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Abstract   

The chemical denaturation of Pseudomonas aeruginosa cytochrome c551 variants was 

examined at pH 5.0 and 3.6.  All variants were stabilized at both pHs compared with the 

wild-type.  Remarkably, the variants carrying the F34Y and/or E43Y mutations were more 

stabilized than those having the F7A/V13M or V78I ones at pH 5.0 compared with at pH 3.6 by 

~3.0 – 4.6 kJ/mol.  Structural analyses predicted that the side chains of introduced Tyr-34 and 

Tyr-43 become hydrogen donors for the hydrogen bond formation with heme 17-propionate at 

pH 5.0, but less efficiently at pH 3.6, because the propionate is deprotonated at the higher pH.  

Our results provide an insight into a stabilization strategy for heme proteins involving variation 

of the heme electronic state and introduction of appropriate mutations.     
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1. Introduction 

In order to enhance protein stability by protein engineering methods, one must find 

target regions in proteins that should be improved, and select candidate amino acid residues to 

be introduced.  In this context, one can learn much on pair-wise comparison of highly 

homologous proteins isolated from thermophilic and mesophilic bacteria [1, 2].  After such 

comparison, mutagenesis work revealed many structural strategies for enhancing protein 

stability [3, 4].  For example, cytochrome c [5, 6], rubredoxin [7], ribonuclease H [8], 

adenylate kinase [9, 10], and cold shock protein [11, 12] have been studied in this way.  

We have investigated the relationship between protein stability and structure using 

homologous mono-heme cytochromes c from mesophilic and thermophilic bacteria [5].  

Cytochrome c551 (PA c551) from a mesophile, Pseudomonas aeruginosa, and cytochrome c552 

(HT c552) from a thermophile, Hydrogenobacter thermophilus, are 82 and 80 amino acid 

proteins, respectively, each having a covalently attached heme.  These proteins exhibit 56 % 

sequence identity and almost the same three-dimensional main chain conformation [13], but PA 

c551 shows lower stability than HT c552 [14].   

After a careful survey of the side-chain interactions between the three-dimensional 

structures of HT c552 and PA c551, we hypothesized that five residues, Ala-7, Met-13, Tyr-34, 

Tyr-43, and Ile-78, in the former are responsible for the higher stability mainly through the 

formation of more tightly packed hydrophobic cores [13].  A series of PA c551 variants having 

one to five of these residues at the corresponding positions (originally Phe-7, Val-13, Phe-34, 

Glu-43, and Val-78 in PA c551) showed enhanced stability compared with the wild-type [15, 16].   

Among the PA c551 variants used in our previous study, the variant with the 

F34Y/E43Y double mutations exhibited significantly different pH dependence in the redox 

potential value, as compared with the other variants and wild-type [17].  This difference should 
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be due to the difference in heme protonation/deprotonation behavior, since the pKa value for the 

heme 17-propionate of this variant was around 4, which was at least 2 pH units lower than that 

of the wild-type [17].   

In contrast to analysis of the pH-dependent redox potential of the PA c551 variants, that 

for stability has not been measured, and little is known whether there is any relationship 

between the heme electronic state and stability in PA c551.  Here, we show the stability of PA 

c551 variants including the F34Y and E43Y mutations at two different pHs, one below and one 

above 4.  The results are compared with those for the other variants and the wild-type, which 

demonstrates that pH-dependent hydrogen bond formation between the introduced Tyr residues 

and the heme propionate contributes to the protein stability.    

 

 

2. Materials and methods  

 

2.1. Protein preparation.   

 

The PA c551 wild-type and its variants used in this study were prepared as described 

previously [15, 16].  The protein concentrations were determined by spectrophotometric 

measurement after reduction with a sufficient amount of sodium dithionite [15].   

 

2.2. Guanidine hydrochloride-induced denaturation.   

 

Guanidine hydrochloride (GdnHCl)-induced denaturation of the air-oxidized PA c551 

wild-type protein and its variants was monitored using a circular dichroism (CD) 
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spectropolarimeter with a Jasco J-820.  Protein samples (20 μM) were incubated in 20 mM 

sodium acetate buffer (pH 5.0 or 3.6) with various concentrations of GdnHCl at 25 °C for two 

hours before the measurements in order to equilibrate the proteins with the denaturant.  The 

GdnHCl concentrations were determined using the refractive index measured with a 

refractometer (Reichert, Inc., USA).  The CD ellipticity at 222 nm of the protein solutions was 

measured at 25 °C in cuvettes of 1 mm path-length.   

Data points (CD ellipticity plotted as a function of the GdnHCl concentration) were 

corrected for the slope of the baselines for the native and denatured forms, and normalized to 

calculate the fraction of protein denatured (examples are shown in Figs. 1 and 2).  The fraction 

denatured was again plotted as a function of the GdnHCl concentration.  Nonlinear 

least-squares fitting of the normalized data was performed according to the previously described 

method [15].  The resulting GdnHCl-induced denaturation profiles were analyzed using a 

two-state model, and the difference in the Gibbs free energy change between the native and 

denatured states (ΔG) was calculated as described by Pace [18].  The free energy change in 

water (ΔGH2O) and the dependence of ΔG on the GdnHCl concentration (m) were determined by 

least-squares fitting of the data in the transition region using the equation: ΔG = ΔGH2O – 

m[GdnHCl].  The midpoint of the GdnHCl denaturation (Cm) was taken as the concentration of 

GdnHCl at which the ΔG value became zero.   
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3. Results and discussion  

 

3.1. Stability against GdnHCl-induced denaturation 

 

Figure 1 shows the results of GdnHCl-induced denaturation obtained at pH 5.0.  CD 

ellipticity at 222 nm was plotted as a function of the GdnHCl concentration (Fig. 1A), which 

was then normalized to calculate the fraction of denatured protein (Fig. 1B).  The denaturation 

curves could be adequately fitted to a two-state model for protein denaturation, because the 

curves obtained in the present experiments were S-shaped and the previous kinetic experiments 

demonstrated the absence of an intermediate during denaturation of the PA c551 wild-type [19].   

The normalized denaturation curves provided the Cm values for the PA c551 wild-type, 

and the variants carrying the F7A/V13M, F34Y, E43Y, F34Y/E43Y, V78I, 

F7A/V13M/F34Y/E43Y, F7A/V13M/V78I, F34Y/E43Y/V78I, and 

F7A/V13M/F34Y/E43Y/V78I mutations (Table 1).  The Cm values of all the variants examined 

in this study were larger than that of the wild-type.  The stability of each variant was also 

evaluated as the ΔGH2O value (Table 1), which had been estimated and extrapolated from the 

dependence of ΔG on the GdnHCl concentration in the transition region (Fig. 1C).  The 

resulting ΔGH2O values showed that the mutations caused enhanced stabilization of PA c551 at 

pH 5.0.   

Figure 2 shows the results of GdnHCl-induced denaturation obtained at pH 3.6.  The 

data obtained were processed similarly to those at pH 5.0 described above.  The normalized 

GdnHCl denaturation profiles obtained at pH 3.6 (Fig. 2B) gave Cm values showing that all the 

variants were stabilized compared with the wild-type PA c551 (Table 1).  From the 

extrapolation (Fig. 2C), ΔGH2O values were also calculated, which showed that all the 
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mutation(s) caused enhanced stabilization of PA c551 against GdnHCl at pH 3.6 (Table 1).   

   

 

3.2. Stability comparison between pH 5.0 and 3.6 

 

We also carried out GdnHCl denaturation experiments at pH 3.0, but the wild-type and 

some variants started to undergo denaturation at the lower GdnHCl concentration (< 0.5 M), and 

thus precise denaturation profiles could not be obtained.  Therefore, we compared the stability 

against GdnHCl denaturation at pH 5.0 and 3.6 in order to evaluate the pH effect.  For all the 

PA c551 variants examined, the Cm value of one protein measured at pH 5.0 was larger than that 

of the same protein at pH 3.6 (Table 1).  These results indicated that the lower pH had a 

negative effect on the protein stability.   

Figure 3 shows plots of the ΔΔGH2O value of each protein on a matrix with axes of the 

two different pHs.  The plots of the variants having the F34Y/E43Y mutations such as the 

F34Y/E43Y, F7A/V13M/F34Y/E43Y, F34Y/E43Y/V78I, and F7A/V13M/F34Y/E43Y/V78I 

ones were on the same linear correlation curve (closed symbols in Fig. 3), while those of the 

wild-type, and the F7A/V13M, V78I, and F7A/V13M/V78I variants, which did not have the 

F34Y/E43Y mutations, were on the other curve (open symbols in Fig. 3).  The plots of the 

F34Y and E43Y variants (x and + marks, respectively, in Fig. 3) were intermediate between 

those of these two groups.  This grouping showed that the variants having the F34Y and E43Y 

mutations, or both exhibited more enhanced stability at pH 5.0 than at pH 3.6 compared with the 

variants without these mutations.  

The above grouping was quantitatively evaluated as follow.  First, the ΔΔGH2O value of 

each variant obtained at pH 3.6 was subtracted from that of the same protein obtained at pH 5.0 
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(Table 2).  This calculation showed that the variants having the F34Y/E43Y mutations were 

stabilized at pH 5.0 on average by 5.95 kJ/mol (‘average +F34Y/E43Y mutations’ in Table 2) 

compared with those at pH 3.6.  Similarly, the variants with the single F34Y and E43Y 

mutations exhibited stability enhancement of 4.42 and 4.35 kJ/mol, respectively.  In contrast, 

the wild-type and the variants without the F34Y/E43Y mutations were stabilized at pH 5.0 by 

only 1.37 kJ/mol on average compared with at pH 3.6 (‘average -F34Y/E43Y mutations’ in 

Table 2).   

Next, further deduction of the value of ‘average -F34Y/E43Y mutations’ from that of 

‘average +F34Y/E43Y mutations’ resulted in the value of 4.58 kJ/mol.  This value represents 

the strength of the interaction caused by the F34Y/E43Y mutations, which appears at pH 5.0, 

but not at pH 3.6.  Similarly, deduction of the value of ‘average -F34Y/E43Y mutations’ from 

those of F34Y and E43Y in Table 2 resulted in ~3.0 kJ/mol.  These values will be discussed 

below.   

 

3.3. Structural features on hydrogen bond formation 

 

The effects of the F34Y and E43Y mutations in PA c551 can be attributed to the 

formation of hydrogen bonds with the heme, as judged on crystal structure comparison between 

PA c551 [20] and the thermophilic counterpart, HT c552 [21].  This structural comparison was 

possible because of two reasons: first, the two cytochromes c have almost identical main chain 

conformations, and second, the interactions between side-chains can be easily estimated.  In 

particular, the only difference in the side chains between Phe and Tyr, found at position 34 in the 

two proteins, is the existence of an OH group (Fig. 4).  The crystal structure of HT c552 [21] has 

revealed that the η O atoms of the two Tyr residues at positions 34 and 43 are hydrogen-bonded 
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to O-1A and O-2A of the heme 17-propionate, respectively (Fig. 4).  In the case of the PA c551 

wild-type crystal structure [20], the corresponding Phe-34 and Glu-43 do not form hydrogen 

bonds (Fig. 4).   

Our present stability analysis, as discussed in the previous section, showed that the 

stabilization strength caused by the single F34Y and E43Y mutations was 3.0 kJ/mol, in 

accordance with the pH difference, and was thus comparable to the average value of ~4 kJ/mol 

per hydrogen bond as to the stabilization of globular proteins [22].  For the double F34Y/E43Y 

mutations, however, the corresponding value was 4.6 kJ/mol, which was about half as to the 

energy for two hydrogen bonds.  This suggests that each of the F34Y and E43Y mutations does 

not additively contribute to the stability enhancement around this region.     

 

3.4. Effect of heme deprotonation on hydrogen bond formation  

 

The previous paramagnetic NMR study can explain the present observation of 

different contributions of the F34Y/E43Y mutations to the protein stability at pH 5.0 and 3.6.  

The pKa values attributed to protonation/deprotonation of the heme 17-propionate of the 

wild-type and F7A/V13M/V78I variant were each 6.1, whereas that of the F34Y/E43Y variant 

was around 4 [17].  We can then assume that the heme 17-propionate of the variants having the 

F34Y/E43Y mutations has a greater chance to be deprotonated at pH 5.0 than at pH 3.6.  Since 

the Tyr side chain is assumed to be protonated (the pKa value for its phenol is 10.46) at pH 5.0, 

heme deprotonation at pH 5.0 results in the formation of a hydrogen bond between Tyr-34 

and/or Tyr-43 (as hydrogen donors), and the heme (as a hydrogen acceptor).   
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4. Conclusions  

 

We experimentally proved the contribution of pH-dependent hydrogen bond formation 

to the stability of PA c551.  This finding represents a consequence of the chemical interactions 

between Tyr-34 and/or Tyr-43, and the heme that have been previously shown to affect the 

redox potential.  The present stabilization strategy, which involves the naturally occurring 

stable counterpart HT c552, can be accomplished by selecting appropriate pH conditions and 

mutations in the less stable PA c551, thus providing guidelines for designing more stable heme 

proteins.        
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Figure legends 

Fig. 1.  Stability against GdnHCl-induced denaturation at pH 5.0.  (A) CD ellipticity values 

are plotted as a function of the GdnHCl concentration with the fitting curves.  (B) Normalized 

fractions of protein denatured are plotted as a function of the GdnHCl concentration with the 

fitting curves.  (C) ΔG values are are plotted as function of the GdnHCl concentration with the 

fitting curves.  Symbols: Wild-type (open circles), F7A/V13M variant (open triangles), F34Y 

variant (x), E43Y variant (+), F34Y/E43Y variant (closed circles), V78I variant (open squares), 

F7A/V13M/F34Y/E43Y variant (closed triangles), F7A/V13M/ V78I variant (open diamonds), 

F34Y/E43Y/V78I variant (closed squares), and F7A/V13M/F34Y/E43Y/V78I variant (closed 

diamonds). 

 

Fig. 2.  Stability against GdnHCl-induced denaturation at pH 3.6.  (A) CD ellipticity values 

are plotted as a function of the GdnHCl concentration with the fitting curves.  (B) Normalized 

fractions of protein denatured are plotted as a function of the GdnHCl concentration with the 

fitting curves.  (C) ΔG values are are plotted as a function of the GdnHCl concentration with 

the fitting curves.  The symbols representing the variants are the same as in Fig. 1. 

 

Fig. 3.  Stability comparison between pH 5.0 and 3.6 during GdnHCl denaturation.  The 

ΔΔGH2O values obtained at pH 5.0 and 3.6 are plotted.  On the matrix, the 45-degree line 

(dotted) shows that the enhanced stabilities compared to those of the wild-type at the two pHs 

are the same, and the plots in the upper region show that the stability at pH 5.0 is greater than 

that at pH 3.6.  GdnHCl denaturation experiments were carried out independently at least three 

times, and standard deviations are shown by bars.  The symbols representing the variants are 

the same as in Fig. 1.  
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Fig. 4.  Formation of a hydrogen bond.  The three-dimensional crystal structures of parts of 

the PA c551 wild-type and HT c552 are compared.  Interactions between the heme group, and the 

amino acid side-chains at positions 34 and 43 in HT c552 are shown together with the distances 

between the η oxygen atoms of the Tyr residues and the oxygen atoms of the heme 

17-propionate.  The PDB numbers are 451C (PA c551) and 1YNR (HT c552). 
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Table 1 

Parameters characterizing the GdnHCl-induced denaturation of PA c551 variants 

 
  pH 5.0      

Protein Cm (ΔCm)   m ΔGH20 (ΔΔGH2O)  
  M kJ/mo/M kJ/mol  

Wild type 2.06 ± 0.01 (0) 11.05 ± 0.61 22.78 ± 1.33 (0)  
F7A/V13M 2.87 ± 0.02 (0.81) 10.76 ± 1.14 30.83 ± 3.14 (8.05)  
F34Y 2.54 ± 0.02 (0.48) 11.16 ± 0.15 28.35 ± 0.55 (5.58)  
E43Y 2.12 ± 0.02 (0.06) 12.99 ± 0.39 27.50 ± 0.67 (4.72)  
F34Y/E43Y 2.88 ± 0.01 (0.82) 11.22 ± 0.79 32.27 ± 2.23 (9.49)  
V78I 2.53 ± 0.01 (0.47) 11.46 ± 0.54 29.00 ± 1.34 (6.22)  
F7A/V13M/F34Y/E43Y 3.78 ± 0.08 (1.72) 10.18 ± 0.47 38.53 ± 2.05 (15.75)  
F7A/V13M/V78I 3.13 ± 0.04 (1.07) 10.34 ± 0.38 32.37 ± 1.29 (9.59)  
F34Y/E43Y/V78I 3.44 ± 0.03 (1.38) 10.20 ± 0.43 35.12 ± 1.81 (12.34)  
F7A/V13M/F34Y/E43Y/V78I 4.20 ± 0.02 (2.14) 10.19 ± 0.42 42.80 ± 1.94 (20.02)  
     

     

  pH 3.6      

Protein Cm (ΔCm)   m ΔGH20 (ΔΔGH2O)  
  M kJ/mo/M kJ/mol  

Wild type 1.44 ± 0 (0) 12.06 ± 0.61 17.31 ± 0.84 (0)  
F7A/V13M 2.18 ± 0.05 (0.74) 10.73 ± 0.77 23.36 ± 1.22 (6.05)  
F34Y 1.60 ± 0.01 (0.17) 11.53 ± 0.35 18.47 ± 0.48 (1.15)  
F34Y/E43Y 1.80 ± 0.03 (0.36) 11.29 ± 0.79 20.31 ± 1.70 (2.99)  
E43Y 1.46 ± 0.05 (0.02) 12.06 ± 0.21 17.68 ± 0.82 (0.37)  
V78I 1.89 ± 0.02 (0.46) 11.45 ± 0.49 21.69 ± 0.90 (4.38)  
F7A/V13M/F34Y/E43Y 2.59 ± 0.04 (1.15) 10.54 ± 0.87 27.30 ± 2.53 (9.99)  
F7A/V13M/V78I 2.46 ± 0.02 (1.02) 10.26 ± 0.42 25.26 ± 1.14 (7.94)  
F34Y/E43Y/V78I 2.25 ± 0.04 (0.81) 10.75 ± 0.06 24.13 ± 0.34 (6.82)  
F7A/V13M/F34Y/E43Y/V78I 2.95 ± 0.01 (1.52) 10.61 ± 0.14 31.30 ± 0.32 (13.98)  

 

Measurements were independently carried out at least three times, and the values are presented 

as means ± standard deviation.  The differences in Cm (ΔCm) and ΔGH2O (ΔΔGH2O) between the 

wild-type and variants were calculated by subtracting the wild-type values from those for the 

variants. 
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Table 2   

Difference in ΔΔGH20 values between pH 5.0 and 3.6. 

 
ΔΔGH20(pH 5.0)-ΔΔGH2O(pH 3.6) 

Protein 
kJ/mol 

Wild type 0.00  
F7A/V13M 2.00  
V78I 1.84  
F7A/V13M/V78I 1.65  
average -F34Y/E43Y mutations 1.37  
  
F34Y/E43Y 6.49  
F7A/V13M/F34Y/E43Y 5.76  
F34Y/E43Y/V78I 5.52  
F7A/V13M/F34Y/E43Y/V78I 6.04  
average +F34Y/E43Y mutations 5.95  
  
F34Y 4.42  
E43Y 4.35 
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