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ABSTRACT 

Protein engineers have made several attempts to design modified proteins/enzymes from different sources due to its various 

applications. Particularly in industry, the ability of the proteins/enzymes to withstand at harsh environments such as temperature and 

pH remaining a challenging task. Recently, several studies were done to improve the thermal stability of T4 lysozyme due to its medical 

and industrial applications. The melting temperature is a measure generally used to define the thermal stability of enzyme/protein. 

Moreover, the experimental data on chemical and thermodynamic properties on all nineteen single mutants of T4 lysozyme are available 

online. Hence, we carried out our analyses with this enzyme to obtain reliable and complete prediction. We used free energy change in 

chemical and thermodynamic properties of amino acids to find out the correlation with melting temperature. We observed good 

correlations of these parameters especially van’t Hoff enthalpy with melting temperature. Hence, we revealed that the chemical and 

thermodynamic properties may have a dominant control over defining the thermal stability of protein/enzyme mutants. In addition, the 

combination of free energy terms, position and pH value of the mutants also to be focussed mainly to design the desired 

proteins/enzymes.  

KEYWORDS: Free energy change, Melting temperature, Thermal stability, T4 lysozyme, van’t Hoff enthalpy 

INTRODUCTION 

The main aim of protein engineering is to design a better protein with increased stability, reduced adverse effects and retained 

its native activity. Particularly, the foremost application of protein engineering is in developing enzyme biocatalysts in chemical 

processes. Earlier studies on mutant lysozymes reported that the protein is much tolerable to environmental changes. The engineered 

thermal stable mutants of T4 lysozyme by introducing the disulphide bonds were efficient in maintaining the stability (Baase et al., 

2010; Perry and Wetzel, 1984). Moreover, lysozymes are abundantly present in secretions such as egg white, eye tears, human milk and 

mucus. Though certain existing thermophiles can withstand above optimum temperatures, most of the organisms on earth live at 

temperatures from 15°C to 50°C. The comparative studies on thermal stability concluded that thermophilic proteins have higher melting 

point (Tm) than their mesophilic counterparts. In addition, while examining the homologous proteins present in these thermophiles 

revealed slight structural variation with other organisms.  

The analysis of codon usage revealed that hyper thermophiles had more AGR codons for Arginine than CGN codons which 

were more common in mesophiles (Farias and Bonato, 2003). As per studies, certain residues are responsible to stabilize or destabilize 

the molecule against temperature. The polar-charged residues stabilize whereas the polar-uncharged residues destabilize the molecule 

against temperature, serine being the most destabilizing residue (Ponnuswamy et al., 1982). The extent of thermal tolerance of any given 

protein is an inherent property of its amino acid sequence (Kua et al., 2009). The correlations of melting point of the proteins with 

hydrophobic index is negative and with average residue volume is positive (Bull and Breese, 1973). Increasing the fraction of 

hydrophobic contacts raises the melting temperature and stabilizes the protein (Franzosal et al., 2009). The aquifex aeolicus enzyme 

from Hyper-thermophilic bacterium attains largest accessible surface due to charged residues and smallest surface by hydrophobic 

residues (Zhang et al., 2001). The folding co-operativity is greater than that of helix formation or collapse alone because of the nonlinear 

coupling between the tertiary interactions and helical interactions (Ghosh and Dill, 2009).  

The free energy change on unfolding when coupled with the melting temperature and van’t Hoff enthalpy gives a reasonable 

estimate of change in molar specific heat (Singh et al., 2008). It has been suggested that optimization of suboptimal thermodynamic 

parameters is having a dominant influence in selection of thermodynamic strategies for higher thermo stability (Kamal et al., 2006). 

The differential melting curve can be robustly fit to melting temperature and Van’t Hoff enthalpy by the Van’t Hoff relationship (John 

and Weeks, 2000). The enthalpy is the preferred expression of system energy changes in many chemical, biological, and physical 

measurements. Hence, we carried out the stability analyses with T4 lysozyme to have the molecular insights during thermal stabilization 

process. Such analysis may provide some insights for understanding the role of chemical and thermodynamic parameters and the 

changes may influence the thermal stability of proteins.  

MATERIALS AND METHODS 

Dataset: We used the datasets of T4 lysozyme with experimental data such as Tm, ΔTm, ASA, ΔHvH, pH which were obtained from 

ProTherm (Kumar et al., 2006). The collected data were classified based on the pH value and considered for our analyses: Different 

mutants at different position [pH 2.0 (13 mutants); pH 5.35 (11mutans); pH 6.5 (13 mutants)], different mutants at same and different 

positions [pH 3.0 (79 mutants); pH 3.01 (53 mutants); pH 5.4 (58 mutants)], different mutants at different positions mutated by 

methionine [pH 5.7 (10 mutants) and different mutants at two different position [pH 5.42 (10 mutants)]. Since, significant amount of 

data were obtained at pH 3.01 and 5.4, further analysis were done for the datasets with these pH values. 

Van’t Hoff equation and chemical/ thermodynamic parameters: The mutation induced changes were computed using the equations 

1, 2 and 3 [R - gas constant, T - temperature, K - equilibrium constant, T – temperature, Tm - melting temperature, f - fraction of 

unfolding proteins, ΔH, ΔS, ΔG - change in enthalpy, entropy, and free energy respectively]. 

ΔG = -RT ln (K) = ΔH – TΔS ------- (1) 
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ΔS = ΔH / Tm               ------- (2) 

f = K / (K + 1)                          ------- (3) 

The change in these parameters were computed and correlated with experimental Tm. The van’t Hoff equation 4 relates the change in 

temperature with change in the equilibrium constant and gives the standard enthalpy change for the process [ΔHvH being the van’t Hoff 

enthalpy] 

K = exp [ΔHvH / R ((1 / Tm)-(1 / T))] ------- (4) 

Statistical analyses: The correlation (r) between Tm and each of the mutation-induced property changes (van’t Hoff enthalpy, entropy, 

free energy transfer, equilibrium constant, fraction of unfolding proteins) were calculated using Pearson correlation procedure. The 

different properties were coupled using multiple regression analysis.  

RESULTS AND DISCUSSION 

The Figure 1 depicted the Tm and ΔHvH values for the mutants of 44th position in which serine was mutated. The relationship 

between Tm and the studied parameters was explored in Figure 2.  

 

Table 1: Relationships of Tm with chemical and thermodynamics parameters of T4 lysozyme mutants at different pH values. 

r pH 2.0 pH 3.0 pH 3.01 pH 5.35 pH 5.4 pH 5.42 pH 5.7 pH 6.5 

ASA vs Tm 0.22 0.57 0.68 0.61 0.39 -0.17 0.20 0.53 

Tm vs ΔHvH 0.87 0.90 0.94 0.73 0.89 0.80 0.87 0.95 

Tm vs ΔS 0.03 0.70 0.63 0.28 0.54 0.57 -0.14 0.87 

Tm vs ΔG 0.90 0.86 0.99 1.00 0.99 0.99 1.00 0.99 

Tm vs K -0.82 -0.85 -0.98 -0.87 -0.98 -0.83 -0.97 -0.95 

Tm vs f -0.79 -0.83 -0.94 - -0.85 - -0.87 -0.95 

”-” represents the same f value for all the mutants in this pH ranges. 

Bold data represents the high correlation coefficient 

Correlation analyses: For all pH classifications, significant correlations were observed for nearly all parameters with Tm.  Based on 

solvent accessibility (ASA - Accessible surface accessibility), fair correlations were found at pH 3.01 and 5.35 followed by 3.0. 

Comparatively, nearly all pH values were with very good correlations for HvH and Tm. The highest correlations were seen with pH 6.5 

which as followed by pH 3.01.  

We found good correlation with entropy change for pH at 3.0, 3.01 and 6.5 whereas the correlation seems to be negligible at 

other pH values. The ∆G correlated well with Tm and the maximum correlation was obtained at pH 5.35, 5.7. Strong negative 

correlations were seen between Tm and K for all pH of our study and f also showed strong negative correlations with Tm. In Table 2, 

all 19 mutants at S44 position with pH 3.01 (above diagonal) and 10 different methionine mutants with pH 5.42 (below diagonal) were 

considered for the inter-parameter relationship studies.  

 

Table 2: Inter–parameter relationships among mutants of T4 lysozyme. 

Tm 0.972 0.895 0.999 -0.964 -0.966 

0.803 ΔHvH 0.974 0.966 -0.940 -0.962 

0.573 0.948 ΔS 0.883 -0.866 -0.918 

0.994 0.739 0.488 ΔG -0.966 -0.950 

-0.829 -0.460 -0.202 -0.849 K 0.917 

- - - - - f 

 

For each pair of properties we report the Pearson correlation coefficient for the S44X mutants of T4 lysozyme (above the 

diagonal) at pH 3.01 and for the X->M mutants of T4 lysozyme (below the diagonal) at pH 5.42. Bold data represents the high correlation 

coefficient. For pH 5.42 also showed very good relationships for Tm vs ΔHvH, ΔG, K; ΔHvH vs ΔS, ΔG and ΔG vs K. Due to less 

amount of mutants (10), we focused our studies towards S44X mutants at pH 3.01 for reliable prediction. Almost all different mutants 

at this position have nearly same Tm and ΔHvH but S44P showed some variation compared to other mutants. In Figure 2, the other 

parameters did not show much variation for different Tm values. But, rapid change was observed for the mutants with glycine and 

proline. 

Multiple regression analyses: We have investigated the combined effect of HvH, ΔG, K using three factors towards the stability S44 

mutants at pH 3.01 with improved multiple regression (R = 0.999) as in Table 3. Hence, we developed the multiple regression models 

which are shown in equation 5. 

Tm = 43.42 + 0.03 ΔHvH + 0.49 ΔG + 4.75 K        ------- (5) 
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Table 3: Multiple regression of HvH, ∆G and K with Tm of T4 lysozyme mutants. 

Mutants 
Tm 

Deviation* 
Experimental Calculated 

S 44 A 52.89 52.95 -0.06 

S 44 L 52.77 52.82 -0.05 

S 44 M 52.6 52.60 0.00 

S 44 I 52.59 52.48 0.11 

S 44 Q 52.43 52.46 -0.03 

S 44 R 52.36 52.39 -0.03 

S 44 K 52.25 52.27 -0.02 

S 44 Y 52.22 52.20 0.02 

S 44 V 51.97 51.87 0.10 

S 44 F 51.86 51.85 0.01 

S 44 W 51.83 51.69 0.14 

S 44 H 51.8 51.81 -0.01 

S 44 T 51.71 51.59 0.12 

S 44 E 51.68 51.50 0.18 

S 44 D 51.36 51.13 0.23 

S 44 C 51.33 51.29 0.04 

S 44 N 51.28 51.05 0.23 

S 44 G 50.13 49.85 0.28 

S 44 P 41.36 41.53 -0.17 

* (Experimental Tm – Calculated Tm) 

  

Figure.1.Plot between S44 mutants and experimental Tm 

and ΔHvH 

Figure.2.Relationship of Tm with chemical and 

thermodynamic parameters 

Effect of pH in mutant stability: Interestingly, change in experimental van’t Hoff enthalpy, computed free energy and equilibrium 

constant revealed high correlations at all pH ranges selected respectively. The change in free energy seems to have major role in stability 

particularly at pH 3.01 followed by pH 5.42.  

Effect of position in mutant stability: The mutants at 44th position revealed the appreciable correlations for the computed chemical 

and thermodynamic parameters whereas experimental HvH and Tm showed significant relationship. 

Effect of chemical and thermodynamic parameters in mutant stability: Considering the relationships of Tm with both ASA and ∆S 

gave unsatisfactory correlations which may due to the distribution of mutants at buried, partially buried and exposed regions. In addition, 

structural information seems to be more dominant factors in understanding the stabilizing and destabilizing mutants. Sudden changes 

for glycine and proline mutants with ∆G and Tm, give the insights of inter-residue interaction of the mutant with the neighbouring 

amino acids. The present study suggested that the pH and position of the mutants must be considered for the proper understanding of 

the structural stability of proteins. Finally, we concluded that the chemical and thermodynamic properties are more important than ASA 

for the stability studies of the protein/enzyme mutants.  In addition, free energy change and equilibrium constant play a vital role in 

determining the stability. More interestingly, melting temperature has shown positive correlations with thermodynamic properties and 

negative correlations with chemical properties of protein/enzyme 
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