
PROTEIN STABILIZING POTENTIAL OF SIMULATED 
HONEY SUGAR COCKTAIL AND HONEY: A CASE STUDY 

WITH BOVINE SERUM ALBUMIN, OVALBUMIN AND 
LYSOZYME 

 

 

 

 

WONG YIN HOW 

 

 

 

 

 

FACULTY OF SCIENCE 

UNIVERSITY OF MALAYA 
KUALA LUMPUR 

 
 

2016 

Univ
ers

ity
 of

 M
ala

ya



PROTEIN STABILIZING POTENTIAL OF 

SIMULATED HONEY SUGAR COCKTAIL AND 

HONEY: A CASE STUDY WITH BOVINE SERUM 

ALBUMIN, OVALBUMIN AND LYSOZYME 

WONG YIN HOW 

THESIS SUBMITTED IN FULFILMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

FACULTY OF SCIENCE 

UNIVERSITY OF MALAYA 

KUALA LUMPUR 

2016 

Univ
ers

ity
 of

 M
ala

ya



ii 

UNIVERSITY OF MALAYA 

ORIGINAL LITERARY WORK DECLARATION 

Name of Candidate: Wong Yin How                             

Registration/Matric No: SHC 130027

Name of Degree: Doctor of Philosophy (Ph.D.) 

Title of Thesis (“this Work”): 

“Protein Stabilizing Potential of Simulated Honey Sugar Cocktail and Honey: A Case 

Study with Bovine Serum Albumin, Ovalbumin and Lysozyme” 

Field of Study: Biochemistry 

    I do solemnly and sincerely declare that: 

(1) I am the sole author/writer of this Work; 

(2) This Work is original; 

(3) Any use of any work in which copyright exists was done by way of fair dealing 

and for permitted purposes and any excerpt or extract from, or reference to or 

reproduction of any copyright work has been disclosed expressly and 

sufficiently and the title of the Work and its authorship have been 

acknowledged in this Work; 

(4) I do not have any actual knowledge nor do I ought reasonably to know that the 

making of this work constitutes an infringement of any copyright work; 

(5) I hereby assign all and every rights in the copyright to this Work to the 

University of Malaya (“UM”), who henceforth shall be owner of the copyright 

in this Work and that any reproduction or use in any form or by any means 

whatsoever is prohibited without the written consent of UM having been first 

had and obtained; 

(6) I am fully aware that if in the course of making this Work I have infringed any 

copyright whether intentionally or otherwise, I may be subject to legal action 

or any other action as may be determined by UM. 

Candidate’s Signature  Date: 

      (Wong Yin How) 

Subscribed and solemnly declared before, 

  Witness’s Signature       Date: 

Name: Professor Saad Tayyab 

Designation: Supervisor 

Witness’s Signature                  Date: 

Name: Professor Habsah Abdul Kadir 

Designation: Supervisor 

Univ
ers

ity
 of

 M
ala

ya



iii 

ABSTRACT 

The protein stabilizing potential of honey was elucidated using simulated honey 

sugar cocktail (SHSC) on three model proteins, namely, bovine serum albumin (BSA), 

ovalbumin and lysozyme. The chemical (urea and guanidine hydrochloride) and thermal 

denaturation curves of these proteins were shifted towards higher denaturant 

concentration or temperature in the presence of different SHSC concentrations (8–30%) 

in a concentration dependent manner, when monitored by far-UV circular dichroism 

(CD), fluorescence and UV-difference spectral measurements. A comparison of the 

spectral properties of the partially-denatured proteins (at the mid-point of transition) in 

the absence and the presence of SHSC using far-UV and near-UV CD, UV-difference, 

intrinsic fluorescence, three-dimensional fluorescence and ANS fluorescence 

measurements showed significant retention of globular conformation in the 

partially-denatured proteins in the presence of SHSC. Honey quenched the intrinsic 

fluorescence of BSA in a concentration dependent manner, showing complete quenching 

in the presence of 5% (w/v) honey. Increasing the protein concentration did not lead to 

any recovery in the protein fluorescence. Intrinsic fluorescence failed to produce any 

result in the urea denaturation of BSA in the presence of 5% (w/v) honey. Hence, 

chemical and thermal stabilizing potential of honey was evaluated on a model protein, 

BSA using far-UV CD and ANS fluorescence spectroscopy. A comparison of the 

chemical and thermal transition curves of BSA obtained in the absence and the presence 

of SHSC or honey showed greater shift of the transition curves towards higher denaturant 

concentration or temperature in the presence of honey compared to SHSC. Furthermore, 

greater retention of the globular conformation in the partially-denatured protein was also 

observed in the presence of honey compared to SHSC. Taken together, all these results 

suggested significant stabilization of native protein conformation in the presence of 
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SHSC or honey against chemical and thermal denaturations, being relatively higher in the 

presence of honey.  
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ABSTRAK 

 

 Potensi penstabilan protein madu telah dikaji dengan menggunakan 

koktel gula madu simulasi (SHSC) terhadap tiga protein model iaitu albumin serum bovin 

(BSA), ovalbumin dan lisozim. Lengkung penyahaslian kimia (urea and guanidin 

hidroklorida) dan terma protein-protein tersebut telah beralih kepada kepekatan 

penyahasli and suhu yang lebih tinggi secara berkadar langsung dengan kepekatan SHSC 

dengan penambahan SHSC pada kepekatan 8–30% apabila dikaji dengan menggunakan 

teknik spektroskopi ‘far-UV circular dichroism (CD)’, fluoresens dan ‘UV-difference’. 

Perbandingan ciri-ciri spektra ‘far-UV and near-UV CD’, ‘UV-difference’, fluoresens 

intrinsik, fluoresens tiga-dimensi dan fluoresens ANS protein-separa dinyahasli (pada 

pertengahan transisi protein) menunjukkan pengekalan konformasi globular protein-

separa dinyahasli yang signifikan dengan penambahan SHSC. Madu melindapkejutkan 

fluoresens BSA secara berkadar langsung dengan kepekatan madu dan pelindapkejutan 

fluoresens penuh BSA berlaku pada kepekatan 5% (w/v) madu. Penambahan kepekatan 

protein tidak memulihkan fluoresens protein tersebut. Urea denaturasi BSA dengan 

kehadiran 5% (w/v) madu tidak menunjukkan sebarang keputusan apabila dikaji dengan 

menggunakan teknik fluoresens. Oleh yang demikian, potensi penstabilan kimia and 

terma madu dikaji terhadap protein model, BSA dengan menggunakan ‘far-UV CD’ dan 

fluoresens ANS. Perbandingan lengkung transisi kimia dan terma BSA tanpa dan dengan 

penambahan SHSC atau madu menunjukkan peralihan lengkung transisi kepada 

kepekatan penyahasli dan suhu yang lebih tinggi dengan penambahan madu berbanding 

dengan SHSC. Tambahan pula, pengekalan konformasi globular protein-separa 

dinyahasli didapati lebih berkesan dengan penambahan madu berbanding dengan SHSC. 

Kesemuaan keputusan diatas menunjukkan pencapaian penstabilan protein yang 

signifikan menentang penyahaslian kimia dan terma dengan penambahan SHSC atau 
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madu. Penstabilan protein ini didapati lebih berkesan dengan penambahan madu 

berbanding dengan SHSC. 
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1. INTRODUCTION 

1.1. Protein stability 

 Proteins are important macromolecules in living organisms, which play crucial 

roles in essentially all biological processes. They function as biocatalysts, transport 

carriers, storage molecules and are involved in immune protection, movement, signal 

transduction, cell organization and reproduction of living organisms (Berg et al., 2002). 

Despite their biological importance, proteins have also been widely exploited in various 

industrial and pharmaceutical applications (Table 1.1) as biocatalysts, therapeutic agents 

and clinical diagnostic materials (Leader et al., 2008; Gurung et al., 2013). The ability of 

proteins to accelerate the rate and the specificity of the chemical reactions renders their 

broad usage as biocatalysts in various industrial processes such as dairy, textile, food and 

beverage processing as well as paper manufacturing industries (Gurung et al., 2013). 

Proteins are also widely used in pharmaceutical industries as therapeutic agents and 

diagnostic tools for some diseases (Leader et al., 2008; Ratnaparkhi et al., 2011). For 

example, several proteins such as insulin, luteinizing hormone-releasing hormone, 

vasopressin, adenosine deaminase, bevacizumab etc. are used to treat several diseases 

including hormone deficiency, diabetes insipidus, immunodeficiency and cancer (Leader 

et al., 2008; Ratnaparkhi et al., 2011). Furthermore, several enzymes have been used as 

therapeutic agents due to their specific use as oncolytics, anticoagulants,                                            

anti-inflammatory agents and as replacements for metabolic deficiency. Besides, proteins 

have also been used as the diagnostic agents for various diseases such as cancer, 

myocardial infarction and HIV infection (Leader et al., 2008).  

 Such a wide range functionality of proteins depends on the three-dimensional 

structure (native conformation), which is acquired through the folding of the fairly loose 

and disordered polypeptide chain(s) (Murphy, 1995). Attainment of the correct  
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Table 1.1. Industrial and pharmaceutical applications of proteins.* 

 

Application Examples 

Industrial biocatalyst 

 

Alcohol / beverage 
Amylase, glucanase, protease, β-glucanase, amyloglucosidase, 

pullulanase and acetolactate decarboxylase 

 Fruit drinks Cellulase and pectinase 

 Food processing Amylase, protease, papain and trypsin 

 Dairy Rennin, lipase and lactase 

 Detergent Protease, amylase, lipase, cellulase and mannanase 

 Textile Amylase, pectinase, cellulase, catalase and protease 

 Paper and pulp Amylase, xylanase, cellulase, hemicellulase, ligninase and esterase 

 Rubber Catalase 

 Oil and petroleum Cellulase, ligninase and mannanase 

 Biopolymer / plastic Laccase, peroxidase, lipase and transglutaminase 

 Pharmaceutical 
Nitrile hydratase, D-amino acid oxidase, glutaric acid acylase, 

penicillin acylase, penicillin G acylase and ammonia lyase  

 Molecular biology Restriction enzymes, DNA ligase and polymerase 

Univ
ers

ity
 of

 M
ala

ya



4 

Table 1.1 Continued 
   

Therapeutic agent 

 

Antibiotic Lysozyme and penicillin 
 

Antibiotic resistance 𝛽-Lactamase 

 
Antiviral Ribonuclease 

 
Blood clotting 

Antithrombin III,  clotting  factor VIII,  clotting  factor  IX,  protein C 

concentrate, streptokinase and urokinase 

 
Cancer  Alemtuzumab, bevacizumab, cetuximab, panitumumab, rituximab 

 
Inflammation Trypsin 

 
Leukemia Asparaginase,  gemtuzumab, glutaminase, ozogamicin and rasburicase 

 
Skin ulcers Collagenase 

 
Gout Uricase 

 
Hormone deficiency 

Growth hormone, insulin,  luteinizing hormone-releasing hormone, 

pramlintide acetate, mecasermin and somatotropin 

 
Metabolic enzyme deficiency 

Alglucosidase-α, β-glucocerebrosidase,    galsulphase,  idursulphase 

and laronidase 

 Pulmonary and gastrointestinal 

tract disorders 
Amylase, α-1-proteinase inhibitor,  lipase and protease 

 
Immunodeficiency Adenosine deaminase and pooled immunoglobulins 
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                * Adapted from: 

       Leader et al. (2008) 

       Ratnaparkhi et al. (2011)  

             Gurung et al. (2013).

Table 1.1 Continued  
  

Therapeutic agent 

 

Autoimmune disease Anti-Rhesus immunoglobulin G 

 
Fertility 

Human follicle-stimulating hormone and human chorionic 

gonadotropin and lutropin-α 

 
Diabetes insipidus Vasopressin  

    

Diagnostic agent 

 

Infectious disease Recombinant purified protein derivative 

 
Appendicitis  Technetium fanolesomab 

 
Cancer  

Arcitumomab, capromab pendetide, nofetumomab, satumomab 

pendetide, thyroid stimulating hormone and thyrotropin 

 
Thrombosis  Apcitide 

 
HIV infection HIV antigens 

 
Myocardial infarction Creatine kinase, imciromab pentetate,  myoglobin, troponin I and T 
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three-dimensional structure of a protein is governed by its linear amino acid sequence 

(Anfinsen, 1973) and its surrounding biological environment (Ellis & Hartl, 1999; 

Dobson, 2003). Several non-covalent forces such as hydrogen bonding, van der waals 

forces, electrostatic interactions and hydrophobic interactions as well as disulfide bridges 

(if present) are involved in the formation and maintenance of the native protein 

conformation (Anfinsen, 1973; Dill, 1990; Pace et al., 1996). However, the native protein 

conformation of many proteins is only marginally stable over their denatured counterparts 

as the free energy of unfolding of most proteins has been determined to be around                                 

– 10 kcal / mol (Pace, 1975; Dill, 1990; Taverna & Goldstein, 2002). 

  In view of the above, proteins progressively loose their functionality and native 

conformation under in vitro conditions such as extreme temperature, pH, pressure and in 

the presence of various destabilizing agents (salt, alkali, denaturants and surfactants), 

which are frequently met in different industrial applications. Therefore, stability of 

proteins used in these applications is a critical issue in industrial and pharmaceutical 

sectors. Hence, there is a need for further research to achieve greater storage and 

operational stability of proteins (Iyer & Ananthanarayan, 2008).  

1.2. Protein stabilization approaches 

 For the past few decades, extensive research has been directed towards the 

enhancement of protein stability (Matthews et al., 1987; Matsumura et al., 1989; Fágáin, 

1995; Bryan, 2000; Khajeh et al., 2001; Fágáin, 2003; Iyer & Ananthanarayan, 2008; 

Singh et al., 2011; Singh et al., 2013). Several strategies have been adopted to meet the 

above objective, which include protein engineering, chemical modifications and use of 

solvent additives. 
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1.2.1. Protein engineering 

 Protein engineering is a genetic approach to modify protein’s amino acid sequence 

and thus its structure through substitution, deletion or insertion of amino acid residues 

(Singh et al., 2013). Different procedures such as site-directed mutagenesis, disulphide 

bond engineering and modification of ion binding sites have been employed to modify 

the protein structure in order to achieve greater protein stability (Fágáin, 1995). A few 

examples showing the effect of different protein engineering approaches on protein 

stability are given in Table 1.2. 

 Site-directed mutagenesis involves production of mutant proteins by altering the 

amino acid sequence in such a way so that the mutant proteins should have greater 

stability. For example, introduction of Pro residues or removal of Gly residues from the 

original amino acid sequence of bacteriophage T4 lysozyme have been shown to 

successfully increase its thermal stability (Matthews et al., 1987). Substitution of Gly 

residue at position 28 with Ser residue has also been found to increase thermal stability 

of Bacillus pumilus lipase (Bustos-Jaimes et al., 2010). Site-directed mutagenesis of 

maltogenic amylase involving substitution of Gly with Ala or Lys with Arg has also 

resulted in greater thermal stability of the enzyme (Ben Mabrouk et al., 2011). On the 

other hand, substitution of Lys-27, Arg-59 or His-102 with Ala though increased the 

thermal stability of barnase but produced a large decrease in its enzyme activity (Meiering 

et al., 1992). 

 Introduction of disulphide bonds in the protein has also been used as an approach 

to stabilize the protein molecule (Matsumura et al., 1989; Fágáin, 1995; Le et al., 2012). 

In this approach, one or several Cys residues are usually added to the protein’s original 

amino acid sequence either by insertion or substitution, which may lead to the formation 

of disulphide bonds in the protein, thus affecting its stability. However, addition of the  
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Table 1.2. Effect of different protein engineering approaches on protein stability. 

 

 

Stabilizing approach Protein    Amino acid change Effect on stability Reference 

Site-directed 

mutagenesis 

 

 
Apomyoglobin 

 
Cys-110 → Leu 

 
Cm ↑ (0.9 pH unit) Hughson and Baldwin (1989) 

 β-Agarase AgaA 
 

Ser-63 → Lys                                      
 

Activity at 45°C ↑ (125%) Lee et al. (2011) 

 β-Glucosidase 
 Pro-172 → Leu 

Phe-250 → Ala 

 
Tm ↑ (6.7°C) Lee et al. (2012) 

 Cholesterol oxidase 
 Gln-153 → Glu  

Phe-128 → Leu 

 

Activity at 50°C ↑ (47%) Sun et al. (2011) 

 

Endo-1,4-β-xylanase II 

 Asn-97 → Arg  

Phe-93 → Trp 

His-144 → Lys                        

 

T50% ↑ (4–5°C) Fenel et al. (2006) 

 
Endoglucanase 

 
Tyr-95 → Phe 

 
kcat ↑ (4.4 fold) Srikrishnan et al. (2012) 

 
Formate dehydrogenase 

 
Cys-262 → Val 

 
Tm ↓ (8°C) Slusarczyk et al. (2000) 

 Isopropylmalate 

dehydrogenase 

 
Ala-172 → Asp 

 
Tm ↓ (3°C) Akanuma et al. (1997) 

 

Lipase 

 

Gly-28 → Ser 
 

Half-life ↑ (25 fold) Bustos-Jaimes et al. (2010) 

  
Ala-132 → Asp 

 
Half-life ↑ (173 fold) Bustos-Jaimes et al. (2010) 
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Table 1.2 Continued 
 

 
 

 
 

  

Site-directed   

mutagenesis 

 

Lipase 

 

Asn-166 → Tyr 

Ala-132 → Asp 

 

Cm ↑ (1 M urea) Acharya et al. (2004) 

 

 Asn-166 → Tyr 

Ala-132 → Asp 

Leu-114 → Pro 

 

Half-life ↑ (270 fold) Acharya et al. (2004) 

 
Superoxide dismutase 

 
Cys-95 → Ala 

 
Thermostability ↑ (2 fold) Kumar et al. (2012) 

 

Xylanase  

 Thr-25 → Arg  

Thr-65 → Arg  

Ser-67 → Arg  

Ser-184 → Arg  

 

Half-life ↑ (17 fold) Sriprang et al. (2006) 

 
Xylose isomerase 

 
Gln-58 → Pro 

 
Half-life ↑ (43%) Sriprapundh et al. (2000) 

 

T4 Lysozyme 

 

Arg-96 → His                                          
 

Tm ↓ (7°C) Wetzel et al. (1988) 

  
Gly-77 → Ala 

 
Tm ↑ (0.9°C) Matthews et al. (1987) 

  
Ala-82 → Pro 

 
Tm ↑ (2.1°C) Matthews et al. (1987) 

  
Asn-144 → Glu 

 
Tm ↑ (1.5°C) Sun et al. (1991) 

  
Ser-38 → Asp 

 
Tm ↑ (1.6°C) Nicholson et al. (1988) 

  
Ser-117 → Val 

 
Tm ↑ (5.1°C) Shoichet et al. (1995) 
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Table 1.2. Continued  
 

 
 

 
  

Disulphide bond 

engineering 

 

 

 

 

 

 

 

 

 

 
Acetylcholinesterase  

 Ile-327 → Cys 

Asp-375 → Cys 

 

Activity at 50°C ↑ (170 fold) 

Activity in 4 M urea ↑ (12 fold) 
Siadat et al. (2006) 

 

Barnase 

 

Ala-43 → Cys 

Ser-80 → Cys 

 

Cm ↑ (1.2 M urea) Clarke and Fersht (1993) 

 

 Ser-85 → Cys  

His-102 → Cys 

 

Cm ↑ (1 M GdnHCl) Clarke and Fersht (1993) 

 Endo-1,4-β-xylanase II 
 Thr-2 → Cys  

Thr-28 → Cys 

 

T50% ↑ (~15°C) Fenel et al. (2004) 

 Lipase B 
 Ala-162 → Cys  

Lys-308 → Cys 

 

T50% ↑ (8.5°C) Le et al. (2012) 

 Plastocyanin 
 Ile-21 → Cys 

Glu-25 → Cys 

 

Tm ↓ (4.7°C) Guzzi et al. (2004) 

 Ribonuclease 
 

Asn-44 → Cys 

 

Tm ↑ (11.8°C) Kanaya et al. (1991) 

 Subtilisin  
 Asp-41 → Cys   

Gly-80 → Cys                  

 

Half-life ↓ (5 fold) Mitchinson and Wells (1989) 

 

T4 lysozyme 

 
Ile-3 → Cys                               

 
Tm ↑ (3°C) Wetzel et al. (1988) 

  
Thr-3 → Cys                                

 
Tm ↑ (11°C) Jacobson et al. (1992) 

 
 

Ile-9 → Cys 

Leu-164 → Cys 

 
Tm ↑ (6.5°C) Matsumura et al. (1989) 
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Cys residues should be targeted at an appropriate distance in the three-dimensional 

structure of a protein to allow proper disulphide bond pairing (Fágáin, 1995). Using this 

strategy, more stable enzyme such as lysozyme, subtitisin and lipase B have been 

produced (Pantoliano et al., 1988; Matsumura et al., 1989; Bryan, 2000; Le et al., 2012). 

The disulphide bond engineering may also lead to protein destabilization,  (Dombkowski 

et al., 2014) as the melting temperature of a poplar plastocyanin has been shown to 

decrease by about 4°C compared to the wild type protein (Guzzi et al., 2004). 

 Modification of the ion binding sites in proteins has been employed to engineer  the 

low affinity ion binding sites into high affinity ion binding sites through genetic 

modifications of the desired amino acid residues (Bryan, 2000; Iyer & Ananthanarayan, 

2008). For instance, increasing the affinity of one of the calcium binding sites in subtilisin 

has been found to increase its thermal stability (Bryan, 2000). Modification of the calcium 

binding site in Bacillus licheniformis α-amylase through substitution of Ala-181 with Thr 

has been shown to stabilize the enzyme against thermal denaturation (Bisgaard-Frantzen 

et al., 1999; Nielsen & Borchert, 2000).  

 In general, protein engineering is purely based on a hit and trial method, producing 

mutant proteins of both higher and lower stability (Marshall et al., 2003). Furthermore, it 

may also produce adverse effects with respect to the protein function / activity as these 

mutations are random in nature (Brannigan & Wilkinson, 2002). For example, engineered 

mutants may have greater stability than the wild type but without any activity or poor 

activity. Lack of a theory for structure design and a general approach for sequence design 

are some of the obstacles in limiting the applications of protein engineering in protein 

stabilization (Leisola & Turunen, 2007). 
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1.2.2. Chemical modification 

 Chemical modification of proteins has remained a useful approach for protein 

stabilization, despite being overshadowed in recent years by protein engineering (Fágáin, 

2003). Protein stabilization through chemical modification can be achieved using several 

methods, which include modification of the surface groups, intra- or intermolecular                     

cross-linking and covalent coupling with polymers such as polyethylene glycol (PEG) or 

polysaccharides (Lundblad & Noyes, 1984; Imoto & Yamada, 1989; Means & Feeney, 

1990). Table 1.3 shows a few examples of chemical modification of proteins and its effect 

on protein stability. Generally, chemical modification of a protein is restricted to the side 

chains of the amino acid residues and involves oxidation, reduction, nucleophilic and 

electrophilic substitutions, racemization, β-elimination and other reactions with chemical 

reagents (Feeney et al., 1982). This is achievable as many amino acid residues of a protein 

possess an active functional group, accessible for chemical modification. According to 

Means and Feeney (1990), at least nine of the twenty different amino acids, namely, Cys, 

Lys, Asp, Glu, Arg, His, Trp, Tyr and Met contain a side chain that can be chemically 

modified by specific reagents under mild conditions and the modified protein may show 

greater stability. For example, modification of the Lys side chains of α-amylase from 

mesophilic B. amyloliquefaciens and thermophilic B. licheniformis with citraconic 

anhydride has yielded the enzymes with higher activity than the wild type at 70°C and 

80°C (Khajeh et al., 2001). Modification of the surface Lys residues of α-chymotrypsin 

with cyclic anhydrides of aromatic carboxylic acids has also shown increased stability of 

the enzyme. Similarly, stability of trypsin can be increased by converting the surface Tyr 

residues to aminotyrosines (Mozhaev et al., 1988). 

 Formation of the cross-link within the protein molecule or between the protein 

molecules with an artificial cross-linker has been demonstrated as an effective approach 

to increasing protein stability (Wong & Wong, 1992). For example, treatment of  
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 Table 1.3. Effect of different chemical modification approaches on protein stability. 

 

 

Stabilizing approach Protein  Modification Effect on stability Reference 

Cross-linking 

 

Alkaline 

phosphatase 
 

Poly(phosphorothioates)                  

cross-link 
Activity at 45°C ↑ (35%)  Bieniarz et al. (1998) 

 
Creatine kinase  Dimethylsuberimidate Shelf-life at 4°C ↑ Sheehan et al. (1990) 

 
Glucose oxidase   

Poly(phosphorothioates)                  

cross-link 
Stability at 37°C ↑ (8 fold) Bieniarz et al. (1998) 

 

Horseradish 

peroxidase 

 

Suberic acid bis (N-hydroxy-   

succinimide  ester) 
Half-life ↑ (6–23 fold) Ryan et al. (1994) 

 Ethylene glycol-bis(succinic acid 

N-hydroxysuccinimide ester) 
Half-life ↑ (6–23 fold) Ryan et al. (1994) 

 
Lysozyme  Lys-2 – His-15 cross-link Tm ↑ (14°C) Ueda et al. (2000) 

 
Ribonuclease A  Malonaldehyde Enzyme inactivation Chio and Tappel (1969) 

       

Attachment to polymer 

 

Invertase 
 Chitosan Tm ↑ (10°C) Gómez and Villalonga (2000) 

 
 

Pectin Tm ↑ (7°C) Gómez and Villalonga (2000) 
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Table 1.3 Continued 
     

Attachment to polymer 

 

Lysozyme  Glucose stearic acid monoester Tm  ↑ (2°C) Takahashi et al. (2000) 

 
Ribonuclease A  Polyunsaturated fatty acid Enzyme inactivation Chio and Tappel (1969) 

 
Soy protein  Glutaraldehyde  Foam stability ↑ (3 fold) Park et al. (2000) 

 
Trypsin  PEG5000 Half-life ↑ (3.8 fold) 

Treetharnmathurot et al. 

(2008) 

       

Surface group 

modification 

 

α-Amylase  Lys - Citraconic anhydride Activity  at 70°C ↑ Khajeh et al. (2001) 

 
α-Chymotrypsin  Lys -  Aromatic carboxylic acids Thermal stability ↑ (3 fold) Mozhaev et al. (1988) 

 

Lysozyme 

 

Trp-62 → N-formylkynurenine Tm ↓ (0.3°C) Okajima et al. (1990) 

 
Trp-62 → Kynurenine Tm ↓ (3.1°C) Okajima et al. (1990) 

 

 
Succinylation Tm ↓ (16°C) van der Veen et al. (2005) 

 
Succinylation Cm ↓ (1.6 M GdnHCl) Ong et al. (2009) 

 

Ribonuclease T1 

 

Trp-59 → N-formylkynurenine Tm ↓ (23.4°C) Okajima et al. (1990) 

 
Trp-59 → Kynurenine Tm ↓ 14.8°C Okajima et al. (1990) 

 
Trypsin  Tyr → Aminotyrosines Thermal stability ↑ (100%) Mozhaev et al. (1988) 
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horseradish peroxidase with suberic acid bis(N-hydroxysuccinimide ester) and ethylene 

glycol-bis(succinic acid N-hydroxysuccinimide ester) has induced greater thermal 

stability of the enzyme (Ryan et al., 1994). Chemical cross-linking of beef heart creatinine 

kinase with dimethylsuberimidate produced a dimeric enzyme with higher thermal 

stability despite showing some loss in its activity. However, the dimeric enzyme was 

found resistant to activity loss in the presence of chemical denaturants such as guanidine 

hydrochloride (GdnHCl) and urea (Sheehan et al., 1990). 

 Increase in protein stability can also be accomplished by attaching a soluble 

polymer to the target protein. Many enzymes have been stabilized using this method. 

Thermal stability of trypsin has been increased with the attachment of PEG to the enzyme 

(Mozhaev et al., 1988; Treetharnmathurot et al., 2008). Furthermore, PEG-treated trypsin 

has been found chemically resistant against denaturation induced by sodium dodecyl 

sulfate (Gaertner & Puigserver, 1992). Attachment of naturally occurring carbohydrates 

such as chitosan and pectin to yeast invertase yielded a thermostable enzyme, showing an 

increase in the melting temperature by 10°C and 7°C for chitosan and pectin, respectively. 

Furthermore, half-life of the protein at 65°C has been extended from 5 minutes to 2 days 

for pectin-modified invertase compared to 5 hours for chitosan-modified invertase 

(Gómez et al., 2000; Gómez & Villalonga, 2000).  

  Although chemical modification of proteins results in increased stability in many 

cases, unexpected side effects such as activity loss or altered pH optimum may also arise. 

Since a few side chains of the amino acids are essential for the function as well as to 

maintain the three-dimensional structure of a protein, modification of these side chains 

may lead to protein inactivation (Feeney et al., 1982; Means & Feeney, 1990). For 

example, cross-linking of two Aspergillus niger glucoamylase molecules together yielded 
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an oligomerized glucoamylase with lower thermal stability than the native enzyme and 

loss of its enzymatic activity (Sasvari & Asboth, 1999).  

1.2.3.  Solvent additives 

Various organisms adapt to life-threatening environmental conditions including 

extremes of temperature and pH, cellular dehydration, desiccation and high extracellular 

salt by accumulating small organic molecules known as osmolytes (Yancey et al., 1982; 

Yancey, 2003; 2004). The idea of osmolyte-induced cellular protein stabilization has been 

exploited in various applications to maintain protein stability (Singh et al., 2011). 

Osmolytes have been grouped into three major classes on the basis their chemical 

structure. These groups are polyols, free amino acids and their derivatives as well as 

methylammonium salts. A list of a number of osmolytes categorized under these classes 

has been given in Table 1.4.  

Based on their effects on the protein’s functional activity, osmolytes have been 

classified as counteracting and compatible osmolytes (Yancey, 2004). Counteracting 

osmolytes alter the protein functions and belong to the methylammonium class of 

osmolytes (Taravati et al., 2007; Singh et al., 2011). On the other hand, compatible 

osmolytes do not affect protein’s function and consist of nitrogenous compounds (e.g. 

proline, glutamate, ectoine, glycine etc.), polyols (e.g. glycerol) and carbohydrates 

(sucrose, fructose, trehalose etc.) (Yancey, 2004). Compatibility of these osmolytes with 

protein functions may be embarked due to the absence of any interaction between 

osmolytes and proteins, substrate or co-factors. Hence, macromolecular-solvent 

interactions would remain unperturbed in the presence of these osmolytes (Singh et al., 

2011).  

Osmolytes such as amino acids and sugars has been proven compatible with 

protein structure as their presence in the protein solution does not alter the native protein  
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Table 1.4. Classification of naturally occurring osmolytes used by 

organisms under various stress conditions.* 

 

Class of osmolyte  Example of osmolyte 

Polyols and sugars 

 

Glycerol, sorbitol, manitol, pinitol, 

inositol, glucose, fructose, sucrose, 

raffinose, stachyose, trehalose, maltose 

and mammosylglycerate 

Amino acids and derivatives 

 

Proline, phenylalanine, valine, leucine, 

isoleucine, serine, glutamine, arginine, 

lysine, glycine, aspartate, β-alanine, 

ectonine, taurine, hypotaurine and 

thiotaurine 

Methylammonium salts 

 

Glycine betaine, L-carnitine, choline, 

creatine, trimethylamine N-oxide, 

sarcosine, N-methyltaurine and 

glycerophosphorylcholine 
 

               * Adapted from Singh et al. (2011) 
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conformation. The far-UV and the near-UV circular dichroism as well as near-UV 

absorption spectra of many proteins have been found identical within experimental error 

both in the absence and the presence of these osmolytes, suggesting that the secondary 

and tertiary structures of these proteins remain unchanged even in the presence of 

osmolytes (Lee & Timasheff, 1981; Kim et al., 2003; Haque et al., 2005; Poddar et al., 

2008).  

In general, osmolytes (solvent additives) do not interact directly with the protein 

rather they alter the solvent properties (viscosity and surface tension) and thus the protein-

solvent interactions (Schein, 1990; Timasheff, 1993). The protein stabilizing effect of 

these osmolytes has been well established, as reflected from the increase in the mid-point 

of denaturation induced by heat or chemical agents, in the presence of osmolytes (Lee & 

Timasheff, 1981; Allison et al., 1996; Miroliaei & Nemat-Gorgani, 2001; Kaushik & 

Bhat, 2003; Chebotareva et al., 2004; Saadati & Bordbar, 2008). Table 1.5 shows a few 

examples of proteins, which have been stabilized by different osmolytes. More 

specifically, sugars have been shown to increase protein stability especially, thermal 

stability (Baier & McClements, 2001; Yancey, 2005; Gheibi et al., 2006; Miroliaei et al., 

2007; Bellavia et al., 2009) under a variety of experimental conditions such as 

dehydration, variable pH, freezing, high salinity or in the presence of chemical 

denaturants (Yancey, 2005; Singh et al., 2011). For example, addition of 0.5 M of 

trehalose to a lipolytic enzyme, cutinase has increased the mid-point of the thermal 

denaturation by 4°C and 2.6°C at pH 9.2 and 10.5, respectively (Baptista et al., 2000). 

The Tm of lysozyme has also been found to increase by 18°C upon addition of 2.0 M 

trehalose (Kaushik & Bhat, 2003).  

Use of different solvent additives such as sugars can enhance the protein stability 

to the extent, achievable with chemical or genetic modifications. For instance,         
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Table 1.5. Effect of osmolytes on protein stability. 

 

 

Protein 
 

Osmolyte Effect on stability 
 

Reference 

Alcohol dehydrogenase 
 

0.5 M Trehalose Activity at 50°C ↑ (20%) 
 

Ramos et al. (1997) 

      

α-Chymotrypsin 
 

2 M Trehalose Tm in 4 M urea ↑ (22°C) 
 

Kumar et al. (2010) 

      

β-Lactoglobulin 

 
10% (w/v) Trehalose GdnHCl stability ↑ (11%) 

 

Saadati and Bordbar (2008) 

 

10% (w/v) Sucrose GdnHCl stability ↑ (7%) 

 
10% (w/v) Sorbitol GdnHCl stability ↑ (4%) 

 
10% (w/v) Mannitol GdnHCl stability ↑ (2%) 

      

BSA 

 

2 M Arginine 
Aggregation temperature                             

delayed (16°C) 

 
Arakawa et al. (2007) 

 
PEG8000 Tm ↑ (1.2°C) 

 
Farruggia et al. (1999) 

      

Creatine kinase 
 

30% (w/v) Glycerol Tm ↑ (3.3°C) 
 

Meng et al. (2004) 
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Table 1.5. Continued  
  

 
 

 

Cytochrome c 

 
1 M Glycine  Tm ↑ (3.3°C) 

 

Taneja and Ahmad (1994) 

 
0.7 M Alanine  Tm ↑ (6.5°C) 

 

 

1 M Serine  Tm ↑ (3.5°C) 
 

 
0.3 M Valine  Tm ↑ (1.8°C) 

 

 
1 M Proline  Tm ↑ (4.3°C) 

 

 
1.5 M Trehalose Tm ↑ (8.5°C) 

 
Kaushik and Bhat (2003) 

      

Ferricytochrome c 
 

0.6 M Trehalose Mid-point ↑ (0.9 M urea) 
 

Zhang et al. (2013) 

      

Hexokinase A 

 

1.5 M Glycerol Tm ↑ (3.9°C) 
 

Tiwari and Bhat (2006) 

 
1.5 M Erythritol Tm ↑ (7.2°C) 

 

 
1.5 M Xylitol Tm ↑ (9.7°C) 

 

 
1.5 M Sorbitol Tm ↑ (13.4°C) 

 

      

Hexokinase B 
 

1.5 M Glucose Tm ↑ (15.5°C) 
 

Catanzano et al. (1997) 
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Table 1.5. Continued  
  

 
 

Lactate dehydrogenase 
 

0.5 M Trehalose Activity at 50°C ↑ (20%) 
 

Ramos et al. (1997) 

      

Lysozyme 

 

2 M Trehalose  Tm ↑(18°C) 
 

Kaushik and Bhat (2003) 

 
40% (w/v) Sorbitol Tm ↑ (7.5°C) 

 

Haque et al. (2005) 

 
40% (w/v) Glycerol Tm ↑ (3°C) 

 

 
1 M Xylitol Tm ↑ (3°C) 

 

 
1 M Adonitol Tm ↑ (2°C) 

 

 
1 M Mannitol Tm ↑ (2.5°C) 

 

      

Papain  

 

30% (w/v) Sucrose Tm ↑ (4°C) 

 

Sathish et al. (2007) 
 

30% (w/v) Xylose Tm ↑ (5°C) 
 

      

Ribonuclease A 

 

5 M Betaine  Tm ↑ (8.8°C) 

 

Knapp et al. (1999) 
 

3 M β-Hydroxyectoine  Tm ↑ (12°C) 
 

 
2 M Trehalose Tm ↑ (13°C) 

 
Kaushik and Bhat (2003) 
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Table 1.5. Continued  
  

 
 

Ribonuclease A 

 
40% (w/v) Sorbitol Tm ↑ (9.1°C) 

 

Haque et al. (2005) 
 

1 M Adonitol Tm ↑ (1.3°C) 

 

 
40% (w/v) Glycerol Tm ↑ (2.2°C) 

 

 
1 M Xylitol Tm ↑ (2°C)  

 

Poddar et al. (2008) 

 
1 M Mannitol Tm ↑ (1.1°C) 

 

 

2 M Glucose Tm ↑ (8.6°C) 
 

 
1 M Galactose Tm ↑ (3.8°C) 

 

 
1.5 M Sucrose Tm ↑ (9.4°C) 

 

 
0.4 M Raffinose Tm ↑ (2.9°C) 

 

 
0.75 M Stachyose Tm ↑ (6.8°C) 

 

      

Trypsin inhibitor 
 

1.5 M Trehalose Tm ↑ (15.5°C) 
 

Kaushik and Bhat (2003) 
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trehalose-induced lysozyme stabilization showed an increase in its Tm by 18°C (Kaushik 

& Bhat, 2003), which was comparable to that obtained with disulphide bond engineering 

(11°C) (Jacobson et al., 1992) or chemical cross-linking (14°C) (Ueda et al., 2000). Such 

protein stabilizing effect offered by osmolytes is advantageous over to protein 

engineering and chemical modification approaches in being generalized rather than being 

specific for a single protein (Fágáin, 1995). In other words, a stabilizing formulation of 

osmolytes can be designed for a large number of proteins (Fágáin, 1995). On the other 

hand, protein engineering and chemical modification approaches are based on a hit and 

trial method and require a detailed theoretical knowledge on the structure and function of 

the target protein (Leisola & Turunen, 2007). This is important as in some cases, these 

strategies have produced destabilizing effect rather than stabilizing the proteins. For 

example, a  site-directed mutant of lysozyme has been found thermolabile with a decrease 

in its Tm by 7°C (Wetzel et al., 1988) and succinylation of lysozyme was found to lower 

its Tm by about 16°C (van der Veen et al., 2005). In view of the above, use of solvent 

additives seems to be more promising over to other strategies for protein stabilization. 

The protein stabilizing effect of osmolyte mixture has been shown to be additive 

and synergistic, where greater protein stabilization is achieved with a mixture of 

osmolytes compared to that observed in the presence of single osmolyte (Poddar et al., 

2008; Poddar et al., 2010; Singh et al., 2011). Nature has created such a system of 

osmolyte mixture where different osmolytes seem to cooperate each other to protect 

cellular functions against adverse environmental conditions. Therefore, use of naturally 

occurring osmolyte mixture seems to be a better choice towards increasing protein 

stability against different denaturing conditions. 
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1.3. Honey  

U.S. Federal Food and Drug Act 1906 has defined honey as “The nectar and 

saccharine exudation of plants, gathered, modified and stored in the comb by honey bees 

(Apis mellifera and Apis dorsata); is levorotatory; contains not more than 25% water, not 

more than 0.25% ash and not more than 8% sucrose”. Honey is an important food and 

natural sweetener for Homo sapiens from early civilization (Crane, 1983). Honey is a 

mixture of compounds with high-carbohydrate content and rich diversity of minor 

constituents such as proteins, amino acids, minerals, vitamins and polyphenolic 

compounds, which offer nutritional benefits to human. It is used as the medicine or special 

tonic rather than as an everyday food in many countries. The anti-microbial, anti-bacterial 

and antioxidant properties of honey have allowed its use in the treatment of some 

gastrointestinal, respiratory and ophthalmic disorders. Furthermore, honey is also used as 

a topical agent in wound healing treatment due to its wound healing properties (Bogdanov 

et al., 2008).   

Major component of honey is carbohydrate, which constitutes about 95−97% of 

honey dry weight (White & Kushnir, 1967). The sugar composition of honey shows 

fructose (~51.6%) and glucose (~46.6%) as the major sugar components (Table 1.6), 

which are the hydrolyzed products of sucrose (Rybak-Chmielewska & Szczęsna, 1995). 

Various disaccharides such as sucrose, maltose, turanose and trehalose are also present in 

honey in small amounts. Whereas trisaccharides such as erlose, melezitose and panose 

have been characterized in honey from different origin (Doner, 1977), tetra- and 

pentasaccharides have also been detected in trace amount in honey (Bogdanov et al., 

2008). 

In addition of sugars, honey also contains small amount of proteins (~0.5%), 

which include enzymes and free amino acids (Bogdanov et al., 2008). The most  
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Table 1.6. Sugar composition in honey and simulated honey sugar cocktail 

(SHSC). 

 

 

Sugar 

Percentage content 

Honey a 

(w/v) 

 

60% (w/v) SHSC b  

(w/v) 

Fructose 51.60 30.96 

Glucose 46.59 27.95 

Sucrose  0.27 0.16 

Maltose and trehalose (1:1)  1.26 0.38 

Melibiose and other sugars  0.28 – 
 

      a Adapted from Rybak-Chmielewska and Szczęsna (1995). 
      b Weight of sugar in grams per 100 ml of 60 mM sodium phosphate buffer, pH 7.4 / 

     7.0. 
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significant enzyme present in honey is α-glucosidase (invertase or sucrase), which is 

responsible for the conversion of sucrose into fructose and glucose. This enzyme also 

catalyzes the formation of several higher sugars such as maltose, turanose, trehalose and 

erlose via  transglucosylation reactions (Doner, 2003). Another enzyme, glucose oxidase 

has also been characterized in various honey samples, which contributes to the                               

anti-bacterial property of honey via production of hydrogen peroxide and gluconic acid 

(Doner, 2003). Several other enzymes such as diastase (amylase), acid phosphatase and 

catalase have also been characterized in honey (White, 1978). About 20 different                             

non-enzymatic proteins (globulin, albumin etc.) have been found in honey from different 

origins. Honey is also a rich source of  all physiological amino acids in which proline 

accounts for about half of the total amino acid content (Doner, 2003).  

Several minerals also exist in honey, though in small quantities (0.1−0.3%)  

(White, 1975; Bogdanov et al., 2007). The most abundant mineral element in honey is 

potassium, contributing about one third to the total mineral content. Other major mineral 

elements of honey are sodium, calcium and magnesium, mixed with a variety of different 

trace elements such as iron, manganese, copper, chlorine, phosphorus, sulphur and silicon 

(Doner, 2003). Different types of vitamins (riboflavin, pantothenic acid, niacin, thiamine, 

pyridoxine, phyllochinon and ascorbic acid) are also observed at a measureable amount, 

although the vitamin content is relatively low, being 5 mg / 100 gm of honey (White, 

1978).  

Polyphenolic compounds such as flavonoids (e.g. quercetin, luteolin, kaempferol, 

apigenin, chrysin, galangin), phenolic acids and their derivatives constitute another 

important class of compounds (Tomás-Barberán et al., 2001), being present as                                   

500 mg / kg of honey (Al-Mamary et al., 2002; Gheldof & Engeseth, 2002). Anti-oxidant 

property of honey can be attributed to the presence of these flavonoids. 
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Water contributes less than 18.6% to honey total weight and any increase in the 

percentage content of water indicates the fermentation process (Doner, 2003). Honey also 

contains several acids such as formic, acetic, butyric, lactic and gluconic acids, whose 

flavors are masked by the presence of high sugar content. These acids constitute ~0.5% 

of honey weight and render a low pH (3.99) to honey, which can be accounted for its 

excellent stability (Doner, 2003). 

 Since honey contains high sugar content and other osmolyte (amino acids), it can 

be used as a solvent additive for protein stabilization. Hence, both simulated honey sugar 

cocktail and honey were selected as the subject for protein stabilization studies on 

different model proteins against chemical and thermal denaturations. 

1.4. Model proteins 

 Bovine serum albumin, ovalbumin and lysozyme have been extensively used as the 

model proteins in various protein structure-function studies due to their easy availability 

in pure form, lower cost, single polypeptide nature and well known three-dimensional 

structures.  

1.4.1. Bovine serum albumin 

The word ‘albumin’ derives from the Latin word Albus (white), which refers to the 

colour of the part surrounding the egg yolk when cooked. The ending ‘–in’ refers to the 

specific protein from blood plasma (Peters, 1996). The origin of the word ‘albumin’ dates 

back to the recognition of the albumen of an egg, which appears white after coagulation 

and is mostly protein in nature. Being the major component of the blood with a 

concentration of 5 g / 100 ml, serum albumin is considered as the most abundant protein 

in mammalian blood circulation (Carter & Ho, 1994).  
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The synthesis of mammalian albumin takes place in the liver (Peters & Anfinsen, 

1950) at a rate of 0.7 mg / g liver tissue per hour (Peters, 1985). Its synthesis is highly 

dependent on the dietary supply of amino acids (Kaysen et al., 1989). The average                    

half-life of albumin is about 19 days after which it is degraded and replaced by the hepatic 

synthesis (Waldmann, 1977). The plasma albumin concentration is being maintained 

through transcriptional regulation of the albumin gene by several anabolic hormones, 

insulin and somatotropin (Hutson et al., 1987). 

 1.4.1.1. Physicochemical properties 

Some physicochemical properties of bovine serum albumin (BSA) are summarized 

in Table 1.7. The molecular weight obtained from hydrodynamic data is around 66,700 

(Squire et al., 1968) for defatted monomeric BSA, which is found to be slightly higher 

than the molecular weight (66,267), calculated from its amino acid composition (Peters, 

1985). Hydrodynamically, BSA shows a sedimentation coefficient (So
20, w) of                                  

4.5 × 10–13 s (Squire et al., 1968), diffusion coefficient (Do
20, w) of 5.9 × 10–7 cm2 / s 

(Wagner & Scheraga, 1956) and a partial specific volume of 0.733 cm3 / g (Hunter, 1966). 

The intrinsic viscosity of BSA has been determined as 4.1 cc / g (McMillan, 1974). The 

BSA molecule is considered as a prolate ellipsoid with dimensions of                                       

41.6 × 140.9 Ǻ for the major and minor exes, which gives a value of the axial ratio as 

3.4:1 (Wright & Thompson, 1975). Defatted BSA has an isoelectric point of 4.7 

(Longsworth & Jacobsen, 1949), suggesting acidic nature of the protein. The protein has 

been classified as a helical protein due to the predominance of the α-helix (55%) 

compared to 16% β-pleated sheet (Reed et al., 1975; Foster, 1977).  

1.4.1.2. Amino acid composition 

Albumin is a nonglycoprotein with a carbohydrate content lesser than 0.05% (w/w) 

(Cohn et al., 1947). Table 1.8 shows the amino acid composition of BSA. BSA is  
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Table 1.7. Physicochemical properties of BSA. 

 

Property  Value Reference 

Molecular weight 

 Amino acid composition 

 Hydrodynamic data 

 

 

 

66,267 

66,700 

 

Peters (1985) 

Squire et al. (1968) 

Sedimentation coefficient, So
20,w (s)  4.5 × 10–13 Squire et al. (1968) 

Diffusion coefficient, Do
20,w (cm2 / s)  5.9 × 10–7 Wagner and Scheraga (1956) 

Partial specific volume (cm3 / g)  0.733 Hunter (1966) 

Intrinsic viscosity, [η] (cc / g)  4.1 McMillan (1974) 

Overall dimension (Ǻ)  41.6 × 140.9 Wright and Thompson (1975) 

Axial ratio  3.4:1 Wright and Thompson (1975) 

Isoelectric point  4.7 
Longsworth and Jacobsen 

(1949) 

Isoionic point  5.15 Foster (1960) 

%1

1 cmE  
 

 
6.67 Janatova et al. (1968) 

Secondary structures 

 α- helix (%) 

 β-pleated sheet (%) 
 

 

55 

16 

 

Foster (1977) 

Reed et al. (1975) 
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Table 1.8. Amino acid composition of BSA.* 

 

        * Adapted from Peters (1985)  

  

Amino acid Abbreviation Number of residues 

Alanine Ala 46 

Arginine Arg 23 

Asparagine Asn 13 

Aspartic acid Asp 41 

Cysteine Cys 35 

Glutamic acid Glu 59 

Glutamine Gln 20 

Glycine Gly 16 

Histidine His 17 

Isoleucine Ile 14 

Leucine Leu 61 

Lysine Lys 59 

Methionine Met 4 

Phenylalanine Phe 27 

Proline Pro 28 

Serine Ser 28 

Threonine Thr 34 

Tryptophan Trp 2 

Tyrosine Tyr 19 

Valine Val 36 

Total  582 
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characterized by the low content of Trp (2) and Met (4) residues. On the other hand, it 

has high content of Cys (35) and other charged residues such as Asp (41), Glu (59), Arg 

(23) and Lys (59) residues. The odd number of Cys residues indicates the presence of free 

thiol group. The overall charge of BSA has been determined as –18 based on the 

calculation from the amino acid composition.  

1.4.1.3. Primary structure 

The complete amino acid sequence of BSA is shown on Figure 1.1. BSA contains 

a total of 582 residues in a single polypeptide chain. Thirty five Cys residues form 17 

disulphide bonds while leaving one Cys residue free at the position 34. The arrangement 

of disulphide bonds leads to a unique organization of the albumin molecule into 9 loops. 

These loops are repeated in a triplet fashion of large-small-large loops and are further 

grouped into 3 homologous domains (I, II and III) of three loops each (Figure 1.1).  All 

but the first of the nine loops are double loops, based upon a repeating Cys–Cys sequence, 

which occurs eight times in the chain (Peters, 1985). The shorter loops are formed by 

mostly negatively charged residues and lack the presence of aromatic amino acids. 

Domains I, II, and III are comprised of residues 1–183, 184–376 and 377–582, 

respectively (Brown, 1977; Saber et al., 1977).  

The Trp residues in BSA are located at positions 134 in the loop 3 of domain I and 

212 in the loop 4 of domain II. The different amino acid residues in BSA molecule are 

not evenly distributed throughout the albumin structure leading to the accumulation of 

certain amino acid residues at defined positions. For example, Gly residues are more 

confined in the amino half of the albumin, whereas Thr residues are more populated in 

the carboxyl half of the albumin molecule. The Asn and Gln residues are more frequently 

found at both ends rather than in the middle of the chain. The Tyr residues are confined  
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Figure 1.1. Amino acid sequence and disulphide bond pattern of BSA. The nine 

loops are labelled on the left while the three domains are labelled on 

the right. (Adapted from Peters, 1985) 

 

I 

 

 

II 

 

 

 

III 

Univ
ers

ity
 of

 M
ala

ya



33 

in the loops 3 and 6 of BSA (Peters, 1985). In view of the above, the charge distribution 

of BSA molecule is not even along the length of the molecule, due to which domains I, II 

and III possess different net charge. At pH 7.0, the net charge on domains I, II and III is 

–10, –8 and 0, respectively, thus making the amino terminal of BSA highly negatively 

charged whereas the carboxyl terminal being rather neutral (Peters, 1985).  

1.4.1.4. Three-dimensional structure 

 The three-dimensional structure of serum albumin has been determined by x-ray 

crystallography (Carter & Ho, 1994). The three homologous domains (I, II and III) form 

a heart-shaped structure. Each of the domains in BSA is subdivided into subdomains A 

and B (Figure 1.2), which share the same structural motifs (Huang et al., 2004). These 

subdomains are predominantly helical structures (Figure 1.2) and are cross-linked by 

several disulphide bonds (Carter & Ho, 1994). About 76% of the total amino acid residues 

of serum albumin are involved in the formation of 28 α-helical segments (Carter & Ho, 

1994). There are 10 principal helical structures (h1–h10) present in each domain. The 

subdomain A is comprised of h1–h6 helices while h7–h10 helices form subdomain B. 

The hydrophobic helix packing interactions among h2, h3 and h8 are responsible to 

assemble subdomains A and B together. Domains I and II are connected by a helical 

extension formed between h10 of domain I and h1 of domain II while the helical extension 

between h10 of domain II and h1 of domain III links domains II and III. Due to the 

extension of these helices, the total number of helical segments is therefore reduced to 28 

(Peters, 1985).  

1.4.1.5. Denaturation  

 Denaturation behavior of serum albumin has been extensively studied under 

different experimental conditions. Although serum albumin possesses a multidomain 

structure, its denaturation behavior has been found reversible as it is able to recover from  
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Figure 1.2. Diagram showing domain and subdomain structure of BSA based on 

crystallographic data. The heart-shaped BSA molecule consists of 

three homologous helical domains (I, II and III), which are comprised 

of two subdomains (A and B). (Adapted from Huang et al., 2004) 
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structural changes induced by many variables except heat denaturation in strong alkali 

(Peters, 1996). Albumin molecule shows temporary loss of its α-helical structure in the 

presence of 8 M urea or 6 M GdnHCl at 44°C (Tanford, 1968). However, prolonged or 

repeated heating of albumin may promote dimerization, unfolding and aggregation thus 

leading to irreversible denaturation (Peters, 1985). Alterations in the disulphide-bonded 

loops and domains have been suggested to contribute to the irreversible denaturation of 

serum albumin (Aoki et al., 1973; Brandt & Andersson, 1976).  

i. Chemical denaturation: The most commonly used chemical denaturants are urea and 

GdnHCl. These denaturants weaken the hydrophobic as well as polar interactions when 

present at a high concentration (Dill & Shortle, 1991). Urea / GdnHCl denaturation of 

albumin has been extensively studied by various groups using different techniques (Khan 

et al., 1987; Ahmad & Qasim, 1995; Farruggia & Pico, 1999; Muzammil et al., 2000a; 

Tayyab et al., 2000; Santra et al., 2004; Leggio et al., 2009; Galantini et al., 2010). 

Whereas little changes in the albumin molecule have occurred below 2 M urea (Qasim & 

Salahuddin, 1978; Khan et al., 1987; Muzammil et al., 2000a; Leggio et al., 2009) or                      

1.3 M GdnHCl (Farruggia & Pico, 1999; Muzammil et al., 2000a; Ahmad et al., 2005), 

stepwise alteration in the structure has been reported up to about 8 M urea or 5.5 M 

GdnHCl (Qasim & Salahuddin, 1978; Khan et al., 1987; Farruggia & Pico, 1999; 

Muzammil et al., 2000a; Ahmad et al., 2005; Leggio et al., 2009). 

 Many groups have demonstrated urea denaturation of serum albumin as a two-step, 

three-state transition with the existence of a stable intermediate around 4.0–5.2 M urea 

(Khan et al., 1987; Ahmad & Qasim, 1995; Muzammil et al., 2000a; Leggio et al., 2009; 

Galantini et al., 2010). Involvement of domain III has been suggested in the formation of 

the intermediate, as urea denaturation of a large serum albumin fragment (comprised of 

domains II and III) has been shown to proceed with the changes in the more loosely folded 
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domain III, indicating unfolding and separation of its subdomains around 4 M urea (Khan 

et al., 1987). Furthermore, studies on urea denaturation of serum albumin with domain 

specific ligands have also suggested the unfolding of domain III during first transition of 

urea denaturation while the second transition corresponds to the changes in domains I and 

II (Tayyab et al., 2000; Ahmad et al., 2005). On the other hand, GdnHCl denaturation of 

serum albumin has been shown to occur as a single-step, two-state transition without the 

existence of intermediate (Farruggia & Pico, 1999; Ahmad et al., 2005). A comparative 

study using domain specific ligands has also suggested that GdnHCl-induced 

denaturation of serum albumin starts with the unfolding of domain III followed by 

domains I and II (Ahmad et al., 2005). 

ii. Thermal denaturation: Many groups have studied thermal denaturation of serum 

albumin (Pico, 1997; Farruggia et al., 1999; Farruggia & Pico, 1999; Muzammil et al., 

2000b; Moriyama et al., 2003; Kragh-Hansen et al., 2005; Moriyama et al., 2008). Pico 

(1997) has demonstrated the thermal denaturation of serum albumin as a reversible 

process up to 75°C, beyond which irreversible changes may occur. Whereas minor 

structural alterations occur within 30–50°C (Farruggia et al., 1999; Kragh-Hansen et al., 

2005; Moriyama et al., 2008), pronounced structural changes in the serum albumin have 

been reported between 50°C and 80°C, followed by smaller changes in the structure up 

to 100°C (Muzammil et al., 2000b; Moriyama et al., 2008). Thermal denaturation of 

serum albumin even at high temperature (130°C) has not resulted in complete loss in its 

secondary structure as about 16% α-helical structure has been shown even at 130°C 

(Moriyama et al., 2008).  
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1.4.2. Ovalbumin 

Ovalbumin (also known as chicken egg white albumin) is a major protein of avian 

egg white, constituting about 54% of its total protein content (Burley & Vadehra, 1989). 

Due to its primary and tertiary structural similarities, ovalbumin has been grouped into 

serine protease family inhibitors (Hassan et al., 2011). Ovalbumin is a monomeric 

phosphoglycoprotein with about 3.5% carbohydrate moiety (Vadehra et al., 1973; 

Alleoni, 2006), which has been characterized as mannose and glucosamine in a ratio of 

5:3 (Cunningham et al., 1963). The carbohydrate side chain is covalently attached to the 

amide nitrogen of Asn-292 by glycosyltransferases (Lee & Montgomery, 1962; Nisbet et 

al., 1981). Although the carbohydrate chain of ovalbumin is heterogeneous in nature, the 

molecular weight of different ovalbumin glycopeptides lies between 1560 and 1580 (Lee 

et al., 1964; Montgomery et al., 1965). In addition, the carbohydrate chain shares a 

common core structure with at least one mannose linked to two N-acetylglucosamine by 

a β–(1-4) linkage (Tai et al., 1975; Conchie & Strachan, 1978). Ovalbumin contains two 

phosphorylation sites at Ser-68 and Ser-344 residues (Nisbet et al., 1981). Different 

degrees of phosphorylation characterize the three isoforms of ovalbumin as A1, A2 and 

A3 with zero, one and two phosphate group(s), respectively. These isoforms are present 

in the egg white in an approximate ratio of 81–84 : 14–16 : 2–4 (Longsworth et al., 1940; 

Cann, 1949; Perlmann, 1952). 

1.4.2.1. Physicochemical properties 

 The physicochemical properties of ovalbumin are listed in Table 1.9. Using the 

physical techniques such as sedimentation equilibrium and light scattering, the molecular 

weight of ovalbumin has been determined as 45,000 (Warner, 1954). The molecular 

weight of ovalbumin calculated from its amino acid composition (44,300) is slightly 

lower than the value obtained using physical techniques (Tai et al., 1977). Ovalbumin is 

a globular protein with the sedimentation coefficient (So
20,w) of 3.50 × 10–13 s  
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Table 1.9. Physicochemical properties of ovalbumin. 

 

Property Value Reference 

Molecular weight 

 Amino acid composition 

 Sedimentation equilibrium 

 

44,300  

45,000 

 

Tai et al. (1977) 

Warner (1954) 

Sedimentation coefficient, So
20,w (s) 3.50 × 10–13 Fothergill and Fothergill (1970) 

Diffusion coefficient, Do
20,w (cm2 / s) 7.76 × 10–7 Tanford (1961) 

Intrinsic viscosity, [η] (cc / g) 3.9 Qasim and Salahuddin (1979) 

Partial specific volume (cm3 / g) 0.748 Dayhoff et al. (1952) 

Stokes radius (nm) 2.7 Qasim and Salahuddin (1978) 

Overall dimension (nm) 6.3 × 8.5 × 7.2 Stein et al. (1990) 

Axial ratio 1.5:1 Harding (1981) 

Isoelectric point 4.9 Kidwai et al. (1976) 

Isoionic point 4.88 Sørensen et al. (1927) 

%1

1 cmE  7.12 Glazer et al. (1963) 

Secondary structures 

 α- helix (%) 

 β-sheet (%) 

 

25–30 

32 

 

Timasheff and Gorbunoff (1967) 

Stein et al. (1991) 
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(Fothergill & Fothergill, 1970) and a partial specific volume of 0.748 cm3 / g (Dayhoff et 

al., 1952). The intrinsic viscosity, diffusion coefficient and stokes radius of ovalbumin 

have been determined as 3.9 cc / g (Qasim & Salahuddin, 1979), 7.76 × 10–7 cm2 /s 

(Tanford, 1961) and 2.7 nm (Qasim & Salahuddin, 1978), respectively. Based on the 

crystallographic studies, ovalbumin has an ellipsoidal shape with dimensions of 6.3 × 8.5 

× 7.2 nm (Stein et al., 1990) and the axial ratio of 1.5:1 (Harding, 1981). Ovalbumin 

possesses an isoionic and isoelectric points of 4.88 and 4.9, respectively (Sørensen et al., 

1927; Kidwai et al., 1976). About 25–30% α-helix and 32% β-sheet structure are present 

in ovalbumin (Timasheff & Gorbunoff, 1967; Stein et al., 1991). 

1.4.2.2. Amino acid composition 

 The single polypeptide chain of ovalbumin is comprised of 385 amino acid residues. 

The amino acid composition of ovalbumin is given in Table 1.10. Nearly half of the amino 

acid residues of ovalbumin are hydrophobic in nature, whereas the charged amino acid 

residues constitute about one third of the total amino acid residues (Table 1.10). Most of 

the charged amino acid residues in ovalbumin are acidic thus allowing ovalbumin an 

isoelectric point of 4.9. There are 6 Cys and 16 Met residues in ovalbumin. Ovalbumin 

also contains a high number of aromatic amino acid residues (33), comprising of 20 Phe, 

10 Tyr and 3 Trp residues.  

 1.4.2.3. Primary structure 

 The primary structure of ovalbumin is shown in Figure 1.3. The C-terminal of 

ovalbumin has been characterized as Pro residue (Fothergill & Fothergill, 1970) while 

the Gly residue at the N-terminal end is acetylated (Narita, 1961). The hydrophobic 

sequence between position numbers 21 and 47 has been shown to act as an internal signal 

for membrane translocation (Robinson et al., 1986). Out of the 6 Cys residues (Cys-11, 

Cys-30, Cys- 73, Cys-120, Cys-367 and Cys-382) found in ovalbumin, only Cys-73 and  
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Table 1.10. Amino acid composition of ovalbumin.* 

 
 

 

 

 

             * Adapted from Nisbet et al. (1981) 

  

Amino acid Number of residues 

Alanine 35 

Arginine 15 

Aspartic acid 14 

Asparagine 17 

Cysteine 6 

Glutamic acid 33 

Glutamine 15 

Glycine 19 

Histidine 7 

Isoleucine 25 

Leucine 32 

Lysine 20 

Methionine 16 

Phenylalanine 20 

Proline 14 

Serine 38 

Threonine 15 

Tryptophan 3 

Tyrosine 10 

Valine 31 

Total 385 
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Figure 1.3. Primary structure of ovalbumin. The complete amino acid sequence is 

adapted from Protein Data Bank (entry code 1OVA). The positions of                 

α-helices and β-sheets, as determined from ovalbumin crystal structure 

(Stein et al., 1991) are indicated by pink spirals and yellow arrows, 

respectively. 

(Taken from http://www.rcsb.org/pdb/explore/remediatedSequence.do? 

structureId=1OVA) 
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Cys-120 are involved in disulphide bond formation, leaving 4 free thiol groups in 

ovalbumin (Fothergill & Fothergill, 1968). 

1.4.2.4. Three-dimensional structure 

 The secondary structures of ovalbumin have been determined from its crystal 

structure (Stein et al., 1991) and locations of α-helices and β-sheets are shown in Figure 

1.3. The three-dimensional structure of ovalbumin (Figure 1.4) shows the presence of five 

β-sheets running parallel to the long axis of the ovalbumin molecule (Stein et al., 1991). 

The sole disulphide bond in ovalbumin interconnects two part of the chain (Hassan et al., 

2011) and is located in solvent accessible environment. The rest of the Cys residues are 

buried in the protein interior (Tani et al., 1997).  All three Trp residues of ovalbumin  

(Trp-148, Trp-184 and Trp-267) are located in the protein interior and are positioned in 

different α-helices (Trp-148 and Trp-267) and β-sheet (Trp-184) (Wright et al., 1990).  

1.4.2.5. Denaturation  

 The denaturation studies on ovalbumin under different denaturing conditions have 

been made by monitoring the changes in the optical rotation, viscosity, circular dichroism, 

fluorescence, UV-absorption and sedimentation velocity (Simpson & Kauzmann, 1953; 

Steven & Tristram, 1959; McKenzie et al., 1963; Gagen & Holme, 1964; Holt & Creeth, 

1972; Ahmad & Salahuddin, 1976; Batra et al., 1989; Zemser et al., 1994). 

i. Chemical denaturation: Denaturation of ovalbumin in the presence of urea and GdnHCl 

has been shown to be a reversible process (Holt & Creeth, 1972; Ahmad & Salahuddin, 

1976; Zemser et al., 1994). In urea denaturation of ovalbumin, major structural changes 

have been observed above 3 M urea and is reported to be fully denatured around 8 M urea 

(Hayakawa et al., 1992; McKenzie & Frier, 2003; Covaciu et al., 2004). McKenzie and 

Frier (2003) have shown no significant variation in terms of the transition characteristics 

in the urea denaturation of commercial ovalbumin (mixture of A1, A2 and A3 isoforms)   

Univ
ers

ity
 of

 M
ala

ya



43 

 

 

 

 

 

  

Figure 1.4. Three-dimensional structure of ovalbumin (A: front view and B: back 

view). The α-helices are shown as green helical ribbons while the                     

β-sheets are indicated by red arrows. Sulphur atoms and both                                    

α- and β-carbon atoms in Cys residues are shown as yellow and grey 

spheres, respectively. (Adapted from Tani et al., 1997) 
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and independent isoforms. On the other hand, GdnHCl denaturation of ovalbumin 

displayed a shorter transition compared to urea denaturation due to the stronger 

denaturing effect of GdnHCl, with the start- and the end-points occurring at 1 M and 5 M 

GdnHCl, respectively (Holt & Creeth, 1972; Ahmad & Salahuddin, 1976; Hayakawa et 

al., 1992). GdnHCl-induced structural disorganization of ovalbumin involved a helix-to-

coil transition (Zemser et al., 1994), where the decrease in the α-helical content was 

accompanied by the increase in the random coil  (Batra et al., 1989). 

ii. Thermal denaturation: Unlike the reversible urea and GdnHCl denaturations of 

ovalbumin, thermal denaturation of ovalbumin has been found as an irreversible reaction 

due to the formation of aggregates (Kato & Takagi, 1988; Koseki et al., 1989; Tani et al., 

1997; Dong et al., 2000; Tani et al., 2004; Pearce et al., 2007). The major structural 

changes in ovalbumin against thermal denaturation occur between 60°C and 80°C (Dong 

et al., 2000; Pearce et al., 2007). The minor structural derangement takes place below 

60°C as reflected from the smaller change in the fluorescence and circular dichroism 

spectral signals (Pearce et al., 2007). The major structural change of ovalbumin involved 

an increase in the β-sheet structure concomitant to the decrease in its α-helical content 

(Pearce et al., 2007). The formation of aggregates of ovalbumin upon thermal 

denaturation seems to involve an intermolecular β-sheet developed between two protein 

molecules during the heat treatment (Kato & Takagi, 1988; Dong et al., 2000; Pearce et 

al., 2007).  

1.4.3. Lysozyme 

 Lysozyme (EC 3.2.1.17) was first discovered in 1922 by Sir Alexander Fleming in 

nasal mucus for its bacteriolytic activity on Micrococcus lysodeikticus suspension. The 

protein was named as lysozyme, where ‘lyso’ means capability to lyse bacteria and 

‘zyme’ refers to enzyme. Lysozyme inhibits activity of bacterial colonies, particularly                         
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Gram-positive bacteria due to its ability to hydrolyze the thick peptidoglycan layer of the 

bacterial cell wall. Apart from nasal mucus, the enzyme can be found in tears, saliva, 

blood serum, milk and placenta of human, bacteriophage lamda and avian egg white 

(Jollès, 1960; 1969; Mouton & Jolles, 1969; Raftery & Dahlquist, 1969; Imoto et al., 

1972). Lysozyme can be categorized into three different types based on its origin. The                 

c-type (chicken or conventional type), the g-type (goose-type) and the i-type (invertebrate 

type) lysozymes have been identified in animal kingdom while the v-type lysozyme has 

been found in bacteriophage lambda (Evrard et al., 1998; Callewaert & Michiels, 2010). 

Out of all these different types of lysozyme, the c-type lysozyme from hen egg white has 

been extensively studied due to its easy availability in purified form.  

1.4.3.1. Physicochemical properties 

 Table 1.11 summarizes some physicochemical properties of lysozyme. The 

molecular weight of lysozyme has been calculated from its amino acid composition as 

14,300 (Canfield, 1963a), which is slightly lower than the molecular weight (14,400), 

determined from sedimentation equilibrium (Sophianopoulos et al., 1962). The 

hydrodynamic data of lysozyme shows the values of sedimentation coefficient (So
20,w), 

diffusion coefficient (Do
20,w) and partial specific volume as 1.9  × 10–13 s,                                                     

11.2 × 10–7 cm2 / s and 0.703 cm3 / g, respectively (Alderton et al., 1945; Sophianopoulos 

et al., 1962). Lysozyme has an intrinsic viscosity of 3.0 cc / g. It has an ellipsoidal shape 

with the dimensions of 4.5 ⨯ 3.0 ⨯ 3.0 nm (Blake et al., 1965) and an axial ratio of 1.5:1 

(Monkos, 1997). The Stokes radius of lysozyme has been determined as 2.0 nm (Uversky, 

1993). Higher values of the isoionic point (11.1) and the isoelectric point (11.35) of 

lysozyme (Wetter & Deutsch, 1951; Beychok & Warner, 1959) clearly suggest its basic 

nature and it possesses a net charge of + 8 at physiological pH (van der Veen et al., 2004). 

Lysozyme contains higher content of α-helix (29%) than β-sheets structure (11%) 

(Greenfield & Fasman, 1969). The enzyme shows its activity over a pH range, 6.0–7.0 
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Table 1.11. Physicochemical properties of lysozyme. 

 

Property  Value Reference 

Molecular weight 

 Amino acid composition 

 Sedimentation equilibrium 

 

 

 

14,300 

14,400  

 

Canfield (1963a) 

Sophianopoulos et al. (1962) 

Sedimentation coefficient, So
20,w (s)  1.9 × 10–13 Alderton et al. (1945) 

Diffusion coefficient, Do
20,w (cm2 / s)  11.2 × 10–7 Alderton et al. (1945) 

Intrinsic viscosity, [η] (cc / g)  3.0 Sophianopoulos et al. (1962) 

Partial specific volume (cm3 / g)  0.703 Sophianopoulos et al. (1962) 

Overall dimension (nm)  4.5 × 3.0 × 3.0 Blake et al. (1965) 

Axial ratio  1.5:1 Monkos (1997) 

Stokes radius (nm)  2.0 Uversky (1993) 

Isoelectric point  11.35 Wetter and Deutsch (1951) 

Isoionic point  11.1 Beychok and Warner (1959) 

mM

cmE1 at 280 nm 
 

 
36 Davies et al. (1969) 

Optimal pH  6.2 Davies et al. (1969) 

Secondary structures 

 α- helix (%) 

 β-sheet (%) 

 Random coil (%) 

 

 

29 

11 

60 

 

 

Greenfield and Fasman 

(1969)  
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with the pH optimum occurring at pH 6.2 (Davies et al., 1969). 

1.4.3.2. Amino acid composition 

Lysozyme is a single polypeptide chain of 129 amino acid residues (Canfield, 

1963b; 1963a; Jollès et al., 1963; Canfield & Liu, 1965). The amino acid composition of 

lysozyme is given in Table 1.12. Lysozyme is a small and simple non-glycosylated 

protein without any non-protein moiety. It contains a total of 12 aromatic amino acid 

residues, dominated by Trp (6) residues, followed by Tyr and Phe residues (3 each) 

(Canfield, 1963b). The Cys residues (8) of lysozyme are involved in the formation of                       

4 disulphide bonds. Lysozyme has a high content of polar and charged residues such as 

Asn, Ser, Arg and Asp with fewer His, Glu, Met and Pro residues (Table 1.12). 

1.4.3.3. Primary structure 

 Figure 1.5 shows the primary structure of lysozyme as determined by Canfield and 

Liu (1965). The N-terminal and C-terminal residues of lysozyme have been characterized 

as Lys and Leu, respectively (Thompson, 1955). The locations of the four disulphide 

bonds between 8 Cys residues in lysozyme are at positions 6–127, 30–115,                                

64–80 and 76–94 (Canfield & Liu, 1965). These disulphide bonds are believed to be the 

major stabilizing force of lysozyme (Imoto et al., 1972).  

1.4.3.4. Three-dimensional structure 

 The three-dimensional structure of lysozyme was the first enzyme structure, 

determined by X-ray crystallography (Phillips, 1967). The locations of the catalytic 

residues (Glu-35 and Asp-52) as well as different secondary structures of lysozyme are 

shown in Figure 1.6. Most of the polar amino acid residues (Lys, Arg, His, Asp and Glu) 

of lysozyme are located on the protein surface while non-polar amino acid residues are 

buried in the protein interior (Blake et al., 1965; Lesnierowski & Kijowski, 2007). 
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Table 1.12. Amino acid composition of lysozyme.* 

 
 

 

 

 

           * Adapted from Canfield (1963a) 

 

 

 

Amino acid Number of residues 

Alanine 12 

Arginine 11 

Asparagine 14 

Aspartic acid 7 

Cysteine 8 

Glutamic acid 2 

Glutamine 3 

Glycine 12 

Histidine 1 

Isoleucine 6 

Leucine 8 

Lysine 6 

Methionine 2 

Phenylalanine 3 

Proline 2 

Serine 10 

Threonine 7 

Tryptophan 6 

Tyrosine 3 

Valine 6 

Total 129 

Univ
ers

ity
 of

 M
ala

ya



49 

 

 

 

 

 

  

Figure 1.5. Amino acid sequence and disulphide bond linkages of lysozyme. 

(Adapted from Canfield & Liu, 1965) 
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Figure 1.6. Three dimensional structure of lysozyme. Catalytic residues Glu-35 

and Asp-52 as well as the binding site of substrate are shown. (Adapted 

from Imoto et al., 1972) 
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Interestingly, some hydrophobic amino acid such as Trp-62, Trp-63, Ile-98, Val-109 and 

Trp-123 are found on protein surface (Phillips, 1967). Lysozyme contains a total of four 

α-helices, which are comprised of residues 5–15, 24–34, 80–85 and 88–96 (Blake et al., 

1965). Blake et al. (1965) also characterized the presence of two strands of antiparallel     

β-pleated sheet, involving residues 41–46 and 49–54.    

 Lysozyme possesses a prolate ellipsoid structure, which is separated into two 

domains, α and β, by a deep active site cleft running at the entire length of the structure 

(Blake et al., 1965; 1967; Imoto et al., 1972; Jollès & Jollès, 1984). These domains are 

separated by a helix-loop-helix motif formed along residues, 87–114 (Lesnierowski & 

Kijowski, 2007). The α-domain, made up of residues 1−39 and 85−129, consists of four 

α-helices along with a 310-helix and a short β-turn. On the other hand, the smaller                                   

β-domain (residues 36–84)  is comprised of triple- and a double-stranded anti-parallel                         

β-sheet involving residues 41−54, a 310-helix and an irregular loop (Blake et al., 1965; 

1967; Imoto et al., 1972; Jollès & Jollès, 1984) . Two disulphide bonds of lysozyme                   

(Cys-6–Cys-127 and Cys-30–Cys-115) are located in domain α while domain β contains 

one disulphide bond (Cys-64–Cys-80). The remaining disulphide bond links both 

domains α and β (Imoto et al., 1972; van den Berg et al., 1999b; 1999a; Lesnierowski & 

Kijowski, 2007). 

1.4.3.5.  Denaturation  

 Lysozyme can be easily denatured in the presence of different denaturants such as 

urea, GdnHCl, heat, acid etc. (Aune & Tanford, 1969; Greene & Pace, 1974; Ahmad & 

Bigelow, 1982; Ahmad et al., 1983; Ahmad et al., 1992; Laurents & Baldwin, 1997; 

Chang & Li, 2002; Bonincontro et al., 2004; Wu et al., 2008). Various techniques such 

as UV-difference spectroscopy, intrinsic fluorescence, circular dichroism, viscosity, 
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differential scanning calorimetry and optical rotation have been used to study the 

lysozyme denaturation under different experimental conditions. 

i. Chemical denaturation: The unfolding pathway of lysozyme has been well studied and 

is shown to follow a reversible single step, two state transition with GdnHCl even under 

acidic (pH 1−4) conditions (Aune & Tanford, 1969; Ahmad & Bigelow, 1982; Ahmad et 

al., 1983; Ahmad et al., 1992; Wu et al., 2008).  GdnHCl denaturation of lysozyme has 

been characterized by the start-, the mid- and the end-points at around 3.5 M, 4.1 M and 

5.0 M GdnHCl, respectively at neutral pH, 25°C (Hamaguchi & Kurono, 1963; Ahmad 

& Bigelow, 1982; Wu et al., 2008).  However, urea denaturation of lysozyme has shown 

some structural changes around 7–8 M urea and the enzyme has not been found fully 

denatured even at 9 M urea (Léonis, 1956; Hamaguchi & Kurono, 1963; Chang & Li, 

2002). Lysozyme seems to be relatively resistant towards urea denaturation (Steiner, 

1964; Greene & Pace, 1974).   

ii. Thermal denaturation: Thermal denaturation of lysozyme has been found to be a 

single-step, two-state transition (Arai & Hirai, 1999; Yamamoto et al., 2006; 

Venkataramani et al., 2013). Overall, the structure of lysozyme remains unchanged below 

60°C and shows marked changes in the temperature range, 60–90°C (Sugahara et al., 

2002; Yamamoto et al., 2006). The mid-point of the transition has been characterized at 

around 72°C (Yamamoto et al., 2006; Venkataramani et al., 2013). The major structural 

alterations of lysozyme in the temperature range, 60–90°C involve loss in both the                         

α-helical and the β-sheets structures (Venkataramani et al., 2013).   
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 Several approaches such as protein engineering, chemical modification and use of 

solvent additives have been adopted to enhance protein stability. However, employment 

of solvent additives seems to be a better choice for protein stabilization, as protein 

engineering and chemical modification approaches are purely based on a hit and trial 

method, which may produce both protein stabilizing and destabilizing effects. Although 

use of different osmolytes as solvent additives has been shown to induce greater protein 

stability, only a few reports are available on the use of osmolyte mixtures in protein 

stabilization. Furthermore, these reports are mainly focused on the mixture of two to three 

osmolytes at a fixed ratio. The protein stabilizing potential of a complex mixture of 

osmolytes is yet to be explored. Since honey represents a naturally occurring mixture of 

different sugars (osmolytes), it would be of interest to study the protein stabilizing 

potential of honey. However, presence of several other components such as proteins, 

polyphenolic compounds and flavonoids in honey may interfere in protein stabilization 

studies using fluorescence spectroscopy, which is a popular technique due to its 

sensitivity and requirement of low protein concentration.  Hence, simulated honey sugar 

cocktail (SHSC) would be a better substitute for honey to study the protein stabilizing 

potential of honey sugars on different model proteins using fluorescence spectroscopic 

probe. Furthermore, presence of other components in honey such as amino acids, 

minerals, vitamins and flavonoids might have added to the protein stabilizing potential of 

honey sugars. Hence, it would be of interest to compare the protein stabilizing potential 

of SHSC and honey using far-UV circular dichroism spectroscopy.   

Problem statement 

 In view of the above, several research questions arise in mind: 

1. Can SHSC be used as solvent additive for protein stabilization? 

2. Does the formulated SHSC possess similar protein stabilizing potential as acquired 

by honey? 
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3. Does honey interfere with the fluorimetric investigation of honey-induced protein 

stabilization? 

Objectives of the study 

 In order to address the above questions, the work presented in this thesis was 

undertaken to meet the following objectives: 

 To study the chemical (urea and GdnHCl) stabilizing potential of SHSC on model 

proteins i.e. BSA, ovalbumin and lysozyme. 

 To investigate the thermal stabilizing potential of SHSC on BSA, ovalbumin and 

lysozyme. 

 To study the interference of honey in the fluorimetric investigation of honey-induced 

protein stabilization. 

 To evaluate the chemical and thermal stabilizing potentials of honey on a model 

protein, BSA, using circular dichroism spectroscopy. 

 To compare the chemical and thermal stabilizing potentials of SHSC and honey on a 

model protein, BSA. 
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2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Proteins 

Bovine serum albumin (BSA), essentially fatty acid free (type A-6003; Lot 

080M7405V), albumin from chicken egg white (ovalbumin) (type A-2512; Lot 

SLBB9019V) and lysozyme from chicken egg white (type L-6876; Lot 061M129V) were 

procured from Sigma-Aldrich Co., USA. The protein preparations were used as such 

throughout these studies.  

2.1.2. Reagents used in denaturation studies 

Urea ultrapure (type U-0631; Lot BCBJ2674V), guanidine hydrochloride 

(GdnHCl) (type G-4505; Lot 081M5405V) and 1-anilinonaphthalene-8-sulfonic acid 

(ANS) (type A-3125; Lot 104K2510) were obtained from Sigma-Aldrich Co., USA.  

2.1.3. Reagents used in the preparation of simulated honey sugar cocktail and

 honey solutions 

D (+) glucose (type G-8270; Lot 080M0175V), D (–) fructose (type F-0127; Lot 

110M0185V) and D (+) trehalose dihydrate (type T-5251; Lot 113K3775 / type T-9449; 

Lot 011M7000V) were purchased from Sigma-Aldrich Co., USA. Analytical pure 

samples of sucrose and maltose were supplied by Systerm, Malaysia and R & M 

Chemicals, UK, respectively. Unblended raw clover honey from New Zealand (Batch 

120708) was supplied by Cammells Honey Ltd., New Zealand. 

2.1.4. Other reagents 

Analytical grade samples of sodium hydroxide, sodium dihydrogen phosphate, 

disodium hydrogen phosphate and phosphoric acid were purchased from Systerm, 
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Malaysia. Standard buffers (pH 7.0 and pH 10.0) were obtained from Sigma-Aldrich Co., 

USA. 

2.1.5. Miscellaneous   

Millipore filters (pore size = 0.22 μm and 0.45 μm) were obtained from Merck 

Millipore, Germany. Parafilm ‘M’ was the product of Bemis Company Inc., USA.  

All-glass double-distilled water or ultrapure water (type 1) obtained from                    

Mili-Q system, Merck Millipore, Germany was used throughout these studies. 

All the experiments were performed at room temperature (~25°C) unless otherwise 

stated. 

2.2. Methods 

2.2.1. pH measurements 

 pH measurements were performed on a Metler-Toledo pH meter, model Delta 320 

using a BNC’s combined electrode, type HA405-K2/120. The pH meter was routinely 

calibrated with standard buffers of pH 7.0 and pH 10.0 for pH measurements in the neutral 

and alkaline ranges, respectively. The least count of the pH meter was 0.01 pH unit. 

2.2.2. Analytical procedures 

 The stock solutions of different proteins (BSA, ovalbumin and lysozyme) and 

denaturants (urea and GdnHCl) as well as ANS were prepared in 60 mM sodium 

phosphate buffer, pH 7.4 / 7.0 and were filtered through 0.45 μm Millipore filters before 

use. 

2.2.2.1. Protein concentration 

 The protein concentrations of the stock BSA, ovalbumin and lysozyme solutions 

were determined spectrophotometrically on a Shimadzu double-beam spectrophotometer, 
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model UV-2450, using extinction coefficient values of %1

1 cmE  = 6.67 at 279 nm for BSA  

(Janatova et al., 1968); %1

1 cmE = 7.12 at 280 nm for ovalbumin (Glazer et al., 1963) and 

mM

cmE1
= 36 at 280 nm for lysozyme (Davies et al., 1969). Scattering corrections, if required 

were made by extrapolation of the absorbance values in the wavelength range,                                        

340–360 nm to the desired wavelength. 

2.2.2.2. ANS concentration 

 The concentration of the stock ANS solution was determined 

spectrophotometrically using a molar extinction coefficient, ME of 5000 M–1cm–1 at               

350 nm (Mulqueen & Kronman, 1982).  

2.2.2.3. Denaturant concentration 

 The concentrations of the stock urea and GdnHCl solutions were determined based 

on recorded weights, as described by Pace and Scholtz (1997). Weight fraction area (W) 

of the denaturant solution was calculated using the following equation: 

W = 
(g)solution GdnHCl/ureaofWeight

(g)GdnHCl/ureasolidofWeight
           (1) 

The value of W, thus obtained, was used to calculate the ratio of the density of the 

denaturant solution (d) to the density of water (do) using equation (2) for urea and equation 

(3) for GdnHCl: 

d/do = 1 + 0.2658W + 0.0330W2                (2) 

d/do = 1 + 0.2710W + 0.0330W2            (3) 

The d/do ratio was used to determine the volume (V) of the stock urea / GdnHCl 

solution using the following equation: 
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V (ml) = 
od/d

(g)solutionGdnHCl/ureaofWeight
             (4) 

Finally, the concentration of the stock urea / GdnHCl solution was obtained using 

equation (5):  

(M)solution

GdnHCl / ureastock  ofion Concentrat
 = 

1000)(VMW

(g)GdnHCl/ureasolidofWeight


          (5) 

where MW is the molecular weight of urea (60.056 g / mol) or GdnHCl (95.533 g / mol). 

2.2.2.4. Curve fitting 

 The lines of all curves were made as a guide for the eyes using the non-linear curve 

fitting mode of OriginPro 9.0 software (Originlab Co., USA). 

2.2.2.5. Statistical analysis 

 All the experiments were repeated atleast three times and the results are expressed 

as the mean value ± standard deviation (SD) of three independent experiments. One-way 

analysis of variance (ANOVA) was used to compare the means, if required and the 

difference was considered significant at p < 0.05. All statistical analysis was made using 

either OriginPro 9.0 software (Originlab Co., USA) or Microsoft Excel.  

2.2.3.  Preparation of the stock simulated honey sugar cocktail and honey solutions  

 The stock solution [60% (w/v)] of simulated honey sugar cocktail (SHSC) was 

prepared by dissolving 309.6 g fructose, 279.5 g glucose, 1.62 g sucrose and 3.78 g each 

of maltose and trehalose in 60 mM sodium phosphate buffer, pH 7.4 / 7.0 in a total volume 

of 1000 ml. The sugars’ concentrations required in the preparation of the stock SHSC 

solution corresponded to the sugar composition of the honey as shown in Table 1.6 

(Rybak-Chmielewska & Szczęsna, 1995). 
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 The stock honey solution [60% (w/v)] was prepared by mixing 600 g of honey with 

60 mM sodium phosphate buffer, pH 7.4 in a total volume of 1000 ml.  

 The pH of the stock SHSC or honey solutions was adjusted to pH 7.4 / 7.0 with 

sodium hydroxide. These solutions were diluted with the same buffer to get the desired 

SHSC or honey concentrations. 

2.2.4. Spectral measurements 

2.2.4.1. Circular dichroism spectroscopy 

 Circular dichroism (CD) spectral measurements in the far-UV (200–250 nm) and 

the near-UV (250–300 nm) regions were made on a Jasco spectropolarimeter, model                        

J-815, equipped with a peltier type temperature controller (PTC-423S/15) under constant 

nitrogen flow. All CD spectral measurements were performed at 25°C (unless otherwise 

stated) at a scan speed of 100 nm.min–1 and a response time of 1 s after calibrating the 

instrument with (+)-10-camphorsulfonic acid. Each spectrum was the average of four 

scans and it was corrected using suitable blanks. The far-UV CD and the near-UV CD 

spectra were recorded with a protein concentration of 2 μM and 20 μM for BSA; 5 μM 

and 40 μM for ovalbumin; 10 μM and 25 μM for lysozyme in a 1 mm and 10 mm path 

length cells, respectively. The CD results are expressed as mean residue ellipticity (MRE) 

in deg.cm2.dmol–1, which is defined as: 

MRE = 
cl

MRWobs





10


                          (6) 

where obs  is the measured ellipticity in millidegrees, MRW is the mean residue weight 

[molecular weight of the protein (66,700 for BSA; 45,000 for ovalbumin; 14,300 for 

lysozyme) divided by the total number of amino acid residues (582 for BSA; 385 for 
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ovalbumin; 129 for lysozyme)], l is the path length of the cell in cm and c is the protein 

concentration in mg / ml (Kelly et al., 2005).  

 The MRE values were transformed into relative MRE, if required, by taking the 

MRE value of the protein in the absence of the denaturant as 100. 

 The α-helical content was calculated from the MRE value at 222 nm (MRE222nm) 

using the following equation (Chen et al., 1972): 

% α-Helix = 100
30300

2340MRE 222nm 


                         (7)    

2.2.4.2. Fluorescence spectroscopy 

 Fluorescence measurements were performed either on a Hitachi fluorescence 

spectrophotometer, model F-2500 or on a Jasco spectrofluorometer, model FP-6500, 

equipped with a temperature-controlled cell holder, attached to a Protech 632D 

circulating water bath, using quartz cuvette of 10 mm path length at 25°C (unless 

otherwise stated). Both excitation and emission slits were set at 10 nm each. Each sample 

was used once in fluorescence spectral measurements. All fluorescence spectra were 

corrected by subtracting the fluorescence intensity of the appropriate blank solutions at 

each wavelength, if required.  

 Intrinsic fluorescence spectra of BSA samples were recorded in the wavelength 

range, 300–400 / 450 nm upon excitation at 280 nm, using a protein concentration of           

2 μM / 5 μM. Fluorescence intensity values were transformed into relative fluorescence 

intensity, if required, by taking the fluorescence intensity of BSA in buffer as 100. 

 Tryptophan fluorescence spectra of ovalbumin and lysozyme samples were made 

in the wavelength range, 310–390 nm upon excitation at 295 nm, using a protein 

concentration of 2.5 μM and 1 μM, respectively.  
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 Honey samples were excited at 280 nm to obtain the fluorescence spectra in the 

wavelength range of 300–450 nm. 

 ANS fluorescence measurements were made by recording either the emission 

spectra  in the wavelength range, 400–600 nm or the fluorescence intensity at 470 nm 

upon excitation at 380 nm, using a protein concentration of 0.2 µM / 1.5 µM for BSA;                              

0.2 μM for ovalbumin and 1 μM for lysozyme. The ANS/protein molar ratio was fixed at 

50:1 or 100:1 in all ANS binding experiments (Cardamone & Puri, 1992). 

 Three-dimensional (3-D) fluorescence spectra of different protein samples (2 μM 

for BSA and 2.5 µM for ovalbumin) were recorded between 220 nm and 500 nm after 

setting the excitation wavelength range at 220–350 nm with an increment of 10 nm.  

2.2.4.3. UV-difference spectroscopy 

 UV-absorption measurements were made on a Shimadzu double-beam 

spectrophotometer, model UV-2450 at 25°C, using quartz cuvettes of 10 mm path length. 

Absorption spectra of various protein samples (20 μM for BSA; 40 μM for ovalbumin) in 

the absence and the presence of different urea concentrations were recorded in the 

wavelength range, 250–300 / 310 nm against their respective blanks. The difference 

spectrum was obtained by subtracting the absorbance values of the native protein from 

the absorbance values of the protein in different urea concentrations, at each wavelength. 

Values of absorbance difference were transformed into molar difference extinction 

coefficient (Є) and were plotted against wavelength. 

2.2.5. Fluorimetric interference studies 

 All the solutions used in honey-induced fluorimetric interference studies were 

prepared in 60 mM sodium phosphate buffer, pH 7.4. To a constant volume (125 μl and 

313 μl) of the stock protein solution (80 μM) taken in different tubes, increasing volumes 
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of the stock honey solution [60% (w/v)] were added to obtain the desired honey 

concentration and the final volume in each tube was made to 5 ml with the above buffer. 

The blank solutions were prepared in the same way except that the buffer was used instead 

of the protein solution. The contents were mixed thoroughly and the tubes were incubated 

for 1 h at 25°C before fluorescence spectral measurements.  

2.2.6. Denaturation studies 

 Denaturation studies involving BSA and ovalbumin were made in 60 mM sodium 

phosphate buffer, pH 7.4, whereas, 60 mM sodium phosphate buffer, pH 7.0 was used in 

denaturation studies on lysozyme. 

2.2.6.1. Urea / GdnHCl denaturation 

 For denaturation experiments, different volumes of the buffer were mixed with a 

constant volume of the stock protein solution taken in different tubes. This was followed 

by the addition of different volumes of the stock urea (11 M) / GdnHCl (8 M) solution to 

obtain the desired concentration of urea / GdnHCl. The solution mixture (5 ml) was 

incubated for 12 h at 25°C for equilibrium attainment (Simko & Kauzmann, 1962; 

Mustafa et al., 2011) before spectral measurements.  

 Experiments involving SHSC or honey were carried out in the same way except 

that all solutions contained the desired concentration of SHSC or honey.  

2.2.6.2. Thermal denaturation 

 Thermal denaturation studies of BSA, ovalbumin and lysozyme were carried out in 

the temperature range, 20−100°C, using far-UV CD spectroscopy. The spectra of the 

freshly prepared protein samples (5 ml) were recorded in the same way as described in 

the section 2.2.4.1 after equilibrating the samples at each temperature for 6 min in the 

given temperature range (Moosavi-Movahedi et al., 1996). The protein samples contained 

Univ
ers

ity
 of

 M
ala

ya



64 

the desired concentration of SHSC or honey for thermal denaturation studies of these 

proteins in the presence of SHSC or honey. 

2.2.6.3. Data analysis 

 The denaturation data, obtained by different techniques were transformed into the 

fraction denatured, FD, using the following equation:  

FD = 
ND

N

YY

YY




                         (8) 

where Y is the observed variable parameter at a given denaturant concentration or 

temperature; YN and YD represent the values of the variable characteristic of the native and 

the denatured states, respectively (Pace, 1986), which were obtained by linear 

extrapolation of the pre- and the post-transition regions.  

The mid-point of the denaturation curve was determined from the X-axis value 

(denaturant concentration), corresponding to the Y-axis value (FD) of 0.5.  

For thermal denaturation studies, the mid-point of the denaturation curve (Tm) i.e. 

the temperature required to achieve 50% thermal-denatured state, was determined directly 

from the transition curves.  
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3. RESULTS AND DISCUSSION 

3.1. SHSC-induced stabilization of BSA 

 Urea, GdnHCl and thermal denaturation studies of BSA were made in the absence 

and the presence of SHSC to evaluate the protein stabilizing effect of SHSC. 

3.1.1. Urea denaturation of BSA in the absence and the presence of SHSC 

      Protein stabilizing potential of SHSC on BSA against urea denaturation was 

studied by far-UV CD, intrinsic fluorescence and UV-difference spectral measurements 

in the absence and the presence of different SHSC concentrations.  

3.1.1.1. Far-UV CD spectra 

 Far-UV CD spectroscopy is generally employed to probe secondary structural 

changes in proteins under various experimental conditions (Pelton & McLean, 2000; 

Botelho et al., 2003; Kelly et al., 2005; Carrotta et al., 2009). Figure 3.1 shows the                       

far-UV CD spectra of BSA, obtained in the absence and the presence of increasing urea 

(2.5–9.3 M) concentrations. The far-UV CD spectra, obtained at lower (< 2.5 M) and 

higher (> 9.3 M) urea concentrations are omitted for clarity due to overlapping nature of 

the spectra in these concentration ranges. The far-UV CD spectrum of the native BSA 

was characterized by the presence of two minima at 208 nm and 222 nm, characteristics 

of the α-helical structures in proteins (Pelton & McLean, 2000; Kelly et al., 2005). 

Presence of increasing urea concentrations within this range produced a gradual decrease 

in the MRE values throughout the wavelength range, 200–250 nm, indicating loss in the 

protein’s secondary structures. It should be noted that the far-UV CD spectra of BSA in 

the presence of urea could not be recorded below 210–216 nm due to high signal to noise 

ratio (saturation of detector / amplifier due to high absorption of denaturant).  

 Transformation of the MRE222nm values, obtained at different urea concentrations 

into FD was made following the procedure described in the section 2.2.6.3 and the FD  
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Figure 3.1. Far-UV CD spectra of BSA (2 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

urea concentrations (09.3 M urea).  The urea concentrations (from 

bottom to top) were: 0, 2.5, 3.0, 3.25, 3.5, 4.0, 4.5, 4.6, 4.8, 5.0, 5.25, 

5.5, 6.0, 6.5, 7.0, 8.0, 8.5, 9.0 and 9.3 M.  
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values were plotted against urea concentration (Figure 3.2). MRE222nm values of BSA, 

obtained at different urea concentrations but in the presence of SHSC were also treated 

in the same way. Figure 3.2 shows normalized urea denaturation curves of BSA in the 

absence and the presence of increasing SHSC concentrations, as monitored by MRE222nm 

measurements. As can be seen from the figure, urea denaturation of BSA was 

characterized by a two-step, three-state transition, from the native (N) state to the 

denatured state (D) via a stable intermediate (I) state, which accumulated around                 

4.6–5.0 M urea. The first transition (N ⇌ I) started at 2.0 M urea and completed at            

4.6 M urea, whereas the second transition, showing the transformation from the 

intermediate (I) state to the denatured (D) state (I ⇌ D) started at 5.0 M urea and ended 

at 9.3 M urea. These results were in agreement with previous reports on urea denaturation 

of serum albumin (Muzammil et al., 2000a; Leggio et al., 2009). Involvement of domain 

III in the formation of the intermediate state during urea denaturation has been suggested 

in earlier reports (Muzammil et al., 2000a; Tayyab et al., 2000). 

 Presence of increasing concentrations [8–20% (w/v)] of SHSC in the incubation 

mixture significantly affected the transition both in terms of the nature and the origin. 

Values of the start-, the mid- and the end-points of the urea transition curves of BSA in 

the absence and the presence of different SHSC concentrations, as monitored by 

MRE222nm measurements are given in Table 3.1. The transition became a single-step 

transition without any detection of the intermediate state in the presence of 8–20% (w/v) 

SHSC (Figure 3.2). Furthermore, the transition was also shifted towards higher urea 

concentrations, being positively correlated with SHSC concentrations. In other words, the 

shift in the transition curve towards higher urea concentrations was more pronounced in 

the presence of  20% (w/v) SHSC compared to that obtained in the presence of 8% (w/v) 

SHSC. More evidently, the start- and the mid-points of the transition curve were increased  
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Figure 3.2. Normalized urea denaturation curves of BSA (2 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by MRE222nm measurements in the 

absence (  ) and the presence of 8% (  ), 10% ( ) or 20% ( ) (w/v) 

SHSC.  
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Table 3.1. Characteristics of urea denaturation of BSA in the absence and the presence of 

different SHSC concentrations, as monitored by MRE222nm measurements. 

 

 
 

 

 

 

 

 

 

 

 

 

 

              Each value is expressed as the mean ± SD of three independent experiments. 

Protein sample  

Urea-induced transition 

Transition pattern 
Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

BSA 

 First transition 

 Second transition 

 

2.0 ± 0.11 

5.0 ± 0.06 

 

3.6 ± 0.10  

6.1 ± 0.10 

 

4.6 ± 0.06 

9.3 ± 0.12 

 

  

Two-step,  three-state 

BSA + 8% (w/v) SHSC 2.8 ± 0.06 5.3 ± 0.03 9.3 ± 0.12  

Single-step, two-state BSA + 10% (w/v) SHSC 3.0 ± 0.06 5.4 ± 0.03 9.3 ± 0.00 

BSA + 20% (w/v) SHSC 3.6 ± 0.06 5.5 ± 0.06 9.3 ± 0.12 

Univ
ers

ity
 of

 M
ala

ya



72 

from 2.8 M and 5.3 M urea (in the presence of 8%, w/v SHSC) to 3.6 M and 5.5 M urea 

(in the presence of 20%, w/v SHSC), respectively (Figure 3.2; Table 3.1). 

3.1.1.2. Intrinsic fluorescence spectra 

 Fluorescence spectroscopy is widely used in proteins’ structural studies (Royer, 

1995), where the changes in the proteins’ tertiary structures are reflected by the alteration 

in the fluorescence characteristics i.e. fluorescence intensity and emission maxima of 

proteins (Lakowics, 1999; Royer, 2006). Therefore, urea denaturation of BSA in the 

absence and the presence of different SHSC concentrations was also studied using 

intrinsic fluorescence measurements. The intrinsic fluorescence spectra of BSA in the 

absence and the presence of increasing urea (2.1–8.0 M) concentrations upon excitation 

at 280 nm are shown in Figure 3.3. The fluorescence spectra of BSA at lower (< 2.1 M) 

and higher (> 8.0 M) urea concentrations overlapped each other due to smaller changes 

in the spectral signal and therefore, have been omitted for clarity. Appearance of an 

emission maxima at 341 nm characterized the intrinsic fluorescence spectrum of the 

native BSA due to the presence of Trp residues (Royer, 2006; Kumaran & Ramamurthy, 

2011), which was in agreement with previous reports (Khan et al., 1987; Kumaran & 

Ramamurthy, 2011). BSA contains two Trp residues, which are located at positions 134 

and 212 in the primary sequence (Peters, 1996). The fluorescence intensity of BSA at 

341 nm showed a progressive decrease with increasing urea concentrations, suggesting 

microenvironmental perturbation around Tyr and Trp residues from non-polar to polar 

(Royer, 2006), owing to tertiary structural changes in the protein (Figure 3.3). 

Furthermore, emission maxima was shifted from 341 nm to 335 nm in the presence of   

5.0 M urea but showed a red shift of 11 nm from 335 nm at 8.0 M urea. The initial blue 

shift in the emission maxima can be ascribed to the internalization of the Trp residues in 

the protein interior due to rearrangement of domains I and II, whereas the red shift beyond 

5.0 M urea indicated an increase in the microenvironmental polarity of Trp residues,  
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Figure 3.3. Fluorescence spectra of BSA (2 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

urea concentrations (08.0 M urea) upon excitation at 280 nm. The urea 

concentrations (from top to bottom) were: 0, 2.1, 2.2, 2.4, 2.5, 2.75, 3.0, 

3.25, 3.5, 3.75, 4.0, 4.3, 4.4, 4.5, 4.6, 4.8, 5.0, 5.2, 5.5, 6.0, 6.5, 7.0, 7.5 

and 8.0 M.  
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resulted from the unfolding of domains I and II of BSA (Leggio et al., 2009).

 Normalization of the fluorescence intensity values at 341 nm, obtained at different 

urea concentrations into FD, following the procedure described above produced the urea 

denaturation curve. As shown in Figure 3.4, urea denaturation curves of BSA in the 

absence and the presence of different SHSC concentrations were found similar to those 

obtained using MRE222nm measurements (Figures 3.2). The two-step, three-state transition 

of BSA was transformed into a single-step, two-state transition and the denaturation curve 

was shifted towards higher urea concentrations in the presence of 8–20% (w/v) SHSC in 

a concentration dependent manner (Figure 3.4). However, values of the start-, the                     

mid- and the end-points of the transition, as studied by intrinsic fluorescence 

measurements (Table 3.2) were found different from those obtained with MRE222nm 

measurements (Table 3.1). Such differences in the transition characteristics were not 

unusual and have been shown earlier (Hung & Chang, 2001; Kishore et al., 2012).  

3.1.1.3. UV-difference spectra 

 SHSC-induced stabilization of BSA against urea denaturation was further studied 

by UV-difference spectral measurements. Figure 3.5 shows the UV-difference spectra of 

BSA in the presence of increasing urea (0.5–8.5 M) concentrations. These spectra were 

characterized by the presence of a negative peak at 288 nm along with a shoulder at                         

280 nm, which were indicative of microenvironmental perturbation around Tyr residues 

(Sogami & Ogura, 1973). Additionally, several positive fine structures, ‘wiggles’ were 

also observed in the wavelength range, 250–275 nm, reflecting microenvironmental 

fluctuation around Phe residues (Horowitz & Butler, 1993). These UV-difference spectral 

features clearly indicated urea-induced disruption of the tertiary structure of BSA. Similar 

to those observed with far-UV CD and intrinsic fluorescence measurements,                             

UV-difference spectra at lower (< 3.0 M) and higher (> 8.5 M) urea concentrations 

showed overlapping patterns and hence, are omitted for clarity. A quantitative analysis  
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Figure 3.4. Normalized urea denaturation curves of BSA (2 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by intrinsic fluorescence 

measurements at 341 nm upon excitation at 280 nm in the absence (  ) 

and the presence of 8% (  ), 10% (  ) or 20% (  ) (w/v) SHSC. 
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Table 3.2. Characteristics of urea denaturation of BSA in the absence and the presence of 

different SHSC concentrations, as monitored by intrinsic fluorescence measurements 

at 341 nm upon excitation at 280 nm. 

 

 

 

 

 

 

 

 

 

 

                           

                                                            Each value is expressed as the mean ± SD of three independent experiments. 

Protein sample  

Urea-induced transition 

  Transition pattern 
Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

BSA 

 First transition 

 Second transition 

 

2.0 ± 0.06 

5.0 ± 0.06 

 

3.1 ± 0.06 

5.1 ± 0.03 

 

4.5 ± 0.10 

8.0 ± 0.25 

 

 
 

Two-step,  three-state 

BSA + 8% (w/v) SHSC 2.8 ± 0.12 3.7 ± 0.03 8.0 ± 0.00  

Single-step, two-state BSA + 10% (w/v) SHSC 3.25 ± 0.09 4.3 ± 0.03 8.0 ± 0.15 

BSA + 20% (w/v) SHSC 3.6 ± 0.06 4.7 ± 0.06 8.0 ± 0.29 Univ
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Figure 3.5. UV-difference spectra of BSA (20 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the presence of increasing urea 

concentrations (0.58.5 M urea). The urea concentrations (from top to 

bottom) were: 0.5, 3.0, 3.25, 3.5, 4.0, 4.2, 4.4, 4.6, 4.8, 5.0, 5.25, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 M urea.   
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of the UV-difference spectra revealed a progressive decrease in the molar difference 

extinction coefficient values at 288 nm with increasing urea concentrations, suggesting 

loss in the tertiary structure of BSA.  

 Transformation of the molar difference extinction coefficient values at 288 nm into 

FD, using the same procedure as described in the section 2.2.6.3 yielded the denaturation 

curve, shown in Figure 3.6. UV-difference spectral data obtained in the presence of 

different SHSC concentrations were treated in the same way and the results are included 

in Figure 3.6. These transition curves were qualitatively similar to those obtained with 

MRE222nm and intrinsic fluorescence measurements as shown in Figures 3.2 and 3.4, 

respectively. However, quantitative differences were noticed in the values of the start-, 

the mid- and the end-points of the transition (Tables 3.1; 3.2; 3.3). The start- and the end-

points of the transition were observed at 2.5 M and 8.5 M urea, respectively, with the 

accumulation of the intermediate around 4.2–4.6 M urea. An earlier report on urea 

denaturation of BSA has also shown similar characteristics of the denaturation curve, 

when studied by UV-difference spectroscopy (Ahmad & Qasim, 1995). The denaturation 

curves obtained in the presence of different SHSC concentrations were characterized by 

the absence of the intermediate state and the late transition, when compared to the one 

obtained in the absence of SHSC (Figure 3.6; Table 3.3). These characteristics were 

similar to those obtained with MRE222nm and intrinsic fluorescence measurements with 

slight variation in the values of start-, the mid- and the end-points of the transition. Since 

urea concentration range for the denaturation transition was found different with different 

probes, variation in the mid-point values is expected. In several earlier reports, such type 

of variation has been shown (Khan et al., 1987; Ahmad & Qasim, 1995; Muzammil et al., 

2000a; Hung & Chang, 2001; Tayyab et al., 2002).  
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Figure 3.6. Normalized urea denaturation curves of BSA (20 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by molar difference extinction 

coefficient measurements at 288 nm in the absence (  ) and the 

presence of 8% (  ), 10% (  ) or 20% (  ) (w/v) SHSC. 
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Table 3.3. Characteristics of urea denaturation of BSA in the absence and the presence of 

different SHSC concentrations, as monitored by molar difference extinction 

coefficient measurements at 288 nm. 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

                          Each value is expressed as the mean ± SD of three independent experiments.

Protein sample  

Urea-induced transition 

  Transition pattern 
Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

BSA 

 First transition 

 Second transition 

 

2.5 ± 0.06 

4.6 ± 0.11 

 

3.4 ± 0.06 

5.4 ± 0.05 

 

4.2 ± 0.10 

8.5 ± 0.14 

 

 
 

Two-step,  three-state 

BSA + 8% (w/v) SHSC 2.9 ± 0.10 5.0 ± 0.06 8.5 ± 0.29  

Single-step, two-state BSA + 10% (w/v) SHSC 3.2 ± 0.06 5.5 ± 0.10 8.5 ± 0.14 

BSA + 20% (w/v) SHSC 4.0 ± 0.14 6.6 ± 0.10 8.5 ± 0.00 Univ
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 Both shift in the transition curve towards higher urea concentrations and 

abolishment of the intermediate state observed in the presence of different SHSC 

concentrations using different probes indicated stabilization of the protein by SHSC. In 

view of the involvement of domain III in the intermediate formation (Khan et al., 1987; 

Muzammil et al., 2000a), SHSC seems to stabilize this domain, leading to the abolishment 

of the intermediate state in the urea denaturation. Previous reports on urea denaturation 

of BSA in the presence of fatty acids and salts have also shown a single-step transition 

with the abolishment of the intermediate state (Ahmad & Qasim, 1995; Muzammil et al., 

2000a). 

3.1.2. Characterization of the partially-denatured BSA in the absence and the 

 presence of SHSC 

 In order to further investigate the stabilizing effect of SHSC on BSA, 4.6 M                         

urea-denatured BSA (representing the intermediate state) was equilibrated with                                

20% (w/v) SHSC and its properties were studied using far-UV and near-UV CD spectra,                                 

UV-difference spectra, intrinsic florescence and three-dimensional fluorescence spectra 

as well as ANS binding.   

3.1.2.1. Far-UV CD spectra 

 Figure 3.7 shows the effect of 20% (w/v) SHSC on the far-UV CD spectrum of the 

partially-denatured BSA, obtained in the presence of 4.6 M urea at pH 7.4. The                                       

far-UV CD spectrum of the native BSA at pH 7.4 is also included for comparison. The 

far-UV CD spectra of the partially-denatured BSA at 4.6 M urea in the absence and the 

presence of 20% (w/v) SHSC retained the characteristic feature of the α-helical structure, 

showing a minima at 222 nm. However, the MRE222nm value was found higher (28%) in 

the presence of 20% (w/v) SHSC compared to that obtained in its absence, but was still 

lower (25%) than the MRE222nm value of the native BSA (Figure 3.7; Table 3.4). 
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Figure 3.7. Far-UV CD spectra of BSA ( ) and 4.6 M urea-denatured BSA in the 

absence ( ) and the presence ( ) of 20% (w/v) SHSC at                    

pH 7.4. The protein concentration was 2 μM. 
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Table 3.4. Spectral characteristics of BSA under various experimental conditions, as monitored by different probes. 

 

 

Spectral characteristics Native BSA 
4.6 M                                    

urea-denatured BSA 

4.6 M urea-denatured 

BSA + 20% (w/v) SHSC 

Far-UV CD spectra 

‒ MRE at 222 nm (deg.cm2.dmol–1) 

‒ α-Helical contenta 

 

–20,127.1 ± 138 

~58 ± 0.45% 

 

–11,769.4 ± 77 

~31 ± 0.25% 

 

–15,116.6 ± 36 

~42 ± 0.12% 

Near-UV CD spectra 

‒ MRE at 262 nm (deg.cm2.dmol–1) 

‒ MRE at 268 nm (deg.cm2.dmol–1) 

 

–135.1 ± 23 

–126.0 ± 20 

 

–72.2 ± 6 

–64.8 ± 5 

 

–105.1 ± 6 

–101.0 ± 7 

UV-difference spectra 

‒ Molar difference extinction coefficient at 288 nm  

 

− 

 

– 2.8 ± 0.06 × 103 

 

– 0.9 ± 0.04 × 103 

ANS fluorescence spectra 

‒ Fluorescence intensity at 469 nm 

 

273.3 ± 12 

 

33.6 ± 3 

 

112.8 ± 10 

Intrinsic fluorescence spectra 

 Fluorescence intensity at 341 nm 

 Emission maximum (nm) 

 

2,756.3 ± 54 

341 ± 0.00 

 

1,638.3 ± 116 

336 ± 0.58 

 

2,284.6 ± 145 

338 ± 1.00 
 

                   Each value is expressed as the mean ± SD of three independent experiments. 
 a Calculated by the method of Chen et al. (1972). 
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It should be noted that the far-UV CD spectra of the partially-denatured BSA at 4.6 M 

urea both in the absence and the presence of 20% (w/v) SHSC could not be obtained 

below 213 nm due to high signal to noise ratio. 

 A more quantitative analysis of the far-UV CD spectra was made by calculating the 

percentage the α-helical content using the method of Chen et al. (1972) and the values of 

the α-helical content are given in Table 3.4. As can be seen from the table, the α-helical 

content decreased from ~58% (for native BSA) to ~31% in the presence of 4.6 M urea, 

showing a decrease of 27%. Similar decrease in the α-helical content in the urea-induced 

intermediate of serum albumin has also been reported earlier (Muzammil et al., 2000a). 

Interestingly, addition of 20% (w/v) SHSC in the incubation mixture stabilized the native 

protein conformation by inducing 11% increase in the α-helical content at the same urea 

concentration (Table 3.4). Although this stabilizing effect was significant but was not 

enough to retain the native protein structure within this urea concentration range. In view 

of the involvement of domain III in the intermediate formation during urea denaturation 

(Ahmad & Qasim, 1995; Tayyab et al., 2000), it seems that 20% (w/v) SHSC stabilized 

this domain to a significant extent during urea denaturation. The far-UV CD spectrum of 

BSA was also determined in the presence of 20% (w/v) SHSC and the overlapping CD 

spectra (figure not shown) suggested that the structural integrity of BSA was retained in 

the presence of SHSC. 

3.1.2.2. Near-UV CD spectra 

 The stabilizing effect of 20% (w/v) SHSC on the tertiary structure of the                      

partially-denatured BSA can be seen from Figure 3.8, showing the near-UV CD spectra 

of 4.6 M urea-denatured BSA in the absence and the presence of 20% (w/v) SHSC along 

with the near-UV CD spectrum of the native BSA. Presence of two troughs at 262 nm 

and 268 nm along with two shoulders at 275 nm and 292 nm characterized the  
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Figure 3.8. Near-UV CD spectra of BSA ( ) and 4.6 M urea-denatured BSA in 

the absence ( ) and the presence ( ) of 20% (w/v) SHSC at                          

pH 7.4. The protein concentration was 20 μM. 
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near-UV CD spectrum of the native BSA. Previous studies have also shown the presence 

of these spectral features in the near-UV CD spectrum of BSA (Pelton & McLean, 2000; 

Carrotta et al., 2009). The origin of these spectral features has been ascribed to the 

presence of disulphide bonds and aromatic chromophores (Lee & Hirose, 1992). Decrease 

in the MRE values at 262 nm and 268 nm, observed in the near-UV CD spectrum of the 

partially-denatured BSA indicated significant loss in the tertiary structure of the protein 

(Table 3.4). Significant stabilization of the native protein structure by 20% (w/v) SHSC 

was evident from the near-UV CD spectrum of the partially-denatured BSA, obtained in 

the presence of 20% (w/v) SHSC (Figure 3.8). The MRE values at 262 nm and 268 nm 

were found to be significantly higher (46% and 56%, respectively) than those obtained 

for 4.6 M urea-denatured BSA (Table 3.4). These results were similar to those obtained 

with far-UV CD spectra, suggesting stabilizing potential of 20% (w/v) SHSC against urea 

denaturation of BSA. 

3.1.2.3. UV-difference spectra 

 Figure 3.9 shows UV-difference spectra of the partially-denatured BSA at 4.6 M 

urea in the absence and the presence of 20% (w/v) SHSC. The UV-difference spectrum 

of the partially-denatured BSA against native BSA was characterized by the presence of 

a pronounced trough at 288 nm along with a shoulder at 280 nm. Similar spectral features 

in the UV-difference spectrum of the urea-denatured BSA have been reported earlier 

(Ahmad & Qasim, 1995). These spectral features of the UV-difference spectrum were 

indicative of the microenvironmental perturbation around Tyr residues (Sogami & Ogura, 

1973). A slight bulging near 292–295 nm in the UV-difference spectra of 4.6 M                   

urea-denatured BSA both in the absence and the presence of 20 % (w/v) SHSC was 

suggestive of the microenvironmental fluctuations around Trp residues (Trp-134 and 

Trp-212) of BSA at 4.6 M urea (Peters, 1996). Presence of 20% (w/v) SHSC offered 

significant stabilization to BSA against urea denaturation as reflected from the marked 
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Figure 3.9. UV-difference spectra of 4.6 M urea-denatured BSA in the absence 

( ) and the presence ( ) of 20% (w/v) SHSC at pH 7.4. The protein 

concentration was 20 μM. 
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decrease in the magnitude of the UV-difference spectrum of the partially-denatured BSA 

in the presence of 20% (w/v) SHSC. The significant decrease in the molar difference 

extinction coefficient at 288 nm (Figure 3.9; Table 3.4) suggested stabilization of domains 

I and II of BSA in the presence 20% (w/v) SHSC, as most of the Tyr residues are located 

in domains IB and IIB of BSA (Peters, 1996). 

3.1.2.4. ANS fluorescence spectra 

 ANS binding was used to investigate the exposure of hydrophobic regions in BSA 

under different experimental conditions. Figure 3.10 shows ANS fluorescence spectra of 

the native BSA and 4.6 M urea-denatured BSA, obtained in the absence and the presence 

of 20% (w/v) SHSC. ANS in free form shows little fluorescence and produces a marked 

increase in the fluorescence upon binding to hydrophobic regions in proteins (Stryer, 

1965). Native BSA produced a significant ANS fluorescence spectrum in the wavelength 

range, 400–600 nm, which was suggestive of the presence of significant surface 

hydrophobicity in the native protein. These results were in accordance to a previous 

report showing about 10 ANS binding sites available in the native BSA (Cardamone & 

Puri, 1992). There was a remarkable decrease (88%) in ANS fluorescence in the presence 

of 4.6 M urea, as shown by ANS fluorescence spectrum of the partially-denatured BSA 

(Figure 3.10; Table 3.4). Although more hydrophobic residues would have been exposed 

in 4.6 M urea-denatured BSA, nevertheless, binding of ANS to BSA required the 

organized hydrophobic clusters instead of individual hydrophobic residues (Horowitz & 

Butler, 1993), which would have been disorganized in the presence of 4.6 M urea. 

Additionally, presence of urea would have disrupted the hydrophobic interactions 

involved in the binding of ANS to these exposed hydrophobic regions (Horowitz & 

Butler, 1993). In view of the above, decrease in the ANS fluorescence of BSA in the 

presence of 4.6 M urea was not astonishing. Similar observations on the decrease in ANS 

fluorescence of other proteins in the presence of urea have been reported earlier  
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Figure 3.10. ANS fluorescence spectra of BSA ( ) and 4.6 M urea-denatured BSA 

in the absence ( ) and the presence ( ) of 20% (w/v) SHSC at pH 

7.4 upon excitation at 380 nm. The protein concentration was 0.2 μM 

while the ANS concentration was set as 20 μM.  
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(Horowitz & Butler, 1993; Botelho et al., 2003). Stabilizing effect of 20% (w/v) SHSC 

on BSA against urea denaturation can be clearly seen from the ANS fluorescence 

spectrum of 4.6 M urea-denatured BSA in the presence of 20% SHSC. A significant 

recovery in the ANS fluorescence exhibited by the partially-denatured BSA in the 

presence of 20% (w/v) SHSC [3.35 fold higher than that observed in the absence of 20% 

(w/v) SHSC] indicated significant retention of native-like structure with more 

hydrophobic clusters in this preparation (Figure 3.10; Table 3.4). These results suggested 

that the conformation of 4.6 M urea-denatured BSA in the presence of 20% (w/v) SHSC 

was more conserved. 

3.1.2.5. Intrinsic fluorescence spectra 

 Intrinsic fluorescence spectra of the native BSA and 4.6 M urea-denatured BSA in 

the absence and the presence of 20% (w/v) SHSC are shown in Figure 3.11. As can be 

seen from the figure, about 40% reduction in the fluorescence intensity at 341 nm along 

with 5 nm blue shift were noticed in 4.6 M urea-denatured BSA (Table 3.4), suggesting 

significant disruption of the protein’s tertiary structure. Unfolding of domain III along 

with rearrangement of domains I and II of BSA may account for the observed changes in 

the fluorescence characteristics of 4.6 M urea-denatured BSA (Leggio et al., 2009). 

Interestingly, the fluorescence characteristics of 4.6 M urea-denatured BSA were 

normalized to a significant extent in the presence of 20% (w/v) SHSC, showing lesser 

reduction (17%) in the fluorescence intensity at 341 nm and smaller blue shift (3 nm) in 

the emission maxima (Table 3.4). These fluorescence characteristics of 4.6 M                            

urea-denatured BSA were indicative of protein’s tertiary structure stabilization by 20% 

(w/v) SHSC. 
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Figure 3.11. Intrinsic fluorescence spectra of BSA ( ) and 4.6 M                                

urea-denatured BSA in the absence ( ) and the presence ( ) of 

20% (w/v) SHSC at pH 7.4 upon excitation at 280 nm. The protein 

concentration was 2 μM. The spectrum of 4.6 M urea-denatured BSA 

in the presence of 20% (w/v) SHSC was normalized with the help of 

the spectrum of native BSA, obtained in the presence of 20% (w/v) 

SHSC. 
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3.1.2.6. Three-dimensional fluorescence spectra 

 Three-dimensional fluorescence has been used as probe to study conformational 

changes in protein (Li et al., 2011; Deng & Liu, 2012; Shahani et al., 2014). The 3-D 

fluorescence spectra and corresponding contour maps of the native BSA and the partially-

denatured BSA at 4.6 M urea in the absence and the presence of 20% (w/v) SHSC are 

shown in Figures 3.12 and 3.13, respectively. The spectral characteristics of the 3-D 

fluorescence spectra are listed in Table 3.5. As shown in Figures 3.12 and 3.13, peaks ‘a’ 

and ‘b’ represented the Rayleigh scattering peak (λem = λex) and the second-order 

scattering peak (λem = 2 λex), respectively. Two additional peaks, namely, ‘peak 1’                                

(λex = 280 nm) and ‘peak 2’ (λex = 230 nm), representing protein fluorescence peaks were 

also observed.  Both these peaks mainly revealed the spectral behavior of Tyr and Trp 

residues in the three-dimensional structure of the protein. The emission maxima and the 

fluorescence intensity of the peaks characterize the polarity of the fluorophores’ 

microenvironment (Deng & Liu, 2012). Presence of 4.6 M urea significantly reduced the 

fluorescence intensity of peaks ‘1’ and ‘2’ compared to that obtained with the native BSA 

in a ratio of 0.67:1.00 and 0.42:1.00, respectively (Figure 3.12; Table 3.5). In addition,                  

5 nm and 9 nm blue shift in the emission maxima of peaks ‘1’ and ‘2’, respectively, were 

also noticed (Table 3.5). Decrease in the fluorescence intensity of both peaks in the 

presence of 4.6 M urea may result from the unfolding of domain III leading to a loss in 

the tertiary structure of BSA, whereas rearrangement of domains I and II may account for 

the observed blue shift (Leggio et al., 2009). Interestingly, there was a significant 

recovery in the fluorescence intensity of both peaks of 4.6 M urea-denatured BSA in the 

presence of 20% (w/v) SHSC, as the ratio of the fluorescence intensity of peaks 1 and 

peak 2 of 4.6 M urea-denatured BSA to that of native BSA was increased to 0.88:1.00 

and 0.53:1.00, respectively, in the presence of 20% (w/v) SHSC. Furthermore, increase 

in the blue shift of peak 1 (9 nm) observed with 4.6 M urea-denatured BSA in the presence  
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Figure 3.12. Three-dimensional fluorescence spectra and corresponding contour 

maps of BSA (A) and 4.6 M urea-denatured BSA (B). The protein 

concentration was 2 μM. 
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Figure 3.13. Three-dimensional fluorescence spectra and corresponding contour 

maps of BSA (A) and 4.6 M urea-denatured BSA (B) both in the 

presence of 20% (w/v) SHSC. The protein concentration was 2 μM. 
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Table 3.5. Three-dimensional fluorescence spectral characteristics of BSA 

under various experimental conditions. 

 

Protein sample  Peak 
Peak position 

[λex/λem (nm/nm)] 
Intensity 

Native BSA 

 

a 230/230          350/350 17.7           91.8 

b 250/500 85.9 

1 280/341 485.2 

2 230/341 313.7 

4.6 M urea-denatured 

BSA 

 

 

a 230/230           350/350 16.8           129.8 

b 250/500 114.5 

1 280/336 324.1 

2 230/332 132.2 

Native BSA                                          

+ 20% (w/v) SHSC 

 

 

a 230/230          350/350 17.1           108.2 

b 250/500 80.3 

1 280/339 182.1 

2 230/342 233.8 

4.6 M urea-denatured 

BSA + 20% (w/v) 

SHSC 

 

 

 

a 230/230          350/350 15.4          114.9 

b 250/500 92.5 

1 280/330 160.0 

2 230/332 124.8 
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of 20% (w/v) SHSC may be ascribed to a greater internalization of Trp residues, as 

compared to the shift noticed in the absence of 20% (w/v) SHSC. The stabilizing effect 

of 20% (w/v) SHSC on the tertiary structure of protein, as shown by 3-D fluorescence 

spectral results was in agreement with the near-UV CD spectral results, shown in                 

Figure 3.8. 

3.1.3.  GdnHCl denaturation of BSA in the absence and the presence of SHSC 

 Protein stabilizing potential of SHSC was further evaluated using GdnHCl 

denaturation studies of BSA in the absence and the presence of 20% (w/v) SHSC. Figure 

3.14 shows the far-UV CD spectra of BSA, obtained in the absence and the presence of 

increasing GdnHCl (0–5.5 M) concentrations. The far-UV CD spectra, obtained at lower 

(< 1.4 M) and higher (> 5.5 M) GdnHCl concentrations showed minimal difference in the 

spectral signal and therefore, are omitted for clarity. The far-UV CD spectra of BSA in 

the presence of GdnHCl could not be recorded below 212–219 nm due to high signal to 

noise ratio. Similar to the effect observed in the presence of urea, MRE values of BSA 

showed a gradual reduction with increasing GdnHCl concentrations, which was 

suggestive of protein denaturation.  

 The MRE222nm values, obtained from these spectra were normalized and plotted 

against GdnHCl concentrations. Figure 3.15 shows GdnHCl denaturation curves of BSA 

in the absence and the presence of 20% (w/v) SHSC, as studied by MRE222nm 

measurements. The GdnHCl denaturation of BSA was characterized by a single-step, 

two-state transition, which started at 1.3 M and completed at 5.5 M GdnHCl 

concentrations. A previous study on denaturation of serum albumin by GdnHCl has 

shown similar results (Muzammil et al., 2000a). The denaturation curve of BSA was 

shifted towards a higher GdnHCl concentration in the presence of 20% (w/v) SHSC, 

showing the start- and the mid-points of the transition at 1.6 M and 2.3 M GdnHCl against  
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Figure 3.14. Far-UV CD spectra of BSA (2 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

GdnHCl concentrations (05.5 M GdnHCl).  The GdnHCl 

concentrations (from bottom to top) were: 0, 1.4, 1.5, 1.6, 1.75, 1.8, 

1.95, 2.25, 2.5, 2.75, 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 M.  
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Figure 3.15. Normalized GdnHCl denaturation curves of BSA (2 μM) in 60 mM 

sodium phosphate buffer, pH 7.4, as studied by MRE222nm 

measurements in the absence (  ) and the presence of 20% ( ) (w/v) 

SHSC. 
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1.3 M and 1.9 M GdnHCl, respectively, observed in its absence (Table 3.6). The shift of 

the whole transition curve was indicative of protein stabilization by 20% (w/v) SHSC. A 

lesser shift in the GdnHCl denaturation curve compared to that observed with urea 

denaturation curve in the presence of 20% (w/v) SHSC can be attributed to the stronger 

protein denaturing action of GdnHCl (Greene & Pace, 1974). As supportive evidence, the 

far-UV CD spectra of the native BSA and the partially-denatured BSA at 1.9 M GdnHCl 

in the absence and the presence of 20% (w/v) SHSC are shown in Figure 3.16. The                     

far-UV CD spectrum of 1.9 M GdnHCl-denatured BSA in the presence of 20% (w/v) 

SHSC showed a significant shift towards the native spectrum of BSA within the whole 

wavelength range studied, which indicated significant retention of the secondary 

structural characteristics, particularly, α-helical content. Values of the MRE222nm and 

respective α-helical content of the native BSA and 1.9 M GdnHCl-denatured BSA in the 

absence and the presence of 20% (w/v) SHSC are given in Table 3.6. As can be seen from 

the table, the α-helical content of 1.9 M GdnHCl-denatured BSA increased from ~25% 

to ~40% in the presence of 20% (w/v) SHSC, suggestive of SHSC-induced protein 

stabilization.  

3.1.4.  Thermal denaturation of BSA in the absence and the presence of SHSC 

 Thermal denaturation profiles of BSA, as monitored by MRE222nm in the absence 

and the presence of 20% (w/v) SHSC are shown in Figure 3.17. As can be seen from the 

figure, the MRE222nm value of BSA decreased with increasing temperature, indicative of 

structural disruption of BSA. However, the decrease was found slower within the 

temperature range, 25–45°C, became more pronounced during 45–80°C and slowed down 

above 85°C. Increase in enthalpy change within 45–80°C was primarily responsible for 

the observed structural disorganization (Makhatadze et al., 1993). Similar helical 

structural changes within this temperature range have been shown earlier (Moriyama et 

al., 2003; 2008). Thermal denaturation of BSA in the presence of 20% (w/v) SHSC 
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Table 3.6. Characteristics of GdnHCl denaturation of BSA in the absence and the presence of 20% (w/v) SHSC, as monitored 

by MRE222nm measurements. 

 

Characteristics BSA BSA + 20% (w/v) SHSC 

GdnHCl-induced transition  

 Start-point [M] 

 Mid-point [M] 

 

1.3 ± 0.06 

1.9 ± 0.06 

 

1.6 ± 0.06 

2.3 ± 0.08 

Far-UV CD spectra 

 MRE at 222 nm (deg.cm2.dmol–1)  

          [α-Helical contenta] 

 Native 

 

 

 1.9 M GdnHCl-denatured 

 

 

 

 

–20,353.7 ± 135 

[~59 ± 0.44%] 

 

–9,800.1 ± 76 

[~25 ± 0.25%] 

 

 

 

–20,227.1 ± 78 

[~59 ± 0.26%] 

 

–14,423.3 ± 212 

[~40 ± 0.70%] 
 

                          Each value is expressed as the mean ± SD of three independent experiments. 

           a Calculated by the method of Chen et al. (1972).
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Figure 3.16. Far-UV CD spectra of BSA ( ) and 1.9 M GdnHCl-denatured BSA 

in the absence ( ) and the presence ( ) of 20% (w/v) SHSC at  

pH 7.4. The protein concentration was 2 μM.  
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Figure 3.17. Thermal denaturation curves of BSA (2 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by MRE222nm measurements in the 

absence (  ) and the presence of 20% ( ) (w/v) SHSC. 
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followed the similar pattern up to 45°C, as that observed in the absence of 20% (w/v) 

SHSC. In contrast, it showed extension in the slow phase up to 60°C beyond which a 

sharp decrease in the MRE222nm value was noticed up to 100°C in the presence of 20% 

(w/v) SHSC (Figure 3.17; Table 3.7). In other words, thermal denaturation curve of BSA 

in the presence of 20% (w/v) SHSC was shifted towards higher temperature range, 

indicating thermal stabilization of BSA induced by SHSC. At any given temperature 

within the temperature range, 60–100°C, values of the MRE222nm, representing the                          

α-helical content in BSA, were found higher in the presence of 20% (w/v) SHSC 

compared to those obtained in its absence.  

 Figure 3.18 shows the far-UV CD spectra of BSA at 25°C as well as 65°C in the 

absence and the presence of 20% (w/v) SHSC. As evident from the figure, the far-UV 

CD spectrum of BSA at 65°C showed lesser secondary structural features (~35% α-helix) 

than those obtained at 25°C (~60% α-helix), indicative of thermal denaturation (Table 

3.7). However, the far-UV CD spectrum of BSA obtained at 65°C but in the presence of 

20% (w/v) SHSC showed significant retention in the secondary structures (~46%                    

α-helix), which was suggestive of protein stabilization by 20% (w/v) SHSC (Table 3.7). 

The spectra of BSA at 65°C, obtained in the presence of 20% (w/v) SHSC could not be 

recorded below 208 nm due to high signal to noise ratio.  

 No sign of Maillard reaction in the SHSC-BSA mixture was seen up to 85°C. 

However, little Maillard reaction occurred at temperatures above 85°C. This would not 

affect the overall conclusion that 20% (w/v) SHSC provided significant thermal 

stabilization to BSA as indicated in Figures 3.17 and 3.18 within the temperature range, 

50−85°C. Moreover, in a previous study on the thermal denaturation of ribonuclease A 

in the presence of reducing sugars, Poddar et al. (2008) have not observed the occurrence 

of Maillard reaction up to 85°C.
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Table 3.7. Characteristics of thermal denaturation of BSA in the absence and the presence of 20% (w/v) SHSC, as 

monitored by MRE222nm measurements 

 

Characteristics BSA BSA + 20% (w/v) SHSC 

Thermal-induced transition (Second phase) 

 Start-point (°C) 

 

45 ± 1.0 

 

60 ± 1.8 

Far-UV CD spectra 

 MRE at 222 nm (deg.cm2.dmol–1)  

          [α-Helical contenta] 

 25°C 

 

 

 65°C 

 

 

 

 

–20,370.6 ± 135 

[~60 ± 0.45%] 

 

–12,972.0 ± 116 

[~35 ± 0.38%] 

 

 

 

–20,244.0 ± 68 

[~59 ± 0.23%] 

 

–16,317.0 ± 128 

[~46 ± 0.42%] 
          

 

                                Each value is expressed as the mean ± SD of three independent experiments. 
                                a Calculated by the method of Chen et al. (1972). Univ
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Figure 3.18. Far-UV CD spectra of BSA at 25°C ( ) and 65°C in the absence 

( ) and the presence ( ) of 20% (w/v) SHSC at pH 7.4. The 

protein concentration was 2 μM. 
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3.2. SHSC-induced stabilization of ovalbumin 

 The stabilizing effect of SHSC was studied on another model protein, ovalbumin 

against chemical (urea and GdnHCl) and thermal denaturations. 

3.2.1. Urea denaturation of ovalbumin in the absence and the presence of SHSC 

 Far-UV CD and Trp fluorescence spectroscopy were used to study urea 

denaturation of ovalbumin in the absence and the presence of different SHSC 

concentrations. 

3.2.1.1. Far-UV CD spectra 

 The far-UV CD spectra of ovalbumin, obtained in the absence and the presence of 

increasing urea (3.3–8.5 M) concentrations are shown in Figure 3.19. The far-UV CD 

spectra of ovalbumin at lower (< 3.3 M) and higher (> 8.5 M) urea concentrations showed 

smaller changes in the spectral signal and are therefore omitted for clarity. Furthermore, 

the far-UV CD spectra of ovalbumin in the presence of urea could not be recorded below 

210–215 nm due to high signal to noise ratio. Presence of two minima at 208 nm and                 

222 nm characterized the far-UV CD spectrum of ovalbumin due to the presence of the 

α-helical structure (Batra & Uetrecht, 1990). However, ovalbumin showed a lesser 

magnitude of the MRE values compared to those observed with BSA (Figure 3.1). The 

MRE values of ovalbumin gradually decreased in the presence of increasing urea 

concentrations, suggesting protein denaturation with the loss in the secondary structure. 

The decrease in the MRE value at 222 nm was used to probe urea denaturation of 

ovalbumin. Denaturation data, obtained in the absence and the presence of SHSC were 

normalized in the same way as described in the section 2.2.6.3 and were plotted against 

urea concentration (Figure 3.20). 

 Unlike the two-step, three-state urea transition of BSA, urea denaturation of 

ovalbumin displayed a single-step, two-state transition, which started at 3.2 M urea and  
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Figure 3.19. Far-UV CD spectra of ovalbumin (5 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

urea concentrations (08.5 M urea). The urea concentrations (from 

bottom to top) were: 0, 3.3, 3.5, 3.8, 4.0, 4.2, 4.4, 4.6, 5.0, 5.2, 5.4, 5.6, 

5.8, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.25, 7.5, 8.0 and 8.5 M.  
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Figure 3.20. Normalized urea denaturation curves of ovalbumin (5 μM) in 60 mM 

sodium phosphate buffer, pH 7.4, as studied by MRE222nm measurements 

in the absence (   ) and the presence of 8% (  ), 10% ( ) or 20% 

( ) (w/v) SHSC. 
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ended at 8.5 M urea with the occurrence of the mid-point at 5.9 M urea (Figure 3.20; 

Table 3.8). The nature of the denaturation curve of ovalbumin was in close agreement 

with the denaturation curve shown in a previous report, using UV-difference absorption 

spectroscopy (Glazer et al., 1963). Interestingly, the denaturation curve of ovalbumin was 

shifted towards higher urea concentrations in the presence of different SHSC 

concentrations, suggesting protein’s secondary structure stabilization. This shift was 

characterized by the increase in the start- and the mid-points of the transition curve, being 

more significant at higher SHSC concentrations. Evidently, the start- and the mid-points 

of the transition curve were shifted from 3.2 M and 5.9 M urea (for ovalbumin) to 4.3 M 

and 6.6 M urea, respectively, in the presence of 20% (w/v) SHSC (Figure 3.20;                       

Table 3.8). 

3.2.1.2. Tryptophan fluorescence spectra 

 SHSC-induced stabilization of ovalbumin against urea denaturation was also 

supported by Trp fluorescence results. Figure 3.21 shows the Trp fluorescence spectra of 

ovalbumin, obtained in the absence and the presence of increasing urea (3.4–8.5 M) 

concentrations upon excitation at 295 nm. The fluorescence spectra below 3.4 M and 

above 8.5 M urea are not included in the Figure 3.21 due to their coinciding nature. The 

Trp fluorescence spectrum of ovalbumin was featured by the presence of an emission 

maxima at 336 nm, spectral characteristic of Trp residues in proteins (Royer, 2006). This 

agreed well with previous reports, showing occurrence of the emission maxima at the 

same wavelength (Tani et al., 1997; Naeem et al., 2011). Presence of increasing urea 

concentrations in the incubation mixture produced a progressive decrease in the 

fluorescence intensity of ovalbumin at 336 nm and red shift in the emission maxima 

(Figure 3.21). About 59% decrease in the fluorescence intensity at 336 nm along with               

15 nm red shift in the emission maxima were observed in the presence of 8.5 M urea. 

Both these changes in the fluorescence characteristics of ovalbumin were indicative of  
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Table 3.8. Characteristics of urea denaturation of ovalbumin in the absence 

and the presence of different SHSC concentrations, as monitored 

by MRE222nm measurements. 

 
 

 

    Each value is expressed as the mean ± SD. 

  

Protein sample  

Urea-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

Ovalbumin 3.2 ± 0.10  5.9 ± 0.06 8.5 ± 0.00  

Ovalbumin + 8% (w/v) SHSC 3.5 ± 0.06 6.1 ± 0.03  8.5 ± 0.10 

Ovalbumin + 10% (w/v) SHSC 3.9 ± 0.03  6.3 ± 0.06 8.5 ± 0.12 

Ovalbumin + 20% (w/v) SHSC 4.3 ± 0.06 6.6 ± 0.06 8.5 ± 0.06 
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Figure 3.21. Fluorescence spectra of ovalbumin (2.5 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

urea concentrations (08.5 M urea) upon excitation at 295 nm. The urea 

concentrations (from top to bottom) were: 0, 3.4, 3.6, 3.7, 3.9, 4.0, 4.2, 

4.4, 4.6, 4.8, 5.0, 5.2, 5.4, 5.6, 5.8, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.5, 8.0 

and 8.5 M.  
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significant alteration in the microenvironment around Trp residues from non-polar to 

polar (Tani et al., 1997), owing to protein denaturation with loss in the tertiary structure.  

 Urea denaturation results of ovalbumin, as followed by Trp fluorescence 

measurements at 336 nm (Figure 3.21) yielded the denaturation curve shown in Figure 

3.22 upon treatment in the same way as described for Figure 3.20. The denaturation curve 

of ovalbumin was found to be qualitatively similar to that obtained with MRE222nm 

measurements in terms of the transition pattern (Figures 3.20; 3.22). However, 

quantitative differences were noticed in the mid- and the end-points of the denaturation 

curve, as the values were found to be 5.6 M and 8.0 M urea against 5.9 M and 8.5 M urea, 

respectively, obtained with MRE222nm measurements (Tables 3.8;  3.9). Nonetheless, these 

results were in accordance with previous report on urea denaturation of ovalbumin, as 

monitored by fluorescence measurements (Covaciu et al., 2004). Addition of SHSC to 

ovalbumin produced a shift in the denaturation curve towards higher urea concentrations 

(Figure 3.22), suggesting SHSC-induced protein’s tertiary structure stabilization against 

urea denaturation. In particular, the start- and the mid-points of the transition curve were 

increased from 3.2 M and 5.6 M urea to 4.6 M and 6.7 M urea, respectively, in the 

presence of 20% (w/v) SHSC (Table 3.9). Small differences in the transition 

characteristics obtained from MRE222nm and Trp fluorescence measurements can be 

attributed to the use of different probes and have been observed earlier (Kishore et al., 

2012; Zaroog & Tayyab, 2012). 

3.2.2. Characterization of the partially-denatured ovalbumin in the absence and 

 the presence of SHSC 

 The protein stabilizing effect of SHSC on ovalbumin was further evaluated by 

equilibrating 5.9 M urea-denatured ovalbumin, representing the partially-denatured state 

at the mid-point of the transition, with 20% (w/v) SHSC. Characterization of all three  
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Figure 3.22. Normalized urea denaturation curves of ovalbumin (2.5 μM) in 60 mM 

sodium phosphate buffer, pH 7.4, as studied by Trp fluorescence 

measurements at 336 nm upon excitation at 295 nm in the absence (  ) 

and the presence of 8% (  ), 10% (  ) or 20% (  ) (w/v) SHSC. 
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Table 3.9. Characteristics of urea denaturation of ovalbumin in the absence 

and the presence of different SHSC concentrations, as monitored 

by tryptophan fluorescence measurements at 336 nm upon 

excitation at 295 nm. 

 
 
 

 

     Each value is expressed as the mean ± SD of three independent experiments.

Protein sample  

Urea-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

Ovalbumin 3.2 ± 0.10 5.6 ± 0.06 8.0 ± 0.00 

Ovalbumin + 8% (w/v) SHSC 3.5 ± 0.03 5.9 ± 0.03 8.0 ± 0.10 

Ovalbumin + 10% (w/v) SHSC 4.0 ± 0.12 6.2 ± 0.06 8.0 ± 0.14 

Ovalbumin + 20% (w/v) SHSC 4.6 ± 0.06 6.7 ± 0.06 8.0 ± 0.00 
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states of the protein [native, 5.9 M urea-denatured ovalbumin in the absence and the 

presence of 20% (w/v) SHSC] was made by far-UV CD, near-UV CD, UV-difference 

ANS fluorescence, Trp fluorescence and 3-D fluorescence spectra.  

3.2.2.1. Far-UV CD spectra 

 Figure 3.23 shows the effect of 20% (w/v) SHSC on the secondary structure 

stabilization of 5.9 M urea-denatured ovalbumin. The far-UV CD spectrum of the native 

ovalbumin is also included in the figure. Although the spectral signal at 222 nm was 

retained in the far-UV CD spectrum of 5.9 M urea-denatured ovalbumin (Figure 3.23), 

MRE222nm value was significantly reduced (44%), indicating loss in the protein’s 

secondary structures (Figure 3.23 and Table 3.10). The spectral signal at 208 nm could 

not be detected due to high signal to noise ratio below 214 nm. A lesser decrease (11%) 

in the MRE222nm value of 5.9 M urea-denatured ovalbumin, observed in the presence of 

20% (w/v) SHSC, suggested significant retention of the secondary structure in                          

5.9 M urea-denatured ovalbumin in the presence of 20% (w/v) SHSC. In addition to the 

minima at 222 nm, another minima at 218 nm was also visible in the far-UV CD spectra 

of 5.9 M urea-denatured ovalbumin in the absence and the presence of 20% (w/v) SHSC. 

The induced signal at 218 nm in 5.9 M urea-denatured ovalbumin reflected the formation 

of β-structure (Pearce et al., 2007), concomitant to the loss in the α-helical structure.  

 The calculated α-helical content of the native ovalbumin was found to be ~27%, 

which was in agreement with the previously reported value (Timasheff & Gorbunoff, 

1967). However, the α-helical content in 5.9 M urea-denatured ovalbumin was reduced 

to ~12% (Table 3.10). On the other hand, presence of 20% (w/v) SHSC showed a 

significant retention in the α-helical content (~23%) in 5.9 M urea-denatured ovalbumin. 

Such stabilizing effect was significant, as the value of the α-helical content was slightly 

lower than that of the native ovalbumin.  
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Figure 3.23. Far-UV CD spectra of ovalbumin ( ) and 5.9 M                                  

urea-denatured ovalbumin in the absence ( ) and the presence ( ) 

of 20% (w/v) SHSC at pH 7.4. The protein concentration was 5 μM. 
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Table 3.10. Spectral characteristics of ovalbumin under various experimental conditions, as monitored by different probes. 

 

Spectral characteristics 
Native 

ovalbumin 

5.9 M                                           

urea-denatured 

ovalbumin 

5.9 M                                                 

urea-denatured ovalbumin                                          

+ 20% (w/v) SHSC 

Far-UV CD spectra 

‒ MRE at 222 nm (deg.cm2.dmol–1) 

‒ α-Helical contenta 

 

–10,426.6 ± 208  

~27 ± 0.68% 

 

–5,810.6 ± 92  

~12 ± 0.30% 

 

–9,233.8 ± 146 

~23 ± 0.48% 

Near-UV CD spectra 

‒ MRE at 260 nm (deg.cm2.dmol–1) 

‒ MRE at 268 nm (deg.cm2.dmol–1) 

‒ MRE at 276 nm (deg.cm2.dmol–1) 

 

76.2 ± 3.81 

78.1 ± 4.41 

114.3 ± 5.37 

 

–24.2 ± 0.31 

–51.2 ± 0.72 

–29.9 ± 0.33 

 

56.6 ± 1.44 

20.9 ± 0.51 

31.6 ± 0.84 

UV-difference spectra 

‒ Molar difference extinction coefficient at 287 nm 

‒ Molar difference extinction coefficient at 293 nm 

 

− 

− 

 

– 2.8 ± 0.03 × 103 

– 2.4 ± 0.03 × 103 

 

– 0.8 ± 0.01 × 103 

– 0.7 ± 0.01 × 103 

ANS fluorescence spectra 

‒ Fluorescence intensity at 470 nm 

‒ Emission maximum (nm) 

 

30.6 ± 0.20 

470 ± 0.00 

 

44.7 ± 0.60 

489 ± 1.15 

 

33.5 ± 3.50 

485 ± 0.58 

Tryptophan fluorescence spectra 

‒ Fluorescence intensity at 336 nm  

‒ Emission maximum (nm) 

 

1,111.2 ± 1.31 

336 ± 0.58 

 

655.2 ± 13.15 

343 ± 1.00 

 

964.8 ± 3.50 

338 ± 0.00 
 

         Each value is expressed as the mean ± SD of three independent experiments.             

              a Calculated by the method of Chen et al. (1972).
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3.2.2.2. Near-UV CD spectra 

 Figure 3.24 shows the near-UV CD spectra of 5.9 M urea-denatured ovalbumin 

in the absence and the presence of 20% (w/v) SHSC as well as that of the native 

ovalbumin. The near-UV CD spectrum of the native ovalbumin was identified by the 

presence of five peaks at 260 nm, 268 nm, 276 nm, 282 nm and 292 nm, which was 

similar to that shown in an earlier report (Naeem et al., 2011). Occurrence of these peaks 

can be assigned to the presence of disulphide bonds and aromatic chromophores in the 

protein (Kelly et al., 2005). The MRE values of the three major peaks occurring at                          

260 nm, 268 nm and 276 nm, in different states of ovalbumin are listed in Table 3.10. 

Presence of 5.9 M urea affected the near-UV CD spectrum of the native ovalbumin by 

reducing the MRE values of all peaks, suggesting significant loss in the tertiary structure. 

However, presence of 20% (w/v) SHSC prevented disruption of the tertiary structure of 

the protein to a significant extent as revealed by the increased MRE values (Table 3.10), 

indicating tertiary structure stabilization by 20% (w/v) SHSC.  

3.2.2.3. UV-difference spectra 

The UV-difference spectra of 5.9 M urea-denatured ovalbumin in the absence and 

the presence of 20% (w/v) SHSC are shown in Figure 3.25. Presence of two negative 

peaks at 287 nm and 293 nm along with a shoulder around 281 nm defined the                                

UV-difference spectrum of 5.9 M urea-denatured ovalbumin. Appearance of a negative 

peak at 287 nm and a shoulder at 281 nm in the UV-difference spectrum characterized 

the microenvironmental alteration around Tyr residues while a negative signal around 

293 nm indicated change in the polarity around Trp residues. An earlier report has also 

identified similar spectral features in the UV-difference spectrum of ovalbumin under 

various denaturation conditions (Qasim & Salahuddin, 1978). A significant reduction 

(71%) in the molar difference extinction coefficient values at 287 nm and 293 nm in the  
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Figure 3.24. Near-UV CD spectra of ovalbumin ( ) and 5.9 M urea-denatured 

ovalbumin in the absence ( ) and the presence ( ) of 20% (w/v) 

SHSC at pH 7.4. The protein concentration was 40 μM. 
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Figure 3.25. UV-difference spectra of 5.9 M urea-denatured ovalbumin in the 

absence ( ) and the presence ( ) of 20% (w/v) SHSC at pH 7.4. 

The protein concentration was 40 μM. 
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presence of 20% (w/v) SHSC compared to those observed in its absence (Figure 3.25; 

Table 3.10) clearly indicated SHSC-induced tertiary structure stabilization of 5.9 M                   

urea-denatured ovalbumin. 

3.2.2.4. ANS fluorescence spectra 

ANS fluorescence spectra of the native ovalbumin as well as 5.9 M urea-denatured 

ovalbumin in the absence and the presence of 20% (w/v) SHSC are shown in Figure 3.26. 

Native ovalbumin produced significant ANS fluorescence due to surface hydrophobicity 

and was in agreement with a previous report (Naeem et al., 2011). ANS fluorescence 

intensity of 5.9 M urea-denatured ovalbumin at 470 nm showed 46% increase along with 

19 nm red shift in the emission maxima (Figure 3.26; Table 3.10), which were suggestive 

of the exposure of buried hydrophobic regions in 5.9 M urea-denatured ovalbumin 

(Naeem et al., 2011). However, addition of 20% (w/v) SHSC in the incubation mixture 

produced significant retention in the fluorescence characteristics (Figure 3.26; Table 

3.10), indicating stabilization of the folded tertiary structure in 5.9 M urea-denatured 

ovalbumin. 

3.2.2.5. Tryptophan fluorescence spectra 

Figure 3.27 shows the effect of 20% (w/v) SHSC on the Trp fluorescence 

characteristics of 5.9 M urea-denatured ovalbumin. The fluorescence intensity of 5.9 M 

urea-denatured ovalbumin at 336 nm decreased by 41% along with 7 nm red shift in the 

emission maxima (Figure 3.27; Table 3.10), in comparison to the fluorescence 

characteristics of the native ovalbumin. Such changes in the fluorescence characteristics 

indicated alteration in the microenvironment around Trp residues from non-polar to polar, 

owing to tertiary structure destabilization. A recovery in the fluorescence intensity (28%) 

of 5.9 M urea-denatured ovalbumin in the presence of 20% (w/v) SHSC along with 

normalization of the emission maxima (Figure 3.27; Table 3.10) were suggestive of lesser  
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Figure 3.26. ANS fluorescence spectra of ovalbumin ( ) and 5.9 M                      

urea-denatured ovalbumin in the absence ( ) and the presence ( ) 

of 20% (w/v) SHSC at pH 7.4 upon excitation at 380 nm. The protein 

concentration was 0.2 μM while the ANS concentration was set as               

20 μM. 
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Figure 3.27. Tryptophan fluorescence spectra of ovalbumin ( ) and 5.9 M                                

urea-denatured ovalbumin in the absence ( ) and the presence ( ) 

of 20% (w/v) SHSC at pH 7.4 upon excitation at 295 nm. The protein 

concentration was 2.5 μM. The spectrum of 5.9 M urea-denatured 

ovalbumin in the presence of 20% (w/v) SHSC was normalized with 

the help of the spectrum of native ovalbumin, obtained in the presence 

of 20% (w/v) SHSC. 
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perturbation in the microenvironment around Trp residues, implying tertiary structure 

stabilization by 20% (w/v) SHSC. 

3.2.2.6. Three-dimensional fluorescence spectra 

 Three-dimensional fluorescence spectral measurements were carried out to get 

more insight about tertiary structural changes in ovalbumin under different experimental 

conditions. Figures 3.28 and 3.29 show the 3-D fluorescence spectra and corresponding 

contour maps of the native and 5.9 M urea-denatured ovalbumins in the absence and the 

presence of 20% (w/v) SHSC, respectively. Similar to those observed with BSA, the four 

peaks were identified in the 3-D fluorescence spectra of the native and 5.9 M                                 

urea-denatured ovalbumins under these conditions. Out of these peaks, peak 1                                       

(λex = 280 nm) and peak 2 (λex = 230 nm) represented protein fluorescence peaks, which 

were indicative of spectral behavior of Tyr and Trp residues in the protein. The 

fluorescence intensity of both peaks ‘1’ and ‘2’ in 5.9 M urea-denatured ovalbumin was 

significantly decreased in a ratio of 0.80:1.00 and 0.31:1.00, respectively, compared to 

that obtained with the native ovalbumin (Figures 3.28; Table 3.11). A red shift of 7 nm 

and 4 nm in the emission maxima of peaks ‘1’ and ‘2’, respectively, was also noticed 

(Table 3.11). Both these observations were suggestive of microenvironmental changes 

around Tyr and Trp residues from non-polar to polar due to 5.9 M urea-induced tertiary 

structural disruption. However, a recovery in the fluorescence intensity along with 

normalization of the emission maxima of both peaks ‘1’ and ‘2’ were observed in the 

presence of 20% (w/v) SHSC (Figure 3.29; Table 3.11), which suggested tertiary structure 

stabilization of 5.9 M urea-denatured ovalbumin by 20% (w/v) SHSC. 
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Figure 3.28. Three-dimensional fluorescence spectra and corresponding contour 

maps of ovalbumin (A) and 5.9 M urea-denatured ovalbumin (B). The 

protein concentration was 2.5 μM. 
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Figure 3.29. Three-dimensional fluorescence spectra and corresponding contour 

maps of ovalbumin (A) and 5.9 M urea-denatured ovalbumin (B) both 

in the presence of 20% (w/v) SHSC. The protein concentration was                     

2.5 μM. 
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Table 3.11. Three-dimensional fluorescence spectral characteristics of ovalbumin 

under various experimental conditions. 

 

Protein sample  Peak 
Peak position 

[λex/λem (nm/nm)] 
Intensity 

Native ovalbumin 

 a 230/230           350/350 17.5          37.5 

 
b 250/500 49.4 

 1 280/334 445.0 

 2 230/333 363.2 

5.9 M urea-denatured 

ovalbumin 

 a 230/230           350/350 18.2          279.6 

 
b 250/500 168.7 

 1 280/341 354.6 

 2 230/337 112.5 

Native ovalbumin                  

+ 20% (w/v) SHSC 

 a 230/230           350/350 17.5           76.9 

 b 250/500 76.6 

 1 280/334 314.9 

 2 230/333 287.8 

5.9 M urea-denatured 

ovalbumin + 20% 

(w/v) SHSC 

 a 230/230           350/350 16.1          161.5 

 
b 250/500 106.0 

 1 280/334 269.5 

 2 230/334 122.6 

 

Univ
ers

ity
 of

 M
ala

ya



128 

3.2.3. GdnHCl denaturation of ovalbumin in the absence and the presence of

 SHSC 

 Protein stabilizing effect of SHSC on ovalbumin against GdnHCl denaturation was 

studied using far-UV CD spectroscopy. The far-UV CD spectra of ovalbumin in the 

presence of increasing GdnHCl concentrations (Figure 3.30) were found similar to those 

observed in the presence of urea (Figure 3.19), showing a progressive decrease in the 

MRE values with increasing denaturant concentrations. The far-UV CD spectra of 

ovalbumin at lower (< 1.2 M) and higher (> 5.0 M) GdnHCl concentrations are omitted 

due to their overlapping nature. Furthermore, high signal to noise ratio in the far-UV CD 

spectra of ovalbumin, observed in the presence of GdnHCl, prevented the spectral 

recording below 210–220 nm. 

 Figure 3.31 shows normalized GdnHCl denaturation curves of ovalbumin, as 

monitored by MRE222nm measurements. GdnHCl denaturation of ovalbumin exhibited a 

single-step transition, starting at 1.0 M GdnHCl and completed at 5.0 M GdnHCl with 

the occurrence of the mid-point at 2.2 M GdnHCl (Figure 3.31; Table 3.12). This result 

was in accordance with a previous report on GdnHCl denaturation of ovalbumin, as 

monitored by UV-difference absorption spectroscopy (Ahmad & Salahuddin, 1976). In 

the presence of 20% (w/v) SHSC, the transition curve shifted towards higher GdnHCl 

concentrations (Figure 3.31), showing increase in the start- and the mid-point values to 

1.6 M and 2.5 M GdnHCl, respectively (Table 3.12). These results suggested SHSC-

induced secondary structure stabilization of ovalbumin against GdnHCl denaturation.  

Figure 3.32 shows the far-UV CD spectra of the native ovalbumin and the partially-

denatured ovalbumin, obtained at the mid-point of transition (2.2 M GdnHCl-denatured 

ovalbumin) in the absence and the presence of 20% (w/v) SHSC. The secondary structure 

of 2.2 M GdnHCl-denatured ovalbumin was significantly reduced, as revealed by a large  
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Figure 3.30. Far-UV CD spectra of ovalbumin (5 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

GdnHCl concentrations (05.0 M GdnHCl). The GdnHCl 

concentrations (from bottom to top) were: 0, 1.2, 1.3,  1.5, 1.6, 1.7, 1.8, 

2.0, 2.1, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.5, 3.75, 4.0, 4.25, 4.5 and                    

5.0 M.  
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Figure 3.31. Normalized GdnHCl denaturation curves of ovalbumin (5 μM) in                    

60 mM sodium phosphate buffer, pH 7.4, as studied by MRE222nm 

measurements in the absence (  ) and the presence of 20% ( ) (w/v) 

SHSC. 
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Table 3.12. Characteristics of GdnHCl denaturation of ovalbumin in the absence and the presence of 20% (w/v) SHSC, 

as monitored by MRE222nm measurements 

 

Characteristics Ovalbumin Ovalbumin + 20% (w/v) SHSC 

GdnHCl-induced transition 

 Start-point [M] 

 Mid-point [M] 

 End-point [M] 

 

1.0 ± 0.06  

2.2 ± 0.06 

5.0 ± 0.00 

 

1.6 ± 0.06 

2.5 ± 0.06 

5.0 ± 0.00 

Far-UV CD spectra 

 MRE at 222 nm (deg.cm2.dmol–1)  

          [α-Helical contenta] 

 Native 

 

 

 2.2 M GdnHCl-denatured 

 

 

 

–10,426.6 ± 208 

[~27 ± 0.68%] 

 

–5,579.3 ± 88 

[~11 ± 0.29%] 

 

 

 

–10,632.0 ± 208 

[~27 ± 0.68%] 

 

–7,590.5 ± 125 

[~19 ± 0.42%] 

          
 

                               Each value is expressed as the mean ± SD of three independent experiments. 
                               a Calculated by the method of (Chen et al., 1972). 
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Figure 3.32. Far-UV CD spectra of ovalbumin ( ) and 2.2 M GdnHCl-denatured 

ovalbumin in the absence ( ) and the presence ( ) of 20% (w/v) 

SHSC at pH 7.4. The protein concentration was 5 μM. 
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decrease (46%) in the MRE222nm value, compared to that of the native ovalbumin (Table 

3.12). However, the MRE222nm value of 2.2 M GdnHCl-denatured ovalbumin was 

increased by 17% in the presence of 20% (w/v) SHSC, indicating secondary structure 

stabilization by SHSC (Figure 3.32; Table 3.12). More evidently, the α-helical content of 

ovalbumin decreased from ~27% to ~11% in the presence of 2.2 M GdnHCl, but showed 

significant retention (~19%) in the presence of 20% (w/v) SHSC (Table 3.12). All these 

results were suggestive of the stabilization of ovalbumin against GdnHCl denaturation by 

20% (w/v) SHSC. 

3.2.4. Thermal denaturation of ovalbumin in the absence and the presence of

 SHSC 

 Thermal stabilizing potential of 20% (w/v) SHSC on ovalbumin was studied by               

far-UV CD spectral measurements. Figure 3.33 shows the thermal denaturation curves of 

ovalbumin in the temperature range, 20–95°C, obtained in the absence and the presence 

of 20% (w/v) SHSC. As can be seen from the figure, the thermal transition curve of 

ovalbumin was characterized by the occurrence of the start-, the mid- and the end-points 

at 60°C, 68.5°C and 80°C, respectively (Table 3.13). These results were similar to those 

published earlier on thermal denaturation of ovalbumin using FTIR and far-UV CD 

spectroscopy (Dong et al., 2000). In the presence of 20% (w/v) SHSC, the start-, the                 

mid- and the end-points of the thermal transition curve of ovalbumin were shifted towards 

higher temperatures i.e. 62.5°C, 73.8°C and 87.5°C, respectively (Figure 3.33; Table 

3.13), suggesting thermal stabilization of the ovalbumin by SHSC. 
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Figure 3.33. Thermal denaturation curves of ovalbumin (5 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by MRE222nm measurements in the 

absence (   ) and the presence of 20% ( ) (w/v) SHSC. 
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Table 3.13. Characteristics of thermal denaturation of ovalbumin in the absence 

and the presence of 20% (w/v) SHSC, as monitored by MRE222nm 

measurements 

 

Characteristics Ovalbumin 
Ovalbumin                                      

+ 20% (w/v) SHSC 

Thermal-induced transition 

 Start-point (°C) 

 Mid-point (°C) 

 End-point (°C) 

 

60.0 ± 0.58 

68.5 ± 0.06 

80.0 ± 1.53 

 

62.5 ± 0.29 

73.8 ± 0.21 

87.5 ± 0.50 
          

 

    Each value is expressed as the mean ± SD of three independent experiments. 
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3.3. SHSC-induced stabilization of lysozyme 

 The protein stabilizing effect of SHSC against chemical and thermal denaturations 

of another model protein, lysozyme was investigated using CD and fluorescence 

spectroscopy. 

3.3.1. GdnHCl denaturation of lysozyme in the absence and the presence of SHSC 

 GdnHCl denaturation of lysozyme was studied in the absence and the presence of 

increasing SHSC concentrations, using far-UV CD and Trp fluorescence measurements. 

3.3.1.1. Far-UV CD spectra 

 Figure 3.34 shows the far-UV CD spectra of lysozyme, obtained in the absence and 

the presence of increasing GdnHCl (3.4–5.0 M) concentrations. Due to the coinciding 

nature of the far-UV CD spectra at lower (< 3.4 M) and higher (> 5.0 M) GdnHCl 

concentrations, these spectra are not included in the figure. Moreover, presence of 

GdnHCl increased the signal to noise ratio, which hampered the spectral recording below    

218–220 nm. Presence of the α-helical structure in lysozyme was evident from the 

occurrence of two minima at 208 nm and 222 nm in the far-UV CD spectra (Figure 3.34).  

GdnHCl-induced denaturation of lysozyme can be clearly seen from the gradual decrease 

in the MRE values with increasing GdnHCl concentrations. 

 Figure 3.35 represents FD curves of GdnHCl denaturation of lysozyme in the 

absence and the presence of SHSC, obtained after treating the denaturation data according 

to the procedure described in the section 2.2.6.3. Various characteristics of the transition 

curve of lysozyme in terms of the start-, the mid and the end-points are given in Table 

3.14. As shown in the Figure 3.35, GdnHCl denaturation of lysozyme followed a single-

step, two-state transition, which started at 3.3 M and ended at 5.0 M GdnHCl with the 

mid-point of the transition occurring at 4.0 M GdnHCl (Table 3.14). These results were  
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Figure 3.34. Far-UV CD spectra of lysozyme (10 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.0 in the absence and the presence of increasing 

GdnHCl concentrations (05.0 M GdnHCl). The GdnHCl 

concentrations (from bottom to top) were: 0, 3.4, 3.6, 3.7, 3.8, 3.85, 3.9, 

4.0, 4.1, 4.2, 4.3, 4.4, 4.5, 4.75 and 5.0 M.  
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Figure 3.35. Normalized GdnHCl denaturation curves of lysozyme (10 μM) in 60 

mM sodium phosphate buffer, pH 7.0, as studied by MRE222nm 

measurements in the absence ( ) and the presence of  20% ( ) or 30% 

(  ) (w/v) SHSC. 
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Table 3.14. Characteristics of GdnHCl denaturation of lysozyme in the 

absence and the presence of different SHSC concentrations, as 

monitored by MRE222nm measurements. 

 

 

 

     Each value is expressed as the mean ± SD of three independent experiments.  

 

Protein sample  

GdnHCl-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

Lysozyme 3.3 ± 0.06 4.0 ± 0.05 5.0 ± 0.10 

Lysozyme + 20% (w/v) SHSC 3.5 ± 0.06 4.3 ± 0.06  5.0 ± 0.03 

Lysozyme + 30% (w/v) SHSC 3.9 ± 0.10 4.5 ± 0.10 5.0 ± 0.06 
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similar to those reported by Wu et al. (2008). Presence of different SHSC concentrations 

[20% and 30% (w/v)] significantly shifted the transition curve towards higher GdnHCl 

concentrations, with the start- and the mid-points of the transition occurring at 3.9 M and 

4.5 M GdnHCl, respectively, in the presence of 30% (w/v) SHSC (Figure 3.35; Table 

3.14). Even with 20% (w/v) SHSC, shift in the start- and the mid-points of the transition 

was significant (Figure 3.35; Table 3.14). These results suggested SHSC-induced 

secondary structure stabilization of lysozyme, which was found concentration dependent, 

being more pronounced in the presence of 30% (w/v) SHSC.  

3.3.1.2. Tryptophan fluorescence spectra 

 The stabilizing effect of SHSC on the tertiary structure of lysozyme against 

GdnHCl denaturation was studied using Trp fluorescence spectroscopy. Figure 3.36 

shows the Trp fluorescence spectra of lysozyme in the absence and the presence of 

increasing GdnHCl (3.3–4.8 M) concentrations upon excitation at 295 nm. The 

fluorescence spectra obtained at both extremes of the GdnHCl concentration range                                 

(< 3.3 M and > 4.8 M GdnHCl) are excluded for clarity. The fluorescence spectrum of 

lysozyme showed the emission maxima at 338 nm, suggesting presence of Trp residues 

(Lakowicz, 1999). The fluorescence characteristics of lysozyme were significantly 

affected in the presence of GdnHCl, as a progressive increase in the fluorescence intensity 

along with red shift in the emission maxima were observed with increasing GdnHCl 

concentrations. Such changes in the spectral behavior of lysozyme in the presence of 

GdnHCl indicated tertiary structure disruption of lysozyme.  

 The shift in the emission maxima was used to probe tertiary structural disruption 

of lysozyme induced by GdnHCl. The denaturation data, obtained in the absence and the 

presence of different SHSC concentrations were transformed into FD values according to 

the procedure described above and were plotted against GdnHCl concentration.  
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Figure 3.36. Fluorescence spectra of lysozyme (1 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.0 in the absence and the presence of increasing 

GdnHCl concentrations (0  4.8 M GdnHCl) upon excitation at 295 nm. 

The GdnHCl concentrations (from bottom to top) were: 0, 3.3, 3.45, 

3.55, 3.65, 3.75, 3.85, 3.9, 3.95, 4.0, 4.05, 4.1, 4.15, 4.2, 4.25, 4.3, 4.4, 

4.5 and 4.8 M.  
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Figure 3.37 shows normalized GdnHCl denaturation curves of lysozyme in the absence 

and the presence of 20% and 30% (w/v) SHSC, as studied by the shift in the emission 

maxima of Trp fluorescence. The denaturation curves were found similar to those 

obtained with MRE222nm measurements, showing a single-step, two-state transition 

(Figure 3.35). The small variation in the values of the start-, the mid- and the end-points 

of the transition is commonly observed when using different probes (Hung & Chang, 

2001; Santra et al., 2004; Kishore et al., 2012). The start-, the mid- and the end-points of 

the transition curve of lysozyme were found to be 3.1 M, 4.0 M and 4.8 M GdnHCl, 

respectively (Table 3.15), which were in close agreement with the results published 

earlier (Ong et al., 2009; Arumugam et al., 2010). These transition characteristics were 

changed to 3.8 M, 4.4 M and 4.8 M GdnHCl, respectively, in the presence of 30% (w/v) 

SHSC (Table 3.15). The shift in the transition curve towards higher GdnHCl 

concentration (Figure 3.37) along with an increase in the start- and the mid-point values 

indicated stabilization of lysozyme in the presence of SHSC. 

3.3.2. Characterization of the partially-denatured lysozyme in the absence and the 

 presence of SHSC 

 Far-UV CD, near-UV CD and ANS fluorescence measurements were made to study 

the stabilizing effect of SHSC on the conformation of 4.0 M GdnHCl-denatured 

lysozyme, representing the partially-denatured state at the mid-point of the transition.  

3.3.2.1. Far-UV CD spectra 

 The far-UV CD spectra of 4.0 M GdnHCl-denatured lysozyme in the absence and 

the presence of 20% and 30% (w/v) SHSC could not be recorded below 220 nm due to 

high signal to noise ratio. The far-UV CD spectrum of 4.0 M GdnHCl-denatured 

lysozyme retained the minima at 222 nm but showed a significant (30%) decrease                            

in the MRE222nm value from –11034.9 deg.cm2.dmol–1 (for native lysozyme) to                           
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Figure 3.37. Normalized GdnHCl denaturation curves of lysozyme (1 μM) in 60 mM 

sodium phosphate buffer, pH 7.0, as studied by emission maxima of Trp 

fluorescence measurements upon excitation at 295 nm in the absence 

(   ) and the presence of  20% (  ) or 30% (  ) (w/v) SHSC. 
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Table 3.15. Characteristics of GdnHCl denaturation of lysozyme in the 

absence and the presence of different SHSC concentrations, as 

monitored by tryptophan fluorescence measurements (Emission 

maxima) upon excitation at 295 nm. 

 

 

     Each value is expressed as the mean ± SD of three independent experiments. 

 

Protein sample  

GdnHCl-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

Lysozyme 3.1 ± 0.06 4.0 ± 0.05 4.8 ± 0.05 

Lysozyme + 20% (w/v) SHSC 3.3 ± 0.06 4.2 ± 0.06 4.8 ± 0.03 

Lysozyme + 30% (w/v) SHSC 3.8 ± 0.06 4.4 ± 0.07 4.8 ± 0.06 
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 –7770.7 deg.cm2.dmol–1 (Figure 3.38; Table 3.16), suggesting partial denaturation of 

lysozyme with the loss in the α-helical structure. In contrast, significant retention in the 

MRE222nm value of 4.0 M GdnHCl-denatured lysozyme, showing 17% and 8% decrease, 

was noticed in the presence of 20% and 30% (w/v) SHSC, respectively. These results 

indicated secondary structure stabilization of 4.0 M GdnHCl-denatured lysozyme by 

SHSC (Figure 3.38; Table 3.16).  

The calculation of the α-helical content from the MRE222nm value showed ~29%                 

α-helical content in the native lysozyme, which was in agreement with a previous report 

(Chen et al., 1972). The α-helical content was decreased to ~18% in 4.0 M                           

GdnHCl-denatured lysozyme (Table 3.16), but significant retention of the α-helical 

structure i.e. ~22% and ~26%, observed in the presence of 20% and 30% (w/v) SHSC, 

respectively, clearly suggested protein’s secondary structure stabilization. 

3.3.2.2. Near-UV CD spectra 

The tertiary structure stabilization of 4.0 M GdnHCl-denatured lysozyme was 

evident from the near-UV CD spectral results (Figure 3.39). The near-UV CD spectrum 

of the native lysozyme was characterized by the presence of three major peaks around 

282 nm, 288 nm and 294 nm along with a few minor peaks in the wavelength range,                  

255–270 nm (Figure 3.39). The spectral features of the native lysozyme were similar to 

those reported earlier (Barnes et al., 1972) and can be attributed to the presence of 

aromatic chromophores and disulphide bonds in the native protein (Kelly et al., 2005). 

The MRE values at the above three wavelengths were significantly reduced in                                     

4.0 M GdnHCl-denatured lysozyme, while an increase in the MRE values was noticed in 

the wavelength range, 255–270 nm (Figure 3.39; Table 3.16). These results were 

suggestive of partial denaturation of the enzyme with loss in its tertiary structure. 

Surprisingly, the MRE values of all three major peaks showed significant increase,  
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Figure 3.38. Far-UV CD spectra of lysozyme ( ) and 4.0 M GdnHCl-denatured 

lysozyme in the absence ( ) and the presence of 20% ( ) or 30% 

( ) (w/v) SHSC at pH 7.0. The protein concentration was 10 μM.   
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Table 3.16. Spectral characteristics of lysozyme under various experimental conditions, as monitored by different probes. 

  

Spectral characteristics 
Native    

lysozyme 

4.0 M GdnHCl-

denatured lysozyme 

4.0 M GdnHCl-

denatured lysozyme 

+ 20% (w/v) SHSC 

4.0 M GdnHCl-

denatured lysozyme 

+ 30% (w/v) SHSC 

Far-UV CD spectra 

‒ MRE at 222 nm (deg.cm2.dmol–1) 

‒ α-Helical contenta 

 

–11,034.9 ± 280 

~29 ± 0.6% 

 

–7,770.7 ± 107 

~18 ± 0.7% 

 

–9,125.3 ± 150 

~22 ± 0.8% 

 

–10,156.3 ± 207 

~26 ± 0.5% 

Near-UV CD spectra 

‒ MRE at 282 nm (deg.cm2.dmol–1) 

‒ MRE at 288 nm (deg.cm2.dmol–1) 

‒ MRE at 294 nm (deg.cm2.dmol–1) 

 

2,498.8 ± 62 

3,232.7 ± 80 

2,192.6 ± 55 

 

1,310.3 ± 20 

1,699.7 ± 26 

745.6 ± 11 

 

2,459.0 ± 47 

2,763.6 ± 55 

1,280.3 ± 26 

  

NDb 

NDb   

NDb   

ANS fluorescence spectra 

‒ Fluorescence intensity at 524 nm 

 

76.2 ± 4 

 

103.2 ± 5 

 

92.0 ± 3 

 

86.6 ± 2 

 

                   Each value is expressed as the mean ± SD of three independent experiments. 

                   a Calculated by the method of Chen et al. (1972). 
                   b ND = Not determined. Univ
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Figure 3.39. Near-UV CD spectra of lysozyme ( ) and 4.0 M GdnHCl-denatured 

lysozyme in the absence ( ) and the presence ( ) of 20% (w/v) 

SHSC at pH 7.0. The protein concentration was 25 μM.   
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approaching native characteristics in the presence of 20% (w/v) SHSC (Table 3.16). 

Similarly, improvement in the MRE values in the wavelength range, 255–270 nm was 

also noticed in the presence of 20% (w/v) SHSC (Figure 3.39). Both these results 

suggested tertiary structure stabilization of 4.0 M GdnHCl-denatured lysozyme induced 

by SHSC. The near-UV CD spectrum of 4.0 M GdnHCl-denatured lysozyme could not 

be recorded in the presence of 30% (w/v) SHSC due to high signal to noise ratio 

throughout the wavelength range, 250–300 nm.  

3.3.2.3. ANS fluorescence spectra 

Figure 3.40 shows ANS fluorescence spectra of 4.0 M GdnHCl-denatured 

lysozyme in the absence and the presence of 20% and 30% (w/v) SHSC. ANS 

fluorescence spectrum of the native lysozyme is also included for comparison. As evident 

from the figure, ANS fluorescence spectrum of the native lysozyme showed an emission 

maximum at 524 nm upon excitation at 380 nm, which was similar to the one published 

earlier (Samuel et al., 2000). The small value of the ANS fluorescence intensity (~76), 

observed with the native lysozyme indicated lesser surface hydrophobicity due to burial 

of hydrophobic residues in the protein interior (Samuel et al., 2000). However, significant 

increase (35%) in the ANS fluorescence intensity was observed in the presence of                             

4.0 M GdnHCl, demonstrating greater exposure of the hydrophobic regions due to tertiary 

structural alteration. Similar increase in the ANS fluorescence intensity has also been 

noticed in the urea-denatured lysozyme (Sugahara et al., 2002). Interestingly,                           

4.0 M GdnHCl-denatured lysozyme showed only 21% and 14% increase in the ANS 

fluorescence intensity in the presence of 20% and 30% (w/v) SHSC, respectively (Figure 

3.40; Table 3.16). These results suggested lesser exposure of the hydrophobic regions in 

the protein and were consistent with the near-UV CD spectral results, showing retention 

of the folded structure in 4.0 M GdnHCl-denatured lysozyme in the presence of SHSC. 
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Figure 3.40. ANS fluorescence spectra of lysozyme ( ) and 4.0 M GdnHCl-

denatured lysozyme in the absence ( ) and the presence of 20% 

( ) or 30% ( ) (w/v) SHSC at pH 7.0. The protein concentration 

was 1.0 μM while the ANS concentration was set as 100 μM. 
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3.3.3. Thermal denaturation of lysozyme in the absence and the presence of SHSC 

 Figure 3.41 shows the normalized thermal denaturation curves of lysozyme in the 

absence and the presence of 20% and 30% (w/v) SHSC, as monitored by MRE222nm 

measurements. Thermal denaturation of lysozyme was also found to follow a single-step 

transition (Figure 3.41), which started at 60°C and completed at 90°C with the mid-point 

of the transition (Tm), occurring at 72°C (Table 3.17). Thermal transition curve of 

lysozyme shown in Figure 3.41 was in agreement with a previous report (Yamamoto et 

al., 2006). Interestingly, greater thermal stability of lysozyme was observed in the 

presence of 20% and 30% (w/v) SHSC, as the thermal denaturation curve was shifted 

towards higher temperature range in the presence of SHSC. For example, the start- and 

the mid-points of the transition curve increased from 60°C and 72°C (for lysozyme) to 

66°C and 78°C, respectively, in the presence of 30% (w/v) SHSC (Table 3.17). The shift 

in the transition curve of lysozyme in the presence of SHSC was also found to be 

concentration dependent, as observed in GdnHCl denaturation experiments, suggesting 

thermal stabilization of lysozyme by SHSC. 

 Thermal stabilizing effect of SHSC on lysozyme at 72°C was also recognized from 

the far-UV CD spectra of the heat-denatured (72°C) lysozyme, obtained in the absence 

and the presence of SHSC (Figure 3.42).  A comparison of the spectra, obtained at 25°C 

and 72°C showed significant reduction in the MRE222nm value from –11034.9 (25°C) to 

–7684.9 deg.cm2.dmol–1 (72°C) (Table 3.17), indicating loss in the secondary structure 

of lysozyme. This was more evident from the calculation of the α-helical content, which 

showed 11% loss of the α-helical content at 72°C (Table 3.17). Due to high signal to 

noise ratio, far-UV CD spectra could not be recorded below 220 nm. Presence of 20% 

and 30% (w/v) SHSC in the incubation mixture prevented the loss in the secondary 

structure to a significant extent, as the MRE222nm values of lysozyme at 72°C were found 

to be significantly higher than those obtained in the absence of SHSC (Table 3.17). The  
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Figure 3.41. Normalized thermal denaturation curves of lysozyme (10 μM)  in         

60 mM sodium phosphate buffer, pH 7.0, as studied by MRE222nm 

measurements in the absence (   ) and the presence of  20% ( ) or 

30% (  ) (w/v) SHSC. 
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Table 3.17. Characteristics of thermal denaturation of lysozyme in the absence and the presence of 20% or 

30% (w/v) SHSC, as monitored by MRE222nm measurements. 

 

 Characteristics Lysozyme 
Lysozyme 

+ 20% (w/v) SHSC 

Lysozyme 

+ 30% (w/v) SHSC 

Thermal-induced transition 

– Start-point (°C) 

– Mid-point (°C) 

– End-point (°C) 

 

60 ± 0.6 

72 ± 0.5 

90 ± 0.6 

 

62 ± 0.6 

76 ± 0.4 

90 ± 0.6 

 

66 ± 1.0 

78 ± 0.2 

90 ± 0.3 

Far-UV CD spectra 

 MRE at 222 nm (deg.cm2.dmol–1)  

          [α-Helical contenta] 

 25°C 

 

 

 72°C 

 

 

 

 

–11,034.9 ± 210 

[~29 ± 0.6%] 

 

–7,684.9 ± 150 

[~18 ± 0.5%] 

 

 

 

–10,979.0 ± 190 

[~29 ± 0.6%] 

 

–8,598.9 ± 118 

[~21 ± 0.4%] 

 

 

 

–10,972.7 ± 150 

[~29 ± 0.6%] 

 

–9,349.5 ± 225 

[~23 ± 0.4%] 
 

        Each value is expressed as the mean ± SD of three independent experiments.                             

            a Calculated by the method of Chen et al. (1972).
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Figure 3.42. Far-UV CD spectra of lysozyme at 25°C ( ) and 72°C in the absence 

( ) and the presence of 20% ( ) or 30% ( ) (w/v) SHSC at pH 

7.0. The protein concentration was 10 μM. 
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calculated values of the α-helical content also showed an increase from ~18% (for 

lysozyme at 72°C) to ~21% and ~23% in the presence of 20% and 30% (w/v) SHSC, 

respectively, suggesting thermal stabilization of lysozyme by SHSC (Table 3.17). 
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3.4. Honey-induced protein stabilization 

 Honey contains several other compounds such as flavonoids, polyphenols, 

vitamins, minerals and amino acids in addition to sugars, which may contribute towards 

protein stabilizing potential of honey. Hence, protein stabilization studies were also made 

in the presence of honey, using BSA as the model protein. 

3.4.1. Honey interference with protein’s intrinsic fluorescence 

 Figure 3.43 shows the effect of increasing honey concentrations on the intrinsic 

fluorescence spectrum of BSA (2 µM) upon excitation at 280 nm. The top spectrum 

shown in the figure represents the fluorescence spectrum of BSA in the absence of honey. 

The spectrum was characterized by the presence of an emission maxima at 341 nm, which 

was in agreement with previous reports (Khan et al., 1987; Kumaran & Ramamurthy, 

2011). Addition of increasing concentrations of honey [0.15–15% (w/v)] to BSA 

produced a concentration dependent decrease in the fluorescence intensity (Figure 3.43). 

However, the emission maxima remained unaltered in the presence of honey. Absolute 

quenching of the protein fluorescence was observed in the presence of 5% (w/v) honey. 

Interestingly, the pure honey sample (without BSA) also produced the fluorescence 

spectra in the same wavelength range upon excitation at 280 nm (inset of Figure 3.43), 

which can be ascribed to the presence of proteins or aromatic amino acids in the honey 

sample (Bogdanov et al., 2008). Approximately 0.5% (w/v) of the total honey weight 

constitutes proteins and amino acids in different honey samples (Bogdanov et al., 2008). 

Although, the magnitude of the fluorescence intensity observed with the pure honey 

sample was found to be much smaller (~5%) than that of BSA, a similar decrease in the 

fluorescence intensity was also observed upon increasing the concentration of the honey 

present in the sample (inset of Figure 3.43). Since the fluorescence spectra of BSA in the 

presence of different honey concentrations shown in Figure 3.43 were obtained after  
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Figure 3.43. Fluorescence spectra of BSA (2 μM), obtained in 60 mM sodium 

phosphate buffer, pH 7.4 in the absence and the presence of increasing 

honey concentrations (0–15%, w/v honey) upon excitation at 280 nm. 

The honey concentrations (from top to bottom) were: 0, 0.15, 0.25, 

0.35, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.5 and 15.0% (w/v). Inset 

shows fluorescence spectra of honey with increasing concentrations as 

1.0, 2.0, 3.0, 4.0, 5.5, 7.5, 10 and 15% (w/v) upon excitation at                         

280 nm. 
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subtracting the fluorescence spectra produced by honey alone, the fluorescence 

contribution from the proteins present in the honey can be ruled out. 

 A quantitative evaluation of the influence of honey on the BSA fluorescence was 

made by transforming the fluorescence intensity values of BSA at 341 nm, obtained in 

various honey concentrations into relative fluorescence intensity by taking the 

fluorescence intensity of BSA (without honey) at 341 nm as 100. Figure 3.44 shows the 

variation in the relative fluorescence intensity of BSA at 341 nm with increasing honey 

concentrations. A drastic decrease in the fluorescence intensity was observed over the                 

0–1.5% (w/v) honey concentration range. An approximate 82% decrease in the relative 

fluorescence intensity at 341 nm was noted in the presence of 1.5% (w/v) honey. A further 

small decrease in the relative fluorescence intensity was observed up to 4% (w/v) honey. 

The complete quenching of the fluorescence intensity was achieved at 5% (w/v) honey 

and any further increase in the honey concentration up to 15% (w/v) did not show any 

recovery in the fluorescence intensity. Increasing the protein concentration to 5 µM failed 

to produce any significant change in the fluorescence quenching behaviour of honey as 

the fluorescence quenching curve superimposed the data obtained with 2 µM BSA. 

However, slightly weaker quenching was noted with 5 µM protein over a similar honey 

concentration range. Such a remarkable quenching effect of honey on BSA fluorescence 

can be ascribed to the presence of a vast variety of substances including polyphenolic 

compounds, minerals and vitamins in the honey samples (Bogdanov et al., 2008), which 

might have acted as protein fluorescence quenchers. This seems to be feasible because 

several polyphenolic compounds, flavonoids and vitamins, which are commonly found 

in honey, i.e., caffeic acid, galangin, kaempferol, naringenin, rutin, quercetin, vitamin B2 

(riboflavin), vitamin C (ascorbic acid) and vitamin K (Andrade et al., 1997; Bogdanov et 

al., 2008; Kaškonienė et al., 2009) have shown a fluorescence quenching effect on serum  
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Figure 3.44. Plot showing variation in the relative fluorescence intensity at 341 nm 

of 2 µM ( ) and 5 µM ( ) BSA with increasing honey concentrations 

upon excitation at 280 nm. Inset shows the decrease in the relative 

fluorescence intensity of 5.0 µM BSA at 341 nm ( ) and 5.0 µM 

ovalbumin at 336 nm ( ) with increasing honey concentrations upon 

excitation at 280 nm. 
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albumin (Papadopoulou et al., 2005; Shaikh et al., 2007; Wang et al., 2008; Fu et al., 

2012; Skrt et al., 2012; Li et al., 2014). Similar quenching effect produced by honey on 

the fluorescence of BSA was also observed with ovalbumin (inset of Figure 3.44). These 

results suggested that the quenching effect was not specific towards BSA, but was 

common to other proteins including ovalbumin. Presence of such quenchers in the honey 

was also evident from the inset of Figure 3.43, showing marked quenching effect of the 

honey samples at higher concentrations, producing complete quenching at 15% (w/v) 

honey. In view of this, the intrinsic fluorescence of a protein cannot be used as a probe to 

study protein denaturation / stabilization in the presence of honey. 

 To further validate the conclusion that intrinsic fluorescence of proteins is not a 

suitable probe to study protein denaturation / stabilization in the presence of honey, urea 

denaturation of BSA was studied both in the absence and the presence of 5% (w/v) honey, 

using intrinsic fluorescence signal at 341 nm. Figure 3.45 shows urea denaturation 

profiles of BSA, obtained by using the intrinsic fluorescence signal at 341 nm at different 

urea concentrations in the absence and the presence of 5% (w/v) honey. The urea 

denaturation profile of BSA, obtained in the absence of honey matched closely with the 

urea denaturation results studied earlier by different groups, showing a two-step, three-

state transition with the start- and the end-points occurring at 2.0 M and 7.75 M urea, 

respectively, along with the accumulation of an intermediate around 4.5–5.0 M urea 

(Ahmad & Qasim, 1995; Tayyab et al., 2000; Tayyab et al., 2002). In contrast, urea 

denaturation of BSA in the presence of 5% (w/v) honey produced a small fluorescence 

signal (~200) compared to ~3200, obtained in the absence of honey, which remained 

constant throughout the urea concentration range without showing any transition. Hence, 

these results suggested that the intrinsic fluorescence of proteins cannot be used as a probe 

to study protein denaturation / stabilization in the presence of honey.  Other probes such 

  

Univ
ers

ity
 of

 M
ala

ya



161 

 

 

 

 

 

  

Figure 3.45. Plot showing urea denaturation curves of  BSA (2 µM ) in 60 mM 

sodium phosphate buffer, pH 7.4,  as studied by intrinsic fluorescence 

measurements at 341 nm upon excitation at 280 nm in the absence (  ) 

and the presence (  ) of 5% (w/v) honey. 
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as far-UV CD spectral signal or ANS fluorescence may be more suitable to study protein 

denaturation / stabilization in the presence of honey. 

3.4.2  Honey versus SHSC-induced protein stabilization 

 A comparative analysis of the protein stabilizing effect of honey versus SHSC was 

made using a model protein, BSA against chemical and thermal denaturations. 

3.4.2.1.  Urea denaturation of BSA in the absence and the presence of honey or SHSC  

 Far-UV CD and ANS fluorescence spectral measurements were employed to study 

urea denaturation of BSA in the absence and the presence of honey / SHSC. 

i. Far-UV CD spectra: Information about honey / SHSC-induced secondary structure 

stabilization of BSA was obtained from the far-UV CD spectral results. Figure 3.46 shows 

normalized urea denaturation curves of BSA, obtained in the absence and the presence of 

20% (w/v) SHSC or honey, as monitored by MRE222nm measurements. As discussed 

earlier in the section 3.1.1.1, presence of 20% (w/v) SHSC transformed the two-step, 

three-state urea transition of BSA into a single-step, two-state transition along with 

abolishment of the intermediate state (Figure 3.46). Furthermore, the whole transition 

curve was shifted towards higher urea concentrations in the presence of 20% (w/v) SHSC. 

Both shift in the transition curve towards higher urea concentrations, as reflected from 

the increase in the start-point from 2.0 M (for BSA) to 3.6 M urea [in the presence of 20% 

(w/v) SHSC] and abolishment of the intermediate (Table 3.18; Figure 3.46) clearly 

demonstrated SHSC-induced protein stabilization.  

As envisioned, stability of BSA against urea denaturation was greatly enhanced in 

the presence of 20% (w/v) honey, as the denaturation curve showed a more pronounced 

shift towards higher urea concentrations compared to that obtained in the presence of 20% 

(w/v) SHSC (Figure 3.46). Unequivocally, the start- and the mid-points of the transition 
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Figure 3.46. Normalized urea denaturation curves of BSA (2 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by MRE222nm measurements in the 

absence (  ) and the presence of 20% (w/v) SHSC (  ) or honey ( ). 
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Table 3.18. Characteristics of urea denaturation of BSA in the absence and the 

presence of 20% (w/v) SHSC or honey, as monitored by MRE222nm 

measurements. 

 

    Each value is expressed as the mean ± SD of three independent experiments. 

 
 
 

 

  

Protein sample  

Urea-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

BSA 

 First transition 

 Second transition 

 

2.0 ± 0.06 

5.0 ± 0.06  

 

3.6 ± 0.07 

6.1 ± 0.08 

 

4.6 ± 0.06 

9.3 ± 0.06 

BSA + 20% (w/v) SHSC 3.6 ± 0.06  5.5 ± 0.06 9.3 ± 0.00 

BSA + 20% (w/v) Honey 4.9 ± 0.06 6.9 ± 0.09 9.3 ± 0.00 
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curve were greatly shifted to 4.9 M and 6.9 M urea, respectively, in the presence of                      

20% (w/v) honey, compared to 3.6 M and 5.5 M urea, obtained with 20% (w/v) SHSC 

(Table 3.18). These results clearly suggested greater protein stabilizing potential of honey 

than SHSC. 

ii. ANS fluorescence spectra: Information about protein’s tertiary structure stabilization 

in the presence of honey / SHSC was obtained from ANS fluorescence spectral results. 

Figure 3.47 shows normalized urea denaturation curves of BSA, obtained in the absence 

and the presence of 20% (w/v) SHSC or honey, as monitored by ANS fluorescence 

measurements at 470 nm upon excitation at 380 nm. As can be seen from the Figure 3.47, 

urea denaturation of BSA showed a two-step, three-state transition, with the start- and 

the end-points occurring at 1.0 M and 8.0 M urea, respectively (Table 3.19), along with 

an intermediate centered around 4.0–4.25 M urea. Several earlier reports have shown 

single-step urea transition of serum albumin with ANS fluorescence (Hayakawa et al., 

1992; Muzammil et al., 2000a). The possible reason for the failure in detecting the 

intermediate in earlier studies seems to be the selection of relatively larger urea 

concentration interval in denaturation experiments. The urea transition characteristics 

showed an early transition with ANS fluorescence measurements (Table 3.19) compared 

to that obtained with MRE222nm measurements (Table 3.18). Such differences in the 

transition characteristics were not unusual and have been reported in the literature with 

different probes (Santra et al., 2004; Kishore et al., 2012). The transition became a single-

step transition and was shifted towards higher urea concentrations in the presence of                  

20% (w/v) SHSC or honey, being more pronounced in the presence of 20% (w/v) honey. 

This was reflected from the shift in the start- and the mid-points of the transition curve to            

5.0 M and 6.5 M urea, respectively, in the presence of 20% (w/v) honey compared to                 

2.0 M and 4.8 M urea, respectively, observed in the presence of 20% (w/v) SHSC (Table 

3.19). These results further advocated greater stabilization of BSA in the presence of  
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Figure 3.47. Normalized urea denaturation curves of BSA in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by ANS fluorescence measurements 

at 470 nm upon excitation at 380 nm in the absence (  ) and the 

presence of 20% (w/v) SHSC (  ) or honey ( ). The protein 

concentration was 1.5 μM while the ANS concentration was set as                      

75 μM.  
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Table 3.19. Characteristics of urea denaturation of BSA in the absence and the 

presence of 20% (w/v) SHSC or honey, as monitored by ANS 

fluorescence measurements at 470 nm upon excitation at 380 nm. 

 

    Each value is expressed as the mean ± SD of three independent experiments. 

Protein sample  

Urea-induced transition 

Start-point 

[M] 

Mid-point 

[M] 

End-point 

[M] 

BSA 

 First transition 

 Second transition 

 

1.0 ± 0.06 

4.25 ± 0.06 

 

2.9 ± 0.03 

5.1 ± 0.04 

 

4.0 ± 0.06 

8.0 ± 0.14 

BSA + 20% (w/v) SHSC 2.0 ± 0.06 4.8 ± 0.04 8.0 ± 0.06 

BSA + 20% (w/v) Honey 5.0 ± 0.14 6.5 ± 0.02 8.0 ± 0.00 
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 20% (w/v) honey, compared to 20% (w/v) SHSC. 

3.4.2.2. Characterization of the partially-denatured BSA in the absence and the 

 presence of SHSC or honey  

 A comparison of the protein stabilizing potentials of SHSC and honey was also 

made using the partially-denatured BSA, obtained in the presence of 4.6 M urea and 

studying its far-UV CD spectral characteristics in the absence and the presence of                          

20% (w/v) SHSC or honey. The far-UV CD spectra of the native BSA and 4.6 M                                   

urea-denatured BSA in the absence and the presence of 20% (w/v) SHSC or honey are 

given in Figure 3.48. The far-UV CD spectral features of the native BSA and 4.6 M                           

urea-denatured BSA were found similar to those described above (Figure 3.7; Table 3.4). 

As can be seen from the Figure 3.48, the spectral signal at 208 nm of the                                   

partially-denatured BSA in the absence and the presence of SHSC or honey could not be 

detected due to high signal to noise ratio below 215 nm. Although addition of 20% (w/v) 

SHSC to 4.6 M urea-denatured BSA produced a significant increase in its MRE222nm value 

from –11,923.1 deg.cm2.dmol–1 to –15,188.4 deg.cm2.dmol–1, spectral overlap and an 

MRE222nm value (–19,925.1 deg.cm2.dmol–1) comparable to that of the native BSA                                                             

(–19,988.7 deg.cm2.dmol–1) were achieved in the presence of 20% (w/v) honey (Figure 

3.48). Furthermore, both native BSA and 4.6 M urea-denatured BSA in the presence of 

20% (w/v) honey were found to possess similar (~58%) α-helical content. These results 

proved that 20% (w/v) honey was sufficient to maintain the native protein conformation 

of BSA even in the presence of 4.6 M urea, which was otherwise not possible with 20% 

(w/v) SHSC. 
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Figure 3.48. Far-UV CD spectra of BSA ( ) and 4.6 M urea-denatured BSA in the 

absence ( ) and the presence of 20% (w/v) SHSC ( ) or honey 

( ) at pH 7.4. The protein concentration was 2 μM.  
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3.4.2.3. Thermal denaturation of BSA in the absence and the presence of honey or 

 SHSC 

Thermal stabilizing potentials of SHSC and honey on BSA were compared using      

far-UV CD spectroscopy. Figure 3.49 shows thermal denaturation curves of BSA in the 

absence and the presence of 20% (w/v) SHSC or honey, as monitored by MRE222nm 

measurements. The thermal denaturation curves of BSA in the absence and the presence 

of 20% (w/v) SHSC were similar to those described in the section 3.1.4 (Figure 3.17), 

showing a shift in the transition towards higher temperature range in the presence of 

SHSC. Interestingly, degree of thermal stabilization of BSA offered by 20% (w/v) honey 

was found greater than that observed in the presence of 20% (w/v) SHSC at all 

temperatures, as denaturation was further delayed, showing major structural changes 

beyond 70°C (Figure 3.49).  

Figure 3.50 shows the far-UV CD spectra of BSA, obtained at 65°C in the absence 

and the presence of 20% (w/v) SHSC or honey. The far-UV CD spectrum of the native 

BSA at 25°C is also included in the figure for comparison. Similar to that shown in Figure 

3.18, about 36% decrease in the MRE222nm value (24% decrease in the α-helical content) 

of BSA was observed at 65°C, compared to the characteristics (MRE222nm=  –19,963.2 

deg.cm2.dmol–1; α-helix= ~58%) of the native BSA at 25°C. In accordance with the 

results shown in the section 3.1.4, such loss in the secondary structure was partially 

reverted (representing 20% and 13% decrease in the MRE222nm value and the α-helical 

content, respectively) in the presence of 20% (w/v) SHSC, suggesting SHSC-induced 

protein stabilization. On the other hand, greater protein stabilization was noticed in the 

presence of 20% (w/v) honey as the MRE222nm value (–17,493.8 deg.cm2.dmol–1) and the 

α-helical content (~50%) showed only 12% and 8% decrease, respectively, from those  
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Figure 3.49. Thermal denaturation curves of BSA (2 μM) in 60 mM sodium 

phosphate buffer, pH 7.4, as studied by MRE222nm measurements in the 

absence (  ) and the presence of 20% (w/v) SHSC (  ) or honey 

(  ). 
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Figure 3.50. Far-UV CD spectra of BSA at 25°C ( ) and 65°C in the absence 

( ) and the presence of 20% (w/v) SHSC ( ) or honey ( ) at 

pH 7.4. The protein concentration was 2 μM. 
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obtained with the native BSA (Figure 3.50). These results also supported greater thermal 

stabilizing potential of honey on BSA, compared to SHSC. 

Although SHSC was formulated using the same sugar composition as that found in 

the honey, nonetheless, presence of several additional compounds (amino acids and 

proteins (~500 mg%), flavonoids and polyphenolic compounds (~50 mg%), minerals 

(~200 mg%) and vitamins (~5 mg%) (Bogdanov et al., 2008) in honey would have 

contributed to the greater protein stabilizing potential of honey. This is supported by 

various reports, suggesting protein stabilizing effects of amino acids, flavonoids and 

polyphenolic compounds etc (Taneja & Ahmad, 1994; Rawel et al., 2002; Ozdal et al., 

2013). 
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3.5. Honey / SHSC-induced protein stabilization mechanism 

 Many studies have shown the stabilizing potential of sugars (mono-, di- and 

trisaccharides) on proteins against different denaturing conditions, particularly, thermal 

denaturation (Baier & McClements, 2001; Miroliaei & Nemat-Gorgani, 2001; Kaushik 

& Bhat, 2003; Gheibi et al., 2006; Miroliaei et al., 2007; Poddar et al., 2008; Bellavia et 

al., 2009; Naika et al., 2009; Yadav & Prakash, 2009; Singh et al., 2011). Several 

mechanisms have been proposed in support of sugar-induced protein stabilization 

(Gerlsma, 1968; 1970; Back et al., 1979; Lee & Timasheff, 1981; Arakawa & Timasheff, 

1982; Bolen & Baskakov, 2001). However, no single mechanism can be generalized to 

explain the protein stabilization phenomenon in the presence of sugars. 

 According to Timasheff and his group (Lee & Timasheff, 1981; Arakawa & 

Timasheff, 1982; 1985; Lin & Timasheff, 1996; Timasheff, 2002), sugar-induced protein 

stabilization can be explained on the basis of ‘preferential hydration’ of protein, which is 

noted to be a common feature in the presence of sugars, irrespective of the kind of protein 

and solvent conditions (Arakawa & Timasheff, 1982). The preferential hydration of a 

protein implies that either the concentration of sugars in the vicinity of protein is less 

compared to that available in the bulk solvent or it is totally excluded (Lee & Timasheff, 

1981). This can be understood from Figure 3.51, showing preferential interactions, which 

include preferential binding of the co-solute or its preferential exclusion (preferential 

hydration) from the protein surface (Timasheff, 2002). As shown in the figure, upon 

addition of co-solute (sugar) into the solution, the co-solute either binds to the protein 

surface, manifesting ‘preferential binding’ or excluded from the protein surface 

(preferential exclusion). Preferential binding of co-solute may lead to preferential 

exclusion of water. Similarly, preferential exclusion of co-solute may result in 

preferential hydration of proteins. However, the experimental results from Timasheff and 

his group indicated that the sugar molecules are preferentially excluded from the protein  
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Figure 3.51. Molecular distribution of water and co-solutes in the preferential 

interactions. Different symbols used are water (  ) and co-solute (  ) 

molecules.  
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surface, thus supporting the preferential exclusion / preferential hydration phenomena 

(Lee & Timasheff, 1981). Addition of sugars to protein solution increases the surface 

tension of water and are therefore, preferentially excluded from the protein surface, thus 

manifesting preferential hydration of protein (Arakawa & Timasheff, 1985). Besides, 

steric repulsions may result in a little volume fraction occupied by sugar molecules at the 

protein surface and further contribute to the preferential hydration (Bhat & Timasheff, 

1992; Xie & Timasheff, 1997).   

 The preferential hydration of proteins in the presence of sugars signifies that 

addition of sugars to a protein solution is an unfavourable process, characterized by a 

positive free energy change (Arakawa & Timasheff, 1982). This positive free energy 

change is assumed to be higher in the denatured state of the protein due to greater surface 

area, compared to its native counterpart (Timasheff et al., 1976; Arakawa & Timasheff, 

1982). In other words, sugar-protein interactions are thermodynamically more 

unfavourable in the denatured state than the native state of the protein (Arakawa & 

Timasheff, 1982). Hence, the equilibrium between the native and the denatured states of 

a protein would have shifted towards its native state, thus favouring protein stabilization 

(Lee & Timasheff, 1981).  

 To understand the thermodynamic stabilization of a protein in the presence of 

sugars, thermodynamic cycle of the native and the denatured states of the protein in the 

absence and the presence of co-solute (sugar) is shown in Figure 3.52. The free energy 

changes for the transformation of the protein from its native state to the denatured state 

in water and the sugar solution are marked as ∆G1 and ∆G4, respectively, while ∆G3 and 

∆G2 represent free energy change for the transfer reactions of the native and the denatured 

states of a protein from water to sugar solution, respectively. Since the conformation of 

the native state and the denatured state of the protein remains identical in the absence and  
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Figure 3.52. Scheme showing thermodynamic cycle of the native (N) and the 

denatured (D) states of a protein in the absence and the presence of 

sugars. (Adapted from Arakawa and Timasheff, 1982) 
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the presence of sugars, hence, ∆G1 + ∆G2 should be equal to ∆G3 + ∆G4. However, ∆G2 

will be higher than ∆G3 due to greater increase in the positive chemical potential of the 

denatured state in the presence of sugar, thus leading to ∆G1 < ∆G4. This phenomenon 

can be better visualized from the relative free energy diagram for the transfer reactions of 

the native and the denatured states of a protein from water to sugar solution, as shown in 

Figure 3.53. Hence, the equilibrium will shift towards the native state in the presence of 

sugar, favouring protein stabilization. 

 In accordance to Timasheff’s mechanism, Bolen and co-workers (Liu & Bolen, 

1995; Qu et al., 1998; Bolen & Baskakov, 2001) have also suggested an increase in the 

Gibbs free energy of the protein molecule in the presence of osmolytes (sugars). However, 

according to them, the chemical origin of the increase in the Gibbs free energy in both 

native and denatured states of a protein in the presence of osmolytes lies in the 

unfavourable (solvophobic) interactions between the osmolytes and the polypeptide 

backbone, which is termed as ‘osmophobic effect’ (Liu & Bolen, 1995; Bolen & 

Baskakov, 2001). In view of the greatly exposed polypeptide backbone structure in the 

denatured state of a protein, this osmophobic effect would be more pronounced, thus 

increase in the Gibbs free energy of the denatured state would be far greater than its native 

counterpart (Qu et al., 1998; Bolen & Baskakov, 2001). Hence, addition of osmolytes 

would have favoured the native state of the protein due to the displacement of the 

equilibrium between the native and the denatured states of the protein towards the native 

state (Qu et al., 1998; Bolen & Baskakov, 2001).  

 Smith and co-workers (Back et al., 1979) have conceived the idea of protein 

stabilization by sugars through alteration in the water structure, which in turn determines 

the strength of the hydrophobic interactions. Presence of sugars in the solvent would have 

changed the solvent properties in the vicinity of the protein molecule, leading to stronger  
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Figure 3.53. Relative free energy diagram for the transfer reactions of the native and 

the denatured states of a protein from water to sugar solution. Nwater and 

Dwater represent native and denatured states of a protein in water, 

respectively, while Nsugar and Dsugar are the native and denatured states 

of the protein in sugar solution, respectively. (Adapted from Qu et al., 

1998) 
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hydrophobic interactions in the protein (Back et al., 1979). This change in the solvent 

properties would have also been responsible for reducing the hydrogen rupturing potency 

of surrounding water molecules in the vicinity of the protein, thus leading to protein 

stabilization (Gerlsma, 1970). This seems reasonable as water molecules connect 

different sugar molecules to each other as well as to the protein surface via hydrogen 

bonds, forming a water‒mediated hydrogen bond network (Cottone et al., 2002; Cottone, 

2007). This hydrogen bond network renders the interaction between the protein and the 

water molecules less favourable as compared to that in the absence of sugar. In view of 

the above, water molecules are hindered from penetrating the protein interior and 

breaking the internal hydrogen bonds (Schiffer et al., 1995). Besides, this network also 

hinders the water molecules at the protein surface from breaking the surface hydrogen 

bonds formed between the surface polar residues. 

 Since SHSC / honey represents a mixture of sugars, mainly fructose and glucose, 

presence of SHSC / honey would have displaced the equilibrium between the native and 

the denatured states of a protein towards the native state through both preferential 

hydration as well as osmophobic effect, as described by Timasheff (Lee & Timasheff, 

1981; Arakawa & Timasheff, 1982; 1985; Lin & Timasheff, 1996; Timasheff, 2002) and 

Bolen (Liu & Bolen, 1995; Qu et al., 1998; Bolen & Baskakov, 2001), respectively. 

Furthermore, an increase in the hydrophobic interactions in the protein and reduced 

hydrogen bond rupturing potency of surrounding water molecules could have also played 

a role in maintaining native structure of the protein. 

 An earlier report (Poddar et al., 2008) has shown greater stabilizing effect of 

equimolar mixture of monosaccharide constituents of various disaccharides than that 

observed with the respective disaccharides. In other words, protein stabilizing potential 

of monosaccharide mixtures has been suggested as additive and synergistic. A molecular 
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simulation study has also supported synergistic protein stabilizing effect of 

monosaccharide mixtures. Cluster formation involving monosaccharide mixtures through 

short-range interactions, has been suggested an important factor for synergistic action 

(Poddar et al., 2010). The formed clusters would have larger molecular radius than their 

respective disaccharides (Poddar et al., 2010).  The tendency of the cluster formation 

depends on the hydrogen bond forming capacity of various sugars, in which 

monosaccharides have higher capability as part of the hydroxyl groups is used to form 

chemical bond in disaccharides (Lerbret et al., 2005). Such increase in the molecular 

radius would have induced more hydration shells around the protein molecule, thus 

leading towards greater protein stabilization (Poddar et al., 2010). This can be clearly 

seen from the Figure 3.54, showing higher cluster formation of monosaccharide mixtures 

at higher sugar concentrations, which leads to greater hydration of the protein.  

 Since SHSC / honey is a mixture of sugars, comprised of different mono- and 

disaccharides, clusters could have been formed among different monosaccharide 

molecules, leading to an increased molecular radius, thus promoting greater hydration 

shell around protein molecules and greater stabilization. On this basis, SHSC / honey 

would have provided greater protein stabilization than equal concentrations of individual 

sugars and this would have significantly reduced the concentration of sugar requirement 

to achieve similar extent of stabilization.  
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Figure 3.54. Geometrical model describing the increase in cluster formation with 

increasing monosaccharide mixture concentration. (A) protein 

molecule in solvent water; (B) small amount of sugar along with 

protein in water; (C) cluster formation begins at intermediate sugar 

concentration; (D) more cluster formation at higher sugar 

concentration. The blue colour shows hydration and red colour shows 

sugar molecules. (Adapted from Poddar et al., 2010) 
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4. CONCLUSIONS 

 The chemical and thermal stability of BSA, ovalbumin and lysozyme were 

enhanced in the presence of SHSC as reflected by the shift of the transition curves (urea, 

GdnHCl and thermal) towards higher denaturant concentrations. Furthermore,                       

SHSC-induced protein stabilization was found to be concentration dependent, being more 

pronounced at higher SHSC concentrations. The spectral characterization of the        

partially-denatured states of BSA, ovalbumin and lysozyme in the absence and the 

presence of SHSC also suggested significant retention of both secondary and tertiary 

structures of the protein in the presence of SHSC. Therefore, SHSC can be used as a 

solvent additive for protein stabilization. 

 The intrinsic fluorescence of BSA was quenched in the presence of honey in a 

concentration dependent manner, showing complete quenching in the presence of 5% 

(w/v) honey. Similar quenching effect was also observed with ovalbumin, suggesting this 

phenomenon as a general effect on many proteins. Due to the fluorescence quenching 

behavior of honey, urea denaturation studies on BSA using intrinsic fluorescence as a 

probe failed to produce any transition in the presence of 5% (w/v) honey. Hence, intrinsic 

fluorescence cannot be used as a spectral probe in protein denaturation / stabilization 

studies in the presence of honey. 

 Greater increase in the chemical and thermal stability of BSA was observed in the 

presence of honey compared to SHSC, as evident by the larger shift in the transition curve 

towards higher denaturant concentrations in the presence of honey. In other words, the 

protein stabilizing potential of honey was found to be greater than that observed with 

SHSC, which may be due to the presence of several other components such as amino 

acids, proteins, minerals, vitamins, polyphenolic compounds and flavonoids in honey.  
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