stored between 0 and 4ºC in 20% (v/v) ethanol. 

 

3.2.4.2 Standard adsorption assay 

The standard adsorption assay was made in the same way described above – §3.2.4.1 – but 

using a different volume of moist gel. The loaded volume and the concentration of enzyme solutions 

were also different for each case and all these values are presented in the Table 3.2. 

 

Table  3.2 – The volume of moist gel, loaded volume and the concentration of enzyme solution for each 

case study. 

Enzyme 
Volume of moist gel 

(mL) 
Loaded volume (mL) 

Enzyme concentration 

(mg/mL) 

CRL 

0.50 

3.0 1.5 

Cutinase 1.0 0.50 

CVL 1.0 0.75 

Invertase 1.0 3.0 

RNL 0.75 5.0 4.5 

 

The resins were removed from the column, suspended in 1 mL of 20 mM Tris-HCl, pH 8.0 – or 

20 mM acetate, pH 5.3 in the case of invertase – and then centrifuged at 11500 rpm for 5 minutes 

allowing the complete settling before the enzymatic thermostability assay.  

 

3.2.5 Thermostability of free and immobilized enzymes 

Thermostability assays were performed by measuring the irreversible loss of activity upon 

incubation at 60ºC of both free and immobilized enzyme adsorbed as described in §3.2.4.2. The 

concentration of free and immobilized enzymes solution with different concentrations are presented in 

Table 3.3. 

The suspensions of resin – with bound enzyme – were incubated in a dry bath – AccublockTM 

Digital Dry Bath from Labnet International, Lda – at 60ºC. Samples were taken at several times of 

incubation and added directly to an Eppendorf already containing a solution of 20 mM Tris-HCl buffer, 

pH 8.0 – 20 mM acetate buffer, pH 5.3, in the case of invertase. The sample volumes and the 

spectrophotometric method used were different for each enzyme: in CRL case, 40 μL and the enzyme 

activity was measured using p-NPP as substrate (§3.2.3.3); for cutinase and CVL, samples of 15 μL 

were taken and the activities were measured using p-NPA as substrate (§3.2.3.1); for RNL, samples of 

100 μL were taken and the activities were measured towards p-NPB (§3.2.3.2); for invertase, the method 

used was the same described in §3.2.3.4. 
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Table  3.3 – Concentration of the solutions of free enzymes and suspensions of immobilized enzymes 
studied. 

Enzyme Free enzyme concentration 

(mg/mL) 

Immobilized enzyme 

concentration (mg/mL solution) 

CRL 3.5 2.0 x 10-1 

Cutinase 3.5 x 10-2 3.5 x 10-2 

CVL 5.2 x 10-2 1.6 x 10-1 

Invertase 2.0 2.0 

RNL 8.0 5.0 

 

3.2.6 SDS-PAGE gel electrophoresis 

For the SDS-PAGE analysis of proteins, resolving and stacking gels were prepared with the 

components in Table 3.4. 

 

Table  3.4 – Composition of resolving and stacking gels for SDS-PAGE gel electrophoresis. Volume 

enough for two gels. 

Solutions Resolving gel Stacking gel 

40% Acrylamide/bis-acrylamide (29:1 

ratio) 
6.00 mL 0.5 mL 

Resolving buffer (1,5 M Tris-HCl, 0.4% 

(w/v) SDS, pH 8.8) 
5.00 mL – 

Stacking buffer (0.5 M Tris-HCl, 0.4% 

(w/v) SDS, pH 6.8) 
– 1.25 mL 

MilliQ Water 8.89 mL 4.83 mL 

TEMED 10.0 μL 5.00 μL 

10% (w/v) APS 100 μL 25.0 μL 

 

The cassettes – Bio-Rad (Hercules, CA, USA) – containing the resolving and stacking gels were 

assembled in the electrophoresis tank and the chamber properly filled with running buffer (192 mM 

glycine, 25 mM Tris, and 0,10% (w/v) SDS, pH 8.3).  

Samples preparation was accomplished by addition of 25 μL of Laemmli buffer from Bio-Rad 

(277.8 mM Tris-HCl pH 6.8, 4.4% LDS, 44.4% (w/v) glycerol, 0.02% bromophenol blue) and 5 μL of 1M 

DTT, into 20 μL of sample solutions. 

Then the solutions were boiled for 10 minutes in water at 90ºC and loaded into each well. It was 

also loaded into one well the molecular weight marker used. Electrophoresis at 90V for 2 hours took 

place in the next step, being the run stopped when the bromophenol blue reached the bottom of the gel. 

After this step, the gel apparatus was dismantled, the resolving gel was carefully removed from the gel 

plates and placed in a staining solution. The gels were stained with a silver-staining method. 
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3.2.6.1 Silver-staining of SDS-PAGE gels 

The gels were placed in the fixation solution (30% ethanol, 10% acetic acid) for, at least, 2 hours 

and incubated at 20ºC at rotary shaker (60 rpm). Then the gels were washed with ethanol 30% for, at 

least, 10 minutes. After this, the gels were washed two times, 10 minutes each, with MilliQ water. The 

next step was the incubation with the oxidizer solution (0.8 mM sodium thiosulfate) for 1 minute. After 

this incubation, the gels were washed three times with MilliQ water, 30 seconds washing each. Then, 

the gels were stained with fresh 8.85 mM silver nitrate solution during 30 minutes. After this step, the 

gels were washed with MilliQ water during 1 minute, following by incubation with developer solution 

(0.283 M sodium carbonate, 0.05% (v/v) formaldehyde). The last step consisted in stopping the 

developing state by immersion of the gels in 5% (v/v) acetic acid solution. 

 

3.2.7 Structural analysis 

The sequence alignment of all proteins was done using MUSCLE (Multiple Sequence comparison 

by Log-Expectation) algorithm. This algorithm proceeds in three stages: the draft progressive, improved 

progressive, and refinement stages. In the draft progressive stage, the algorithm produces a draft 

multiple alignment, emphasizing speed over accuracy. In the improved progressive stage, the Kimura 

distance is used to reestimate the binary tree used to create the draft alignment, in turn producing a 

more accurate multiple alignment. The final refinement stage refines the improved alignment made in 

step two (Edgar, 2004). 

The structure alignment was done using jFATCAT (java Flexible structure Alignment by Chaining 

Aligned fragment pairs allowing Twists) of PDB. This tool is an approach for flexible protein structure 

comparison. It simultaneously addressed the two major goals of flexible structure alignment, optimizing 

this and minimizing the number of rigid-body movements (or twits) around pivot points (hinges) 

introduced in the reference structure. In this algorithm, the structure alignment is formulated as the AFPs 

(aligned fragment pairs) chaining process allowing at most t twists, and the flexible structure alignment 

is transformed into a rigid structure alignment when t is forced to be 0.   
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4. Results and discussion 
 

4.1 Characterization of cutinase and lipases 

Cutinase from Fusarium solani pisi and lipases from Aspergillus oryzae (AOL), Candida rugosa 

(CRL), Chromobacterium viscosum (CVL), Rhizomucor miehei (RML) and Rhizopus niveus (RNL) were 

fully characterized in previous works (Longhi et al., 1997; Toida et al., 1995; Benjamin & Pandey, 1998; 

Taipa et al., 1992; Noel & Combes, 2003; Kohno et al., 1994). However, given the objectives of the 

present work, it was necessary to verify some properties as their molecular weight, purity degree and 

enzymatic activity of the enzyme preparations. 

 

4.1.1 SDS-PAGE analysis 

An analysis by SDS-PAGE was performed in order to evaluate the molecular weight and the purity 

degree of the enzymes to be studied. The results are presented in Figure 4.1. 

 

 

Figure 4.1 – SDS-PAGE analysis of the different enzymes under study. Lane 1: Molecular Weight 

Markers; lane 2: cutinase (10 μg of total protein); lane 3: CVL (10 μg of total protein); lane 4: AOL (30 

μg of total protein); lane 5: RML (30 μg of total protein); lane 6: RNL (30 μg of total protein); lane 7: CRL 

(35 μg of total protein). 

Figure 4.1 shows that recombinant cutinase (lane 2) was totally pure, which was expectable given 

the purification process done after its production in E. coli which includes the steps of osmotic shock, 

acid precipitation, loading in DEAE-Cellulose and Q-Sepharose columns and, finally, lyophilization 

(Sousa, 2010). The molecular weight obtained for this protein was 23 kDa, a value identical to others 

previously presented (Egmond & Vlieg, 2000; Longhi & Cambillau, 1999; Martinez et al., 1992). 

MW (kDa) 
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In the case of Chrombacterium viscosum lipase (Figure 4.1, lane 3), the major band appears at 

33 kDa, as expected (Taipa et al., 1992; Taipa et al., 1995; Lang et al., 1996). This enzyme preparation 

showed a very slight degradation (bands of low molecular weight), probably result of unspecific 

proteolytic digestion during the purification and/or storage (Sousa, 2010). In the literature, the two 

smaller fragments observed in the gel at 15 kDa (Figure 4.1, lane 3) are probably resulting from the 

digestion of a tripeptide, from amino acids 220 to 222, leaving the enzyme with two polypeptide chains, 

from amino acid 1 to 219 and from 223 to 319 (Lang et al., 1996). 

Figure 4.1 shows that the solution of Aspergillus oryzae lipase – lane 4 – presented a myriad of 

proteins. Analyzing the gel, two thick bands appear, approximately, at 50 kDa. Knowing that the 

described molecular weight of AOL is 41 kDa (Toida et al., 1995), the band that appears immediately 

below 50 kDa can be this lipase. However, this solution, product from Sigma-Aldrich, is described as 

“lipase from Candida sp., recombinant, expressed in Aspergillus oryzae”, not pointing out the organism 

which produced such lipase, reason why it cannot be affirmed that AOL is really present in the solution. 

Additionally, this product description can explain the existence of one minor band located at 66 kDa, a 

value very similar with that described to Lipase from Candida rugosa – 60 kDa (Benjamin & Pandey, 

1998). 

Rhizomucor miehei lipase is analyzed in lane 5, presenting many bands. As well, the first thing 

that should be noted is the band located at 31 kDa, value in the range of molecular weights described 

for this lipase (Wu et al., 1996). In this lane, it is also possible to see that there are two bands located in 

the same positions as in lane 4, corresponding to the solution of Aspergillus oryzae lipase. To explain 

this fact, it is necessary to consult the product description: “purified 1,3-specific lipase from Rhizomucor 

miehei produced by submerged fermentation of genetically modified Aspergillus oryzae microorganism”, 

in other words, using the same source organism, some proteins are specific and are always produced 

by the host, which can be the case of these two proteins. 

 In Figure 4.1, lane 6 shows also a relatively impure extract. The strongest band, located at 81 

kDa, seems to be the lipase from Rhizopus niveus, enzyme from Sigma with a calculated molecular 

weight of 83 kDa. However, one of the most known lipases from Rhizopus niveus has a molecular mass 

of 30 kDa (Kohno et al., 1994) and, bearing in mind this fact, the band located at 31 kDa can also 

represent this enzyme. It is further noted that the bands located at 15 kDa and below can be the result 

of unspecific proteolytic digestion during the purification and/or storage. 

Finally, in the lane 7, the Candida rugosa lipase extract from Sigma is analyzed. Despite the bad 

quality of the staining in this lane, it is clear that the most solid band, appearing at 63 kDa, is possibly 

the lipase itself with a documented molecular weight of 60 kDa (Benjamin & Pandey, 1998). Once more, 

it is possible to see bands located at 15 kDa and below, which can be the result of unspecific proteolytic 

digestion as already mentioned. 

 

4.1.2 Enzymatic activities 

The characterization of enzymatic activities is important in order to evaluate the optimal pH and 

temperature to make the comparisons between free and adsorbed enzymes, and the assessment of 
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enzyme concentration in the activity assay to visualize correctly the absorbance variation resulting of 

the release of the p-nitrophenol and, therefore, measure accurately the enzyme activity. 

Firstly, it must be noted that only four pairs of conditions (with two different temperatures, 30 and 

37 ºC, and two distinct pH, 7.0 and 8.0) were tested for all enzymes. The choice of these restricted 

conditions was based upon the fact that most of the lipases are stable and have the optimal activity 

between 6 and 7.5 (Ghosh et al., 1996), regarding the optimal pH, and between 30 and 50 ºC, in the 

case of temperature. However, above 40 ºC, the stability of many lipases is affected, circumstance that 

may change the protein conformations and, consequently, the enzyme activity measurements. 

  Table 4.1 shows the optimal pH and temperature and, the specific activity achieved for all the 

lipolytic enzymes initially considered for further studies. 

 

Table  4.1 – Optimal pH and temperature, and specific activity of cutinase and different lipases. 

Enzyme Optimal pH 
Optimal 

Temperature 

Specific Activity (U/mg) 

AOL 

8.0 

 

37 

3.4 0.5 

CRL 7.10 x 10-1 0.7 x 10-1 

Cutinase 160 70 

CVL 30 98.5 0.9 

RML 7.0 
37 

1.9 0.5 

RNL 8.0 3.52 x 10-2 0.08 x 10-2 

 

The results shown in the Table 4.1 were obtained using the p-NPA as substrate ( vide § 3.2.3.1), 

except when the lipase did not exhibit measurable activity using this method, C. rugosa lipase, where 

p-NPP was used instead (vide § 3.2.3.3) and with R. niveus lipase, where p-NPB was utilized (vide § 

3.2.3.2).  

The activity study with A. oryzae lipase enabled different conclusions by comparison with the data 

reported by Toida et al., 1995. For the optimal pH and temperature obtained by this author, pH 7.0 and 

30 ºC, respectively, it was seen that AOL had the lowest activity among the four pairs of conditions 

tested in this work (data not shown). This difference between results can be explained by the distinct 

substrates utilized: in the case of this work p-NPA, in the other case dimercaptobutyrate (Toida et al., 

1995), reason that seems plausible because with a different substrate used, the mechanism of catalysis 

changes and thus the conditions where this mechanism is the most favorable may also be diverse. 

The activity of CRL was measured towards p-NPP, as already mentioned, and the optimal pH 

and temperature achieved are in accordance with the values obtained in previous work (Soares et al. 

1999; Paula et al., 2008) even using different substrates in each case.  

In the case of cutinase, the optimal pH and temperature achieved are in agreement with the work 

done by Sousa (2010), study where at pH 8.0 (between 30 and 37 ºC), the optimal activity is achieved 

at 37ºC. However, in contrast to the other enzymes where the optimal conditions were used in the 

enzymatic activity assays, in this case the temperature used was 30ºC allowing the comparison with the 

results obtained in previous works (Sousa, 2010; Sousa et al., 2013). It should be also noted that the 

Average Standard Deviation 
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value of specific activity reached in this work is very similar to the one achieved by Sousa (2010) in the 

same conditions (200 U/mg). 

Analyzing the results obtained with R. miehei lipase, the optimal pH and temperature presented 

in Table 4.1 are different to the ones described in previous works, 8.0 and 50ºC (Kohno et al., 1994; 

Kohno et al., 2000), but, since the assays in this work were only done at two temperatures and none of 

them was 50ºC, direct comparison is not possible.  

In the case of R. niveus lipase, the results reported in this work cannot be compared with others 

previously reported in the literature. For example, in Kohno et al., 1994, the lipases studied had 

molecular weights of 34 and 30 kDa, very different from the RNL from Sigma, used in this study, with a 

molecular mass of 83 kDa. 

Finally, analyzing the results described in the Table 4.1, the enzyme activity values can be related 

only if the substrate is the same in all enzymatic assays, which means that AOL, CVL, cutinase and 

RML specific activities can be compared. In this context, it is shown that cutinase and lipase from C. 

viscosum presented higher specific activities than lipases from A. oryzae and R. miehei, results that 

may be explained in two ways: the possible higher affinity of the first two enzymes to the substrate in 

question (p-NPA) and/or the higher degree of purity of cutinase and CVL preparations, that is in 

compliance with higher values of specific activity. 

 

4.2 Screening of lipases binding to ligand 3’/11 by affinity 

chromatography 
 

This chapter describes the screening of lipases binding to ligand 3’/11 by affinity chromatography. 

This synthetic affinity ligand was previously proven to bind cutinase with high affinity while preserving 

its biological activity (Sousa et al., 2009) and to stabilize bound cutinase at elevated temperatures 

(Sousa et al., 2013). The structure of this ligand is represented in Figure 4.2. 

 

 

Figure 4.2 – Structure of ligand 3’/11, comprising 4-aminobenzoic acid as substituent in R1 position 

(mimic of Aspartic and Glutamic acids) and 2-methylbutylamine in R2 position (mimic of Isoleucine). 
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The lipases that consistently gave good results in terms of binding to this support were selected 

to perform thermostability assays. Adsorptions to Sepharose CL-6B, dichlorotriazinyl gel and to ligand 

0/0 were also done and used as controls, to evaluate if these supports could bind the enzymes by non-

specific interactions. 

Within the group of enzymes studied in this work, two of them – A. oryzae and R. miehei lipases 

–  showed very low adsorption yields – (13 ± 2) and (11 ± 2)%, respectively, to ligand 3’/11 – and non-

specific interactions were not found in the assays with the three control supports (data not shown). Due 

to the low values of adsorption yields, these two lipases were left behind and no further studies were 

done in terms of stabilization of the adsorbed enzymes to this ligand. 

Additionally to this fact, free lipase from A. oryzae displayed a high stability at 60 ºC, preserving 

its biological activity over 24 hours of incubation at pH 8.0 (data not shown), reason why it would not be 

a good case study for the present work; the SDS-PAGE analysis of the fractions collected in the R. 

miehei lipase adsorption assay confirmed that the lipase adsorption to the ligand 3’/11 is poor either at 

pH 7.0 – Figure 4.3A – or pH 8.0 – Figure 4.3B. 

 

 

Figure 4.3 – SDS-PAGE analysis of the load and fractions collected in the adsorption assay of RML. 

Lane 1: Molecular Weight Markers. Assay at pH 7 (A): lane 2: load (8 μg of total protein); lane 3: 

breakthrough (4 μg of total protein); lane 4: first wash (3 μg of total protein). Assay at pH 8 (B): lane 5: 

load (12 μg of total protein); lane 6: breakthrough (3 μg of total protein); lane 7 (8 μg of total protein): 

wash 1. The box surrounds the molecular weight zone of RML. 

Figure 4.4 summarizes the adsorption yields of cutinase, and of lipases from C. viscosum, R. 

niveus and C. rugosa to the ligand 3’/11, Sepharose CL-6B, dichlorotriazinyl gel and to ligand 0/0. 

Analyzing Figure 4.4, cutinase presented the higher adsorption yield and its value (75%) was very 

close to the one reported by Sousa et al., 2009 (79%). Regarding the other enzymes, it should be noted 

that lipases from R. niveus and from C. rugosa showed a higher adsorption yields when comparing with 

lipase from C. viscosum, which made them good candidates to the thermostability assays with this 

ligand. 

In the same figure, it is possible to verify that no enzyme had a significant adsorption yield to the 

Sepharose CL-6B, fact that excludes the possibility of adsorption mediated by non-specific interactions, 
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except for lipase from C. viscosum, where this yield was approximately 6%, i.e., nearly 20% of the 

adsorption yield relative to the ligand 3’/11, value that is not negligible. 

 

 
Figure 4.4 – Protein adsorption yields obtained for all the enzymes in the assays with ligand 3’/11 

(orange), Sepharose CL-6B (blue), dichlorotriazinyl gel (green) and ligand 0/0 (grey). 

The data in Figure 4.4 also shows that the adsorption yields obtained in the assays with the 

dichlorotriazinyl gel (between 15 and 30%) are not negligible. Higher adsorption to this control-gel can 

be explained by the high reactivity of the two existent chlorine atoms and the possible reaction with the 

bonded enzymes. In order to surmount this effect, these assays were performed at low temperature (4 

ºC) with the purpose of decreasing the reactivity of the chlorine atoms that is as favored at higher 

temperatures (Unsworth et al., 2007). 

However, regarding the adsorption observed to ligand 0/0, it can be seen that for all enzymes, 

except for lipase from C. rugosa, the adsorption yields obtained in the assays with this ligand are 

negligible. The difference between this support and the dichlorotriazinyl gel is the substitution of two 

chlorine atoms by two amine groups. Therefore, these results suggest that the triazine ring is not 

responsible for any kind of interactions with most of the enzymes in question. In the case of CRL, at pH 

8.0, this lipase is negatively charged, because its pI of 4.5 (Petersen et al., 2001) while almost all 

diaminetriazinyl groups of this support are neutrally charged, since its pKa is around 5.0 (Jang et al., 

2009), i.e., the high adsorption yield observed is probably not due to ionic interactions with ligand 0/0, 

but likely to other type of non-specific interaction. 

The degree of immobilization of each enzyme to ligand 3’/11 was also studied using the 

adsorption yield in terms of enzymatic activity – ηact – given by the Equation 4.1. 

 

𝜂𝑎𝑐𝑡(%) = (1 −
∑ 𝐴𝑐𝑡𝑖𝑖

𝐴𝑐𝑡𝑜
) × 100    (Equation 4.1) 

 

Where Acti is the total activity of fraction number i, in U, and Acto is the total activity of the initial 

enzyme solution, also in U. The ηact values obtained for all enzymes are presented in the Table 4.2. 
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Table  4.2 – Comparison of protein (ηprot) and activity (ηact) adsorption yields to ligand 3’/11 obtained for 

different lipolytic enzymes. The results were obtained in triplicates. 

Enzyme ηprot (%) ηact (%) 

Cutinase 75 ± 1 100 ± 0 

CVL 29 ± 3 14.7 ± 0.6 

CRL 36 ± 5 70.9 ± 0.6 

RNL 32 ± 5 100 ± 0 

 

In the case of cutinase, the yield obtained was expectable given the high purity of the enzyme 

used as previously discussed (vide §4.1.1) and the results previously reported by Sousa et al., 2009, 

2013. 

The ηact of lipase from C. viscosum was almost half of the protein adsorption yield obtained with 

this lipase (vide Table 4.2). This fact can be explained by two reasons: the proteins of low molecular 

weight included in CVL powder (vide Figure 4.1) were adsorbed, increasing the value of protein 

adsorption yield, since the quantification in this case is made using the absorbance at 280 nm, and this 

method does not distinguish different proteins/peptides; and/or the process of loading and washing could 

affect the lipase diminishing its activity and the value of ηact 
. 

In the case of lipase from C. rugosa, the ηact is more than two times higher than the adsorption 

yield relative to this lipase (vide Table 4.2). In this case, the preferential adsorption of the proteins of low 

molecular weight is the most likely explanation. A SDS-PAGE analysis of the fractions collected in the 

CRL assay was performed and the results are presented in the Figure 4.5. 

 

Figure 4.5 – SDS-PAGE analysis of the load and fractions collected in the adsorption assay of C. rugosa 

lipase to ligand 3’/11. Lane 1: Molecular Weight Markers; lane 2 (9 μg of total protein): load; lane 3: 

breakthrough (2 μg of total protein); lane 4: first washing (5 μg of total protein); lane 5: second washing 

(1 μg of total protein). The box surrounds the molecular weight zone of CRL. 

 

These results evidence that the proteins with lower molecular weights than C. rugosa lipase were 

almost totally adsorbed; for example, the band that appears at 37 kDa in lane 2 does not exist in the 
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other lanes. On the other hand, the densitometry analysis made with ImageJ to the bands inside the 

black box confirms that around 30% of CRL did not adsorb to the ligand, result that is in accordance 

with the ηact of approximately 70% obtained to this lipase (vide Table 4.2). 

The ηact obtained for R. niveus lipase can be erroneous, given that the measuring of the total 

activity of this lipase is only possible for concentrations above 5.0 μM or 0.42 mg/mL and not all fractions 

collected presented concentration above this value (data not shown). Therefore, a SDS-PAGE analysis 

of the fractions collected in the RNL assay was done to verify if the lipase was or not adsorbed to ligand 

3’/11. The results are presented in the Figure 4.6. 

 

 

Figure 4.6 – SDS-PAGE analysis of the load and fractions collected in the adsorption assay of RNL. 

Lane 1: Molecular Weight Markers; lane 2: load (9 μg of total protein); lane 3: breakthrough (2 μg of total 

protein); lane 4: first washing (5 μg of total protein); lane 5: second washing (2 μg of total protein). The 

box surrounds the molecular weight zone of RNL. 

Figure 4.6 shows that the band corresponding to lipase R. niveus has a weaker intensity in the 

breakthrough, first washing and second washing than in the load. In the case of breakthrough and 

second washing, the total protein present in the fraction was already very low and limited the amount 

loaded in the gel. In the case of first washing, the total protein was identical to the case of load. 

Considering these two factors, it is possible to conclude that RNL is totally adsorbed to the ligand 3’/11. 

 

4.3 Thermostability of free and adsorbed lipases to ligand 3’/11 

In this section, the thermostability of the enzymes that showed significant adsorption to ligand 

3’/11 – cutinase, and lipases from C. viscosum, C. rugosa and R. niveus – was studied by comparing 

the behavior of the free and adsorbed enzymes, to verify if the interactions with this support increased 

the stability of the proteins at a temperature of 60ºC. 
 

4.3.1 Thermostability assays with cutinase 

The results of thermostability assays with cutinase adsorbed to ligand 3’/11 are presented in the 

Figure 4.7. 
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Figure 4.7 Deactivation of cutinase free (blue) and adsorbed to ligand 3’/11 (orange) at 60 °C. The 

incubation was performed in 20 mM Tris-HCl, pH 8.0, and the concentration of enzyme was 35 μg/mL 

solution in both cases. 

The data on the Figure 4.7 shows that the deactivation of free cutinase is explained by a first 

order law, typical kinetics of free enzymes (Gama et al., 2003; vide §1.8). The half-life time (t1/2) obtained 

was around 50 minutes, a value slightly higher than the one reported by Sousa et al., 2013 – 35 minutes 

–, using the same pH and temperature. However other conditions, as agitation or the cuvette material, 

can have been different, explaining the difference between the two values. 

In the case of adsorbed cutinase, Figure 4.7 shows that its deactivation can be fitted by a four-

parameter biexponential model of Henley and Sadana (Henley & Sadana, 1985; vide §1.8). The values 

of the coefficients β1, β2, k1 and k2 obtained were 1.00, 0.00, 5.00 x 10-1 min-1 and 8.02 x10-2 min-1, 

respectively. These values are typical of a convex biphasic deactivation as it can be seen in Figure 4.7. 

Analyzing the values of coefficients of the model used to describe the deactivation of adsorbed 

cutinase to ligand 3’/11, it is possible to see that k1 is more than 5 times higher than k2, which means 

that the formation of the intermediate conformation, with the same activity of the initial conformation, is 

faster than the one relative to the final conformation, with no activity. This fact cannot explain the initial 

deactivation observed in Figure 4.7, however this assay was only performed once with the goal of 

confirming the results already reported by Sousa et al., 2013. 

Comparing the deactivation profile obtained in this study with that achieved in Sousa et al., 2013, 

it is possible to verify that the two are slightly different. While in the present work there was an initial 

significant decrease in the relative enzyme activity, in the data reported by Sousa, 2010 this reduction 

was not observed. However, in both cases, it was seen that the activity of the adsorbed cutinase to 

ligand 3’/11 remained almost constant during the time of incubation (Sousa et al., 2013). 

Finally, although the specific activity relative to the adsorbed cutinase in this work – 105 U/mg – 

was very different of the value reported by Sousa (2010) – 50 U/mg –, after 90 minutes of incubation at 

60ºC, the residual activity of adsorbed cutinase shown was very similar in the two cases – 87% and 

94%, respectively (Sousa et al., 2013). 
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4.3.2 Thermostability assays with CVL 

The results of thermostability assays with CVL adsorbed to ligand 3’/11 are presented in the 

Figure 4.8. 

 

 
Figure 4.8 – Deactivation of lipase from C. viscosum free (blue) and adsorbed to ligand 3’/11 (orange) 

at 60 °C. The incubation was performed in 20 mM Tris-HCl, pH 8.0, and the concentrations used were 

52 μg/mL and 160 μg/mL solution for free and adsorbed CVL, respectively. 

Analyzing the Figure 4.8, it is shown that the deactivation of free lipase from C. viscosum was 

explained by a first order law, typical kinetic of free enzymes (Gama et al., 2003; vide §1.8). The half-

life time (t1/2) obtained was 39 minutes, value very similar to the one reported by Castellar et al., 1997 – 

45 minutes. The difference can be explained by the pH assay of 9.0 by Castellar et al., 1997, different 

from the pH value of 8.0 used in this work. 

The profile obtained for C. viscosum lipase adsorbed to ligand 3’/11 (vide Figure 4.8) was similar 

to that previously described by Sousa, 2010 and it could be fitted by a four-parameter biexponential 

model of Aymard and Belarbi (Aymard & Belarbi, 2000; vide §1.8). The values of the coefficients A, B, 

α and β obtained were 0.58, 0.42, 1.0 x 10-3 min-1 and 2.56 x10-2 min-1, respectively.  

Analyzing the values of A and B, the sum of both is equal to one, which means that this formalism 

can be used, because the β2 term of Henley and Sadana model is zero (Henley & Sadana, 1985), which 

makes the two models coincident (vide §1.8). Examining the values of α and β, it is concluded that the 

second is more than 10 times higher than the first, which explains the long period of stabilization 

achieved by the adsorbed enzyme: E1 is slowly formed, but as soon as it happens, E2 appears and, 

given its enzymatic activity is null, it is responsible for the concave deactivation (vide Equation 1.4). 

Additionally, it should be mentioned that the high dispersion and the lower number of points in the 

adsorbed enzyme assay was resulted from inherent errors caused by the resin in the spectrophotometric 

method and by the reduction of assay volume due to sampling. Therefore, though stabilization occurred, 

it was not possible to prove that this stabilization lasts at least 3 hours as reported by Sousa (2010).  

Finally, the percentage of specific activity of adsorbed CVL relative to the free lipase is around 

8%, which is in compliance with a typical reduction in immobilized enzymes activity (Gama et al., 2003). 
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4.3.3 Thermostability assays with CRL 

The results of thermostability assays with lipase from C. rugosa immobilized in ligand 3’/11 

derivatized support are presented in Figure 4.9. 

 

 
Figure 4.9 – Deactivation of lipase from C. rugosa free (blue) and adsorbed to ligand 3’/11 (orange) at 

60 °C. The incubation was performed in 20 mM Tris-HCl, pH 8.0, and the concentrations used were 3.5 

mg/mL and 200 μg/mL solution for free and adsorbed CRL, respectively. 

 

Analyzing Figure 4.9, it is observed that the deactivation of free lipase from C. rugosa is explained 

by a first order law, similar to that presented by lipase from C. viscosum. The half-life time obtained was 

35 minutes and within 60 minutes, the lipase presented 30% of residual activity, in contrast to the value 

of 10% reported by Soares et al., 1999. The difference between the two results can be explained by the 

slightly different conditions used in the assays: 20 mM Tris-HCl, pH 8.0, in the present work and 100 

mM phosphate, pH 7.5, in the study of Soares et al., 1999. 

Figure 4.9 also shows that the deactivation of lipase from C. rugosa adsorbed to ligand 3’/11 is 

explained by the same first order law of the free enzyme. The similar deactivation profiles of free and 

bound enzyme could also be explained if the adsorbed lipase was released to the buffer during 

incubation time. Though it was proven that this did not occur for cutinase bound to ligand 3’/11 (Sousa 

et al., 2013), a control to the protein in solution was performed, but the results were not conclusive. It 

should be noted, as well as in the case of CVL, the higher dispersion of data of the adsorbed lipase 

assay, due to the low solubility of p-NPP that affects negatively the results given by the 

spectrophotometric method. 

The percentage of specific activity of adsorbed CRL relative to the free lipase was around 400% 

(0.8±0.2 U/mg of free lipase vs 2.8±0.8 U/mg of adsorbed enzyme) result that can indicate that free CRL 

might be aggregated in the enzyme solution, and, therefore, its measured activity (vide Table 4.1) would 

be lower than the real one. Adsorption to the ligand on the matrix can, indeed, promote disaggregation, 

thus explaining the higher activity measured for the immobilized enzyme. 
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4.3.4 Thermostability assays with RNL 

The results obtained in the thermostability assays with lipase from R. niveus adsorbed to ligand 

3’/11 are presented in Figure 4.10. 

The deactivation of the free lipase, in this case lipase from R. niveus, was also explained by a 

first order kinetic law, with a half-life time of 3.5 minutes, value that cannot be directly compared with 

other reported in the literature by Kohno et al., 1994, 2000, since these results are referred to other 

lipases of the same organism. 

The case of lipase from R. niveus was a specific one in the group of lipases studied. Analyzing 

Figure 4.10, the stabilization occurred did not coincide with the cases reported previously for cutinase 

(vide Figure 4.7) and for lipase from C. viscosum (vide Figure 4.8), because for RNL, the immobilized 

lipase has a deactivation explained by a first order kinetic law, presenting a half-life time of 11 minutes, 

three times higher than that relative to the free enzyme. However, the enzymatic activity of bound 

enzyme did not remain constant for a long period, as it happened in the cases of the other two enzymes 

mentioned above. 

 

Figure 4.10 – Deactivation of free RNL (blue) and RNL adsorbed to ligand 3’/11 (orange) at 60 °C. The 

incubation was performed in 20 mM Tris-HCl, pH 8.0, and the concentrations used were 8 mg/mL and 

5 mg/mL solution for free and adsorbed RNL, respectively. 

Lastly, it should be mentioned that the percentage of specific activity of adsorbed lipase from R. 

niveus relative to the free lipase was around 52% (48±9 U/mg of free lipase vs 25±6 U/mg of adsorbed 

enzyme), value that proves, in a certain way, that RNL was indeed immobilized, since adsorbed 

enzymes have, in general, lower specific activities relative to the free enzymes in solution (Gama et al., 

2003). However, the measurement of the quantity of protein in solution during the assay was not 

conclusive, which did not allow to verify if the enzyme was not eluted from the support during the 

thermostability assay. A slow elution from the support during incubation time could explain the similar 

deactivation profile of adsorbed enzyme. 
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4.4 Thermostability assays with CRL adsorbed to a different ligand 

The deactivation profiles of lipase from C. rugosa free and adsorbed to ligand 3’/11 had the same 

behavior, as presented in Figure 4.9. Therefore, it was envisaged to choose amongst other available 

ligands of the second-generation combinatorial library, generated to bind and stabilize cutinase (vide 

§1.6.2) in other to study the adsorption and the potential stabilization of the lipase from Candida rugosa. 

 

4.4.1 Selection of the ligands 

The ligands selected as alternative to 3’/11 were: i) mixed ligands, containing both a hydrophobic 

and an acidic group that were previously reported to display a stabilizing effect on cutinase; ii) among 

the mixed, those binding less cutinase and with lower activity after binding, comparing with ligand 3’/11 

(Sousa, 2010; Sousa et al., 2009, 2013). 

Following these criteria, two ligands were selected designated as 3/3’ and 5/3’, respectively 

(Figure 4.11). 

 

Figure 4.11 – Structure of ligands alternatives to 3’/11 used in the study of thermostability of adsorbed 

CRL. A: ligand 3/3’ comprises tyramine as substituent in R1 position (mimic of Tyrosine) and 4-

aminobenzoic acid in R2 position (mimic of Aspartic and Glutamic acids); B: 5/3’ comprises 

isoamylamine as substituent in R1 position (mimic of Leucine) and 4-aminobenzoic acid in R2 position 

(mimic of Aspartic and Glutamic acids). 

 

4.4.2 Adsorption of CRL to ligands 3/3’ and 5/3’ 

This chapter presents the results of the adsorption of lipase from C. rugosa to ligands 3/3’ and 

5/3’. Adsorption yields of CRL to the ligands 3’/11, 3/3’, 5/3’, 0/0, Sepharose CL-6B and dichlorotriazinyl 

gel are represented in Figure 4.12. As it can be observed, statistically, the ligand with the highest 

adsorption yield of CRL was 3/3’ (support B) while the value relative to 5/3’ (support C) was very similar 

to that obtained to the ligand 3’/11 (support C). 
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Figure 4.12 – Adsorption yields obtained for lipase from Candida rugosa in the assays with different 

ligand-derivatized supports. A: ligand 3’/11 (triplicate); B: ligand 3/3’ (triplicate); C: ligand 5/3’ (triplicate); 

D: ligand 0/0 (control, duplicate); E: Sepharose CL-6B (control, duplicate); F: dichlorotriazinyl gel 

(control, single assay). 

From data in Figure 4.12, it is possible to verify that ligands with only one amine containing an 

aromatic ring (3’/11 and 5/3’) adsorbed a lower mass of lipase from C. rugosa than the ligand with two 

aromatic rings: 3/3’. However, the adsorption yield obtained with ligand 0/0 (control, with amine groups 

at R1 and R2 position) was high and comparable to that obtained with ligand 3/3’. This result (that should 

be confirmed in further studies) does not allow to conclude that the two phenyl groups are responsible 

for a considerable specific adsorption of the enzyme. The alkane branches seem to affect negatively 

the adsorption yields of CRL, given that their presence led to lower yields. The results obtained with 

ligand 0/0 and the dichlorotriazynil gel seem to indicate that the triazine ring is not innocuous in the 

adsorption of CRL in contrast to the other enzymes. 

 

4.4.3 Thermostability assays with CRL adsorbed to ligand 3/3’ 

Candida rugosa lipase (CRL) was adsorbed to ligand 3/3’ at pH 8.0 and the thermostability of the 

adsorbed enzyme was compared to that of free enzyme at 60ºC. Figure 4.13 shows the deactivation 

profile of both free and adsorbed lipase at 60ºC. 

The deactivation profile of free lipase from C. rugosa depicted in Figure 4.13 is the same linear 

regression displayed in the Figure 4.9, for comparison. The experimental data for the immobilized 

enzyme were fitted by the model of Aymand and Belarbi (orange curve) and by the one of Henley and 

Sadana (green curve); using the method of least squares and the Solver tool of Microsoft Excel. The 

values for the coefficients relative to each model are shown in Table 4.3. 
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Figure 4.13 – Deactivation profile of free CRL (blue) and CRL adsorbed to ligand 3/3’ (orange) at 60 

°C. The orange and green curves are models of Aymard and Belarbi, and Henley and Sadana, 

respectively. The incubation was performed in 20 mM Tris-HCl, pH 8.0, and the concentrations used 

were 3.5 mg/mL and 200 μg/mL solution for free and adsorbed CRL, respectively. 

 

Table  4.3 – Coefficients obtained to the deactivation of CRL adsorbed to ligand 3/3’, using the models 

of Aymard and Belarbi, and of Henley and Sadana. 

Aymard and Belarbi Henley and Sadana 

A α (min-1) B β (min-1) β1 β2 k1 (min.1) k2 (min-1) 

0.431 3.56 x 10-2 0.471 0.00 0.00 0.525 5.84 x 10-2 0.606 

 

The first model used was the Aymard and Belarbi model (orange curve) due to its more simplistic 

formalism. Analyzing the data in Table 4.3, it can be seen that the sum of A and B terms is not equal to 

one, in contrast to what was observed in the case of C. viscosum lipase (vide §4.3.2). This fact indicates 

that this model is not likely the most correct one to use in this case, since the null value of β allows to 

verify that the final conformation of CRL, E2 (vide §1.8), retains some activity (Aymard & Belarbi, 2000). 

Additionally, observing the orange curve of the Figure 4.13, it is evident that this model did not fit well to 

the experimental points in the final phase of the deactivation (between 50 and 90 minutes). 

Therefore, alternatively, the model of Henley and Sadana was fitted to the experimental data. As 

it was stated above, β2 is not only unequal to zero, but also higher than β1. The value estimated for β1 

was 0.00 but it was verified that values until 0.40 did not change significantly the error of the model (data 

not shown); it can also be seen that k2 is more than 10 times larger than k1. 

Having in consideration the values obtained for the coefficients of the model of Henley and 

Sadana and its series-type formalism (vide Equation 1.4), the difference between the values of k1 and 

k2 means that the intermediate conformation, E1, is produced 10 times slower than the final specie E2. 

However, in the first 20-30 minutes of the incubation, it is the intermediate conformation E1 that is 

exclusively formed and this fact explains the initial deactivation of the relative enzyme activity (vide 

Figure 4.13). After 40 minutes of incubation, the final enzyme conformation E2 increases its 
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concentration relative to E1 and the enzyme activity of adsorbed CRL reaches a plateau corresponding 

to the activity of E2 (different from zero), (vide Figure 4.13). 

It should be noted, that as in the case of lipase from C. viscosum, the dispersion of data is 

observed in the assay with the adsorbed lipase, which is likely due to the low solubility of p-NPP that 

affects negatively the results obtained by the spectrophotometric method. 

It was not possible to compare properly the specific activity of free and adsorbed lipase from C. 

rugosa to ligand 3/3’, since, the assays of free lipase were performed in plastic cuvettes and in case of 

adsorbed lipase, to minimize the errors, glass cuvettes were used instead, because they allowed a more 

intense and effective agitation. 

Ligand 3/3’ was previously reported as a stabilizing ligand for adsorbed cutinase (Sousa, 2010; 

Sousa et al., 2013) relative to the free enzyme though the mechanism behind such behavior is not clear. 

A lock-and-key (LAK) type of motif, often involved in protein-protein binding, was the plausible 

mechanism proposed to the observed stabilization of cutinase by mixed ligands: bearing a hydrophobic 

and a negatively charged substituent (Sousa, 2010). It had also been shown that a LAK motif, containing 

a hydrophobic (Phenylalanine) and a polar (Glutamine) amino acid side chain, is crucial to the structural 

stability and integrity of glutathione S-transferase (Platis et al., 2006). This motif consists on the 

sequence Phe-Gly-Gln and is located at the interface that anchoring two subunits of the protein together. 

While glycine is not implicated in important contacts, plhenylalanine is involved in hydrophobic 

interactions and glutamine is involved in polar interactions. This LAK motif served as a concept/template 

for the generation of a solid-phase library of affinity adsorbents, using a triazine scaffold to display a 

phenylalanine substituent combined with other 14 hydrophobic, polar and charged amino acids, verifying 

if these ligands were able to stabilize the glutathione S-transferase (Platis et al., 2006).  

The explanation suggested for the stabilization of the adsorbed cutinase was that the existence 

of polar and charged residues relatively well distributed on its surface, with non-polar patches also 

present, might allow the ligands, bearing a combination of moieties with different character, to find 

appropriate binding complementary sites (Sousa, 2010). 

Regarding the results obtained for lipase from C. rugosa this lipase was stabilized by ligand 3/3’, 

but the same did not occur with ligand 3’/11. 

The structure of lipase from C. rugosa was determined and refined at 2.1 Å resolution (Grochulski 

et al., 1994). This lipase reported two main conformational states in aqueous solution: open and closed. 

The first represents the active conformation adopted by the enzyme near or at the interface and the last 

one constitutes the inactive form of the lipase, where the flap (an elongated loop that lies flat on the 

protein surface above the active site) is tightly fixed by a disulfide bridge and by a salt bridge. The open 

conformation is a result of the opening of this flap (Grochulski et al., 1994). 

Despite the differences between the two conformations, both presented a highly hydrophobic 

surface with polar and charged patches (Grochulski et al., 1994), which makes the ligands bearing a 

combination of moieties with different character appropriate to bind to it. In addition, hydrophobic 

interactions can play a major role in the binding of proteins to triazine-based ligands (Platis et al., 2006) 

because when the temperature increases, the structure of enzyme can be partially unfolded, exposing 

hydrophobic areas from the core and strengthening this type of interactions (Chen et al., 2003). 
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The stabilization achieved when C. rugosa lipase was adsorbed to a ligand with phenyl groups in 

both arms can suggest that the phenylalanines placed in the hydrophobic site of the flap (Grochulski et 

al., 1994) interact with such groups and play a major role in the attained stabilization of the lipase with 

the ligand 3/3’. However, this hypothesis can only be confirmed by molecular modelling studies that will 

unravel the most likely binding sites to both ligands 3’/11 and 3/3’. 

 

4.5 Thermostability of invertase adsorbed to different ligands 

4.5.1 Screening of ligands for binding invertase by affinity 

chromatography 

After a set of studies conducted with lipases, enzymes very similar to cutinase in terms of 

enzymatic catalysis and/or structure, it was envisaged to study other type of hydrolase in order to see if 

even with different proteins, a stabilizing effect could also be achieved by affinity like binding with 

triazine-scaffolded ligands. 

In the case of invertase, a characterization in terms of molecular weight and purity degree was 

also attempted, but the results were not clear, therefore it was assumed that this enzyme had the 

properties described by Sigma: molecular weight of 270 kDa, a solution containing 50% of mannan – a 

linear polymer of the sugar mannose – and 2-3% glucosamine – an amino sugar and a prominent 

precursor in the biochemical synthesis of glycosylated proteins and lipids –, in other words, it was 

assumed that there were no other proteins in the protein extract used. 

Ligands 3’/11, 3/3’ and 5/3’ were screened as affinity binders to invertase whereas controls for 

unspecific binding were carried out with Sepharose CL-6B, dichlorotriazinyl gel and ligand 0/0 (with 

amines at both R1 and R2 positions). Results are shown in Figure 4.14. 

 

Figure 4.14 – Adsorption yields obtained for invertase with ligand-derivatized supports. A: ligand 3’/11 

(triplicate); B: ligand 3/3’ (triplicate); C: ligand 5/3’ (triplicate); D: ligand 0/0 (control, duplicate); E: 

Sepharose CL-6B (control, duplicate); F: dichlorotriazinyl gel (control, single assay). 
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Among the three ligands, 3’/11, 3/3’ and 5/3’, ligand 3’/11 presented the higher adsorption yield 

for invertase. Comparing the results, it is possible to see that the ligands with an amine having a phenyl 

group in position R1 (3’/11 and 3/3’) presented slightly higher adsorption yields for invertase than the 

ligands with an aliphatic amine (5/3’). 

The data from Figure 4.14 also show that Sepharose CL-6B (support E) adsorbed a significant 

amount of invertase loaded onto the column. This result seems to indicate that the adsorption to ligand-

derivatized supports might not be entirely specific but also governed by non-specific interactions. 

Analyzing Figure 4.14, it is possible to verify that the adsorption yield relative to ligand 0/0 (support 

D) was also high. The isoelectric point of invertase is in the range of pH between 3.4 and 4.4 (Sigma 

information), which means at assay pH, 5.3, the global charge of the enzyme is negative; besides, the 

pKa value of dichlorotriazynil is around 5.0 (Jang et al., 2009), reason why, at pH 5.3, the concentration 

of the neutrally charged specie is the double relatively to the positively charged one, and the possibility 

of an ionic interactions is low. This result indicates the possibility of the involvement of the triazine ring 

in the adsorption of invertase, as already verified with other enzymes in this study – vide §4.2. 

Figure 4.14 also shows the adsorption yield obtained with dichlorotriazinyl gel (support F). In 

contrast to all enzymes tested before, in the case of invertase, the yield relative to this support was not 

higher than the one calculated to Sepharose CL-6B (support D). This result can be explained having in 

consideration that the invertase assay was done after a regeneration step and in this operation, given 

that hydroxide groups present in NaOH solution are excellent nucleophiles, and the chlorine atoms of 

the gel are very reactive, a substitution may have occurred. With, at least, one hydroxide group bound 

to the triazine-scaffold, at pH 5.3, the majority of the oxygen atoms are negatively charged (Kokotou et 

al., 2012) and the enzyme has the same charge, which may have been responsible for some repulsion 

and, consequently, for a lower adsorption yield. Nevertheless, the yield was not null, which means that 

if such a substitution occurred, it was not total and non-specific interactions with the triazine ring could 

also take place. 

After this screening, it was concluded that the better ligand in terms of adsorption of invertase 

was ligand 3’/11 and, with this support, it was pursued a thermostability study with the immobilized 

enzyme. 

 

4.5.2 Thermostability of invertase free and adsorbed to ligand 3’/11 

The thermostability invertase free and adsorbed to ligand 3’/11 was tested at 60ºC and pH 5.3. 

Results are shown in Figure 4.15. 
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Figure 4.15 – Deactivation of invertase free (blue) and adsorbed to ligand 3’/11 (orange) at 60 °C. The 

incubation was performed in 20 mM acetate buffer, pH 5.3, and the concentrations used were 2.0 mg/mL 

of solution in both cases. 

Analyzing Figure 4.15, it is shown that once more the deactivation of the free enzyme, in this case 

invertase, at 60ºC, is explained by a first order deactivation law, with a t1/2 of 14 minutes, very similar to 

the one described by Andjelković et al., 2010 (12 minutes, at 60ºC in deionized water). In the present 

work, invertase incubated in 20 mM acetate buffer, pH 5.3 at 60ºC, after a period of 25 minutes, 

presented 35% enzyme activity, while Andjelković et al., 2010, reported a value of 20%, in deionized 

water at 60ºC, upon the same time. The difference might be explained having in consideration the 

solution used in the assay (deionized water) and the fact that proteins can be stabilized by salts in 

solution (Ugwu & Apte, 2004). 

The deactivation profile of adsorbed invertase followed also a first order law, very similar to the 

one of the free enzyme, with a t1/2 of 13 minutes, which indicates that no stabilization was achieved with 

the immobilization of invertase in this support. A protein test to the solution using the BCA microassay 

showed that invertase was not released from the support. Also, the percentage of specific activity of 

adsorbed invertase relative to the free enzyme was around 45% (11±4 U/mg of free lipase vs 5±1 U/mg 

of adsorbed enzyme), value that proves, in certain way, that invertase was indeed immobilized bearing 

in mind that, normally, adsorbed enzymes have lower specific activities relatively to the free form (Gama 

et al., 2003). 

 

4.5.3 Thermostability of invertase free and adsorbed to ligand 5/3’ 

After the non-stabilization of the invertase adsorbed to ligand 3’/11 has been seen, a single assay 

of thermostability of this enzyme immobilized to ligand 5/3’ was done to verify if this support has a 

stabilizing effect in invertase activity. This support was the choice for a second thermostability study of 

adsorbed invertase, because it reported an adsorption yield lower than the other two ligands used. 

 Figure 4.16 shows the deactivation of free and adsorbed invertase to ligand 5/3’ at 60ºC.  
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Figure 4.16 – Deactivation of free invertase (blue) and invertase adsorbed to ligand 5/3’ (orange) at 60 

°C. The incubation was performed in 20 mM acetate buffer, pH 5.3, and the concentrations used were 

2.0 mg/mL of solution in both cases. 

Analyzing Figure 4.16, it can be seen the deactivation of free invertase, already displayed in 

Figure 4.15, and the decay of the activity of the enzyme adsorbed to ligand 5/3’ and it can be noted that 

this ligand was able to stabilize this enzyme. 

The experimental points were fitted by the model of Aymand and Belarbi, and by the one of Henley 

and Sadana, using the method of least squares and Solver tool of Microsoft Excel, and it was possible 

to obtain the coefficients relative to each model. Using the first model, the coefficients B and β obtained 

(vide §1.8) were equal to zero, result that makes no sense, because the nullity of these constants is 

characteristic of first order kinetics (Gama et al., 2003) what is not the case as it can be visualized in 

Figure 4.16.  

After realizing that the formalism of model of Aymard and Belarbi was not accurate to describe 

the deactivation of invertase adsorbed to ligand 5/3’, the model of Henley and Sadana was fitted to the 

experimental data, and the values obtained for the coefficients β1, β2, k1 and k2 were 1.65 x 10-1, 4.45 x 

10-3, 2.97 x 10-1 min-1 and 1.99 x 10-1 min-1, respectively. Having in consideration the values of the model 

of Henley and Sadana and its series-type formalism (vide Equation 1.4), a chemical interpretation of the 

results must be done. The rate constants k1 and k2 are very similar, which means that the intermediate 

and final conformation, E1 and E2, are produced at the same speed. As a result of this fact, it is observed 

a concave deactivation with a continuous decrease of the enzyme activity due to the increase of 

concentration of E2 that presents a lower specific activity comparing with E1, i.e., β2 is lower than β1 

(Gama et al., 2003). 

It should be highlighted that this kind of deactivation was already described for cutinase by Sousa 

(2010), reason why the stabilization of invertase with this ligand can be possible, but repetition of assay 

is needed in order to prove that. 

In the case of invertase, it is more difficult to point out possible interactions with amine substituents 

than in the case of CRL (vide §4.4.3) due to two main reasons. Firstly, the ligands 3’/11 and 5/3’ are 

very similar with regard to possible interactions, both possessing one hydrophobic moiety composed by 
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an alkane branch and an acidic one with a phenyl group; secondly, the invertase is much larger protein 

than CRL and its intramolecular and intermolecular interactions are highly complex (Sainz-Polo et al., 

2013). 

Finally, given that the adsorption of invertase to Sepharose CL-6B was very significant, an 

additional thermostability assay was done to verify if this enzyme was stabilized by the immobilization 

in this support and it was verified that stabilization did not occur when invertase was adsorbed to 

Sepharose CL-6B (data not shown). 

This result seems to confirm that specific interactions with triazine-scaffolded ligands are 

responsible for stabilization. 

 

4.6 Sequence and structure alignments 

Given that molecular modelling studies are very time-consuming and need special bioinformatic 

tools, very simple sequence and structure alignments were made in order to verify the similarities 

between the different proteins studied, searching for some possible explanations for the results of 

binding and stabilization of the different enzymes with ligand 3’/11. 

To do these alignments, the primary, secondary and tertiary structures of cutinase (Martinez et 

al., 1992), and of lipases from Chromobacterium viscosum (Lang et al., 1996), Candida rugosa 

(Grochulski, et al., 1994), Rhizomucor miehei (Brzozowski et al., 1992) and Rhizopus niveus (Kohno et 

al., 1996) were obtained from PDB. This last structure is not from the lipase used in this work, but it was 

used to do the alignments as a moldel. In the case of AOL, the structure of this enzyme was found and, 

therefore, this enzyme was not studied in terms of stabilization nor aligned and compared with the other. 

 

4.6.1 Primary structure alignments 

The primary structure alignment was done using the MUSCLE tool of EMBL-EBI and the 

percentage of similarity was obtained using the jFATCAT-flexible tool of PDB. 
 

 

Figure 4.17 – Sequence alignment of RNL and RML. Colors: green: amino acids with polar uncharged 

chains; blue: amino acids with negatively charged chains; red: amino acids with hydrophobic side 

chains; rose: amino acids with positively charged chains. Symbols: asterisk: match; two points: 

mismatch of identity of amino acid; point: mismatch of identity and type of amino acid. Adapted from 

EMBL-EBI. 
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The alignment between Rhizopus niveus and Rhizomucor miehei lipases is shown in Figure 4.17 

with the purpose of explaining how the alignments were constructed by the applied algorithms. The 

remaining alignments are shown in Appendix III. 

The sequences with similarities at the level of secondary structure were aligned, considering not 

only the amino acid but also its type (negatively and positively charged, and hydrophobic), and the 

percentage of sequence identity is the ratio between the identical amino acids and the total amino acids 

aligned. 

Table 4.4 shows the percentage of sequence identity in the alignment of the primary structure of 

each enzyme relative to the other enzymes. 

  

Table  4.4 – The percentage of sequence identity in the alignment of the primary structure of each 

enzyme relative to the other enzymes. Adapted from PDB. 

 CRL Cutinase CVL Invertase RML RNL 

CRL  5.8 5.7 6.6 5.5 4.5 

Cutinase   8.5 0.90 7.5 7.4 

CVL    5.8 11 9.1 

Invertase     6.7 3.6 

RML      56 

RNL       

 

Analyzing Table 4.4, it is possible to verify, firstly, that the invertase is very different from all the 

other enzymes, which was expected, given it is the only hydrolase that belongs to a different subclass 

(hydrolysis of sugars). Secondly, the lipases are very distinct from each other, except RML and RNL, 

fact that can be explain by the phylogenetic proximity between the two species – same kingdom, phylum, 

subphylum and order (Uniprot Database). 

The results of the alignments of the primary structure of the enzymes in study is not conclusive, 

by itself, since lipases from C. viscosum, C. rugosa and R. niveus, and cutinase presented, with each 

other, very similar values of sequence identity in the alignment of the primary structure (vide Table 4.4), 

however C. rugosa lipase is not stabilized when adsorbed to ligand 3’/11, in contrast to the other lipolytic 

enzymes. 

 

4.6.2 Secondary and tertiary structure alignments 

Given that the primary structure alignment did not allow to draw any conclusions, the secondary 

and tertiary structure alignments were done, in an attempt of understanding if similarities in such 

structures could be related to the adsorption of the different lipases to Sepharose CL-6B derivatized 

ligand 3’/11 and their stabilization, or not, when immobilized to this support. 

The alignment of secondary and tertiary structure of cutinase and lipase from C. viscosum, using 

jFATCAT from PDB, is shown in Figure 4.18. The remaining alignments are presented in Appendix D. 
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Figure 4.18 – Structure alignment view between cutinase and lipase from C. viscosum obtained, using 

the comparison method from PDB. Colors: orange and yellow: part of cutinase aligned (jFATCAT); light 

and dark blue: part of CVL aligned; dark grey: part of cutinase of cutinase not aligned; light grey: part of 

CVL not aligned. 

Table 4.5 shows the percentage of superimposition of the secondary and tertiary structures of the 

enzymes with each other. 

 

Table  4.5 – The percentage of superimposition of the secondary and tertiary structures of the enzymes 

with each other. The values presented are the percentage of the enzyme in each column that is 

superimposed with the different proteins in each line. 

 CRL Cutinase CVL Invertase RML RNL 

CRL – 25 41 19 36 36 

Cutinase 66 – 68 18 62 71 

CVL 70 42 – 15 35 46 

Invertase 20 7 9 – 22 28 

RML 73 46 42 43 – 100 

RNL 72 53 54 54 100 – 

 

Contrarily to Table 4.4, Table 4.5 is not symmetric, because, due to the different molecular 

mass/size of the enzymes, the percentage of superimposition between two proteins cannot be the same, 

given that the values are always relative to the first enzyme (model for superimposition). 

Results in Table 4.5 show a 100% superimposition between RML and RNL, which is a 

confirmation of the phylogenetic proximity already mentioned. It can also be seen that invertase the 

enzyme with lower values of structural superimposition, which is expected, as it is not a lipolytic enzyme. 

The values of superimposition of cutinase with lipases from C. rugosa, C. viscosum and R. niveus 

are similar with each other, fact that could explain the similarity between the adsorption yields obtained 

in the assays with ligand 3’/11 for these lipases. However, CVL and RNL were stabilized by 
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immobilization to ligand 3’/11, while CRL was not. Therefore, the similarity found at the secondary and 

tertiary levels cannot explain either the binding yield or the stabilization by this ligand. It is expected that 

the stabilizing effect observed results from specific binding of the ligand on the surface of protein that 

confers rigidity to the structure and prevents unfolding. It has been shown that ligand 3’/11, a strong 

stabilizer of cutinase, is very selective towards this enzyme, allowing cutinase purification from a 

recombinant Escherichia coli cell extract, in one affinity chromatographic step, with high activity yield 

(Monteiro, 2013). 

As so, results have to be interpreted by combining the similarity in terms of topology (2D/3D 

structures) with the percentage of sequence identity of the primary structure, which was very low. 

Different amino acids can result in similar folding (topology) of proteins but yielding a surface with distinct 

key motifs to which complementary ligands bind with different affinities and specificities. This could 

explain why ligand 3’/11 was not an effective binder/stabilizer to all lipases, but further detailed molecular 

modelling and biorecognition studies are required in order to confirm this hypothesis.   
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5. Conclusions 
 

The main objective of this work was to further explore a novel approach for enhancing 

enzyme/protein stability. This approach relied on the synthesis and selection of solid-phase triazine-

scaffolded synthetic ligands, capable of stabilizing an enzyme against thermal inactivation, through 

affinity-like interactions based on non-covalent forces. 

Firstly, the adsorption yields of cutinase and lipases from Aspergillus oryzae, Candida rugosa, 

Chromobacterium viscosum, Rhizomucor miehei and Rhizopus niveus to solid-phase triazine-scaffolded 

synthetic affinity ligand 3’/11 were obtained. Apart from the confirmation of the high value of the 

adsorption yield for cutinase obtained by Sousa et al., 2009, 79% vs 75% achieved in the present work, 

it was concluded that this ligand presents a higher affinity to cutinase, comparing with the other lipases, 

since the adsorption yields were lower than that relative to cutinase: (13±2)%, (32±5)%, (29±3)%, 

(11±2)% and (36±5)% for AOL, CRL, CVL, RML and RML, respectively. 

The enzymes that showed significant adsorption yields to ligand 3’/11 – lipases from C. rugosa, 

C. viscosum and R. niveus – were studied by comparing the behavior of the free and adsorbed enzymes, 

to verify if the interactions with this support increased the stability of the proteins at a temperature of 

60ºC. Ligand 3’/11 was able to stabilize CVL – the free lipase presented a half-life time of 39 minutes 

and the adsorbed enzyme retained 61% of enzyme activity upon 2 hours – and it was also capable of 

stabilizing RNL – the free lipase presented a half-life time of 3.5 minutes, while the value relative to the 

adsorbed enzyme was 11 minutes. However, this ligand was not able to stabilize CRL. These results 

allow the conclusion that the ligand 3’/11 is a potential stabilizer to other enzymes, besides cutinase, 

although binding to their surface with lower affinity. 

Since ligand 3’/11 was not able to stabilize the lipase from C. rugosa, ligands alternative to 3’/11 

were chosen by fulfilling two criteria: i) mixed ligands, containing both a hydrophobic and an acidic group 

that were previously reported to display a stabilizing effect on cutinase; ii) among the mixed, those 

binding less cutinase and with lower activity after binding (Sousa, 2010; Sousa et al., 2009, 2013). 

Satisfying these criteria, two ligands were selected: 3/3’ and 5/3’. Ligand 3/3’ presented higher 

adsorption yield to CRL than the ligand 5/3’ – (43±2)% vs (31±1)% – and it was chosen for following 

thermostability studies. The selected ligand was able to stabilize lipase from C. rugosa – the free lipase 

presented a half-life time of 35 minutes and the adsorbed enzyme retained 52% of enzyme activity upon 

90 minutes. 

After a set of studies conducted with lipases, enzymes very similar to cutinase in terms of 

enzymatic catalysis and/or structure, it was envisaged a study on other type of hydrolase – invertase – 

in order to see if even with a different protein, a stabilizing effect could also be achieved. Ligands 3’/11, 

3/3’ and 5/3’ were screened as affinity binders to invertase and the adsorption yields obtained were 

(93.5±0.2)%, (90±2)% and (82±5)%, respectively. Despite the high values presented for all the three 

ligands, it was not conclusive that these ligands have a wide affinity to invertase, since the adsorption 

yield relative to the Sepharose CL-6B was significant – (68±6)%. 

Ligand 3’/11, which presented the higher yield among the three tested ligands, was studied for its 

effect in thermal stabilization of invertase, at 60ºC and pH assay of 5.3, upon adsorption. It was 

concluded that this triazine-scaffolded synthetic affinity ligand was not capable of stabilizing the 



58 
 

invertase. Yet, when ligand 5/3’ was used as alternative in similar assay conditions, free invertase 

presented a half-life time of 14 minutes and the adsorbed enzyme retained 40% of enzyme activity upon 

45 minutes. Nevertheless, as opposed to studies with other lipases, in the case of invertase, only one 

assay was performed with ligand 5/3’ and, therefore, replicates of this assay are needed in order to 

validate the result obtained. 

Simple sequence and structure alignments were made in order to verify the similarities between 

the proteins under study, searching for some possible explanations with regard to the results of binding 

and thermostability tests for the different enzymes to the ligand 3’/11. The results of this approach were 

not conclusive. 

Overall, this work provided additional proof-of-concept that triazine-scaffolded synthetic affinity 

ligands, combining a substituent that mimics a hydrophobic amino acid side-chain and another bearing 

a carboxylate moiety, when bound to beaded agarose, may bind different proteins and act as 

thermostabilizers of bound enzymes. 
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6. Future Work 
 

In this section, some aspects (namely improvements or techniques to be used for specific 

purposes), regarded as the most relevant to consider in future investigations, are highlighted. 

Firstly, protein tests to the solution containing the lipases from Candida rugosa and Rhizopus 

niveus adsorbed to triazine-scaffolded synthetic affinity ligand 3’11, using the BCA microassay, shall be 

done to verify if protein is released from the support, during incubation at high temperature. In the case 

of CRL, this should help verify if ligand 3’/11 was not able to thermostabilize this lipase due to the 

releasing of the protein from the support. 

Three ligands were able to stabilize five enzymes at 60ºC, however the preferential binding sites 

on the surface of cutinase and lipases from C. viscosum and R. niveus with ligand 3’/11, lipase from C. 

rugosa with ligand 3/3’ and invertase with ligand 5/3’ are not known. It would be important to identify 

putative binding sites and verify whether these include weak spots of the protein involved in the initiation 

of thermal unfolding. To achieve this, molecular modelling studies, including automated docking studies 

could be performed. 

The evaluation of the effects of ionic strength, pH and temperature, for example, on the adsorption 

and in the thermostability assays would be important to study the type of interactions involved in the 

binding, since these two factors have a strong effect in both hydrophobic and electrostatic interactions. 

It would also be important to evaluate the effect of the concentration in free and adsorbed enzymes, 

because, in the case of cutinase, it was already proven that the concentration changes the half-life time 

of the free enzyme (Gama et al., 2003). However, in the case of the adsorbed enzymes, this relation 

has not been reported. 

In the present work, it was concluded that triazine-scaffolded synthetic affinity ligands, combining 

a substituent that mimics a hydrophobic amino acid side-chain and another bearing a carboxylate 

moiety, when bound to beaded agarose, may bind different proteins and act as thermostabilizers while 

retaining enzyme functionality. In the future, it would be important to verify if other proteins might be 

stabilized. Since some lipases and invertase were studied, the first approach might involve the assays 

with other hydrolases, as protein and glycan hydrolases, and subsequent studies involving other 

enzymes from different classes. 

Finally, studying the potential of using stabilizing ligands as solid supports for biocatalytic 

applications would be of importance to study. These studies could concern the derivatization in 

alternative supports, cheaper or with other and more advantageous characteristics, the assessment of 

how the adsorption to triazine-scaffolded synthetic affinity ligands affects the enzyme’s selectivity at 

issue, and the determination of catalytic kinetic parameters would also be needed to compare with the 

free enzyme. 
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I. Calibration curve for Abs 280nm measuring 
 

 

 
Figure I.1 – Calibration curve of Abs 280nm vs concentration of bovine serum albumin (BSA) used to 

calculated the protein concentrations in the chromatographic assays. Curve equation: y=(0.579±0.009)x 

+ (0.002±0.008); R2=0.999. 
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II. Calibration curve for the determination of the invertase 

activity 
 

 

 
Figure II.1 – Calibration curve of Abs 540nm vs concentration of glucose used to calculated the in 

invertase activity in thermostability assays by the DNS acid assay. Curve equation: y=(0.477±0.009)x –  

(0.04±0.002); R2=0.999. (Gently provided by Ricardo Pereira). 
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III. Multiple Sequence Comparison by Log-Expectation 

(MUSCLE) of all enzymes studied 
 

 

 
Figure III.1 –  Multiple Sequence Comparison by Log-Expectation (MUSCLE) of cutinase from Fusarium 

solani pisi, lipases from Rhizopus niveus (RNL), Rhizomucor miehei (RML), Chromobacterium viscosum 

(CVL), Candida rugosa (CRL), and invertase from Saccharomyces cerevisiae. (Adapted from EMBL-

EBI). 



71 
 

IV. Structure alignment using jFATCAT of all enzymes 

studied 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.1 – Structure alignment view between all the enzyme 

with each other. using the comparison method jFATCAT from 

PDB. A: cutinase and CRL; B: cutinase and RML; C: cutinase 

and RNL; D: Cutinase and invertase; E: CVL and CRL; F: CVL 

and RML; F: CVL and RNL; G: CVL and invertase; H: CRL and 

RML; I: CRL and RNL; J: CRL and invertase; K: RNL and RML; 

L: RNL and invertase; M: RML and invertase. Warm Colors: part 

of the first protein aligned; Blue tones: part of the second protein 

aligned; dark grey: part of the first protein not aligned; light grey: 

part of second protein not aligned.  
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