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요 약. 본 논문에서는 산화 환원 효소의 최적 pH를 예측해 보았다. Boltzman 분배를 이용하여 어떤 아미노산의 

side chain 이 물에서 발견될 수 있는 상대적 확률이나 물에 대한 상대적 친화력을 구하였으며 pK을 이용해 protonated 
아미노산의 양과 deprotonated 아미노산의 양을 계산하였다. 효소의 최적 p^^ 아미노산의 side 나lain이 물에서 발견될 

수 있는 상대적 확률과 protonated 또는 deprotonated된 아미노산 양의 곱인 유효 protonated 된 양과 유효 deprotonated 
된 양이 같아지는 pH로 예측하였다. 문헌 값과 비교해 보았을 때, 예측치는 상당히 일치하는 경향을 보였으며 이 결과 

로 효소 자체의 전도도가 생물학적 기능에 있어 매우 중요한 역할을 하는 것을 알 수 있었다.

주제어: 효소, 최적 pH, 산화환원효소, 전자 전달

ABSTRACT. For various oxidoreductases, the optimum pHs of the enzymes can be calculated using the rule based 
on proton transfer. Relative probability of a certain amino acid side chain to be in the water, or the relative affinity to 
the water was calculated using Boltzman distribution. Also, the protonated and deprotonated portions of a certain amino 
acid side chain were calculated using pKR of that and the effective protonated and deprotonated protions were the product 
of relative probability and the protonated and deproteonated protions. Where the total effective protonated portion was 
equal to the effective deprotonated portion of amino acid side chains, it was expected that oxidoreductases have max
imum activities. The optimum pHs calculated by our rule were compared with the experimental results.
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INTRODUCTION

In enzymology, various parameters such as tem
perature, pressure, solvent, and pH affect the 
enzyme characteristics.1-3 In extreme pH, enzymes 
lose their activities due to several reasons.4, 5 Espe
cially, enzymes have the optimum pH for reaction 
in various solvents including water,6 thus buffer 
solution has been used in enzymatic reactions to 
maintain the optimum pH of the reaction system. 
Furthermore, several reactions are accelerated or 

inhibited by controlling pH of the reaction system. 
Optimum pH of enzyme was changed by modifica
tion of some residues or immobilization of enzyme.7 
However, the optimum pH in enzymatic reaction 
has been determined experimentally until now, not 
theoretically, since the principle of optimum pH in 
enzymatic reaction has not been understood.

Ionic states of enzymes affect the overall dipole 
moments of the enzymes. This might determine the 
intrinsic conductivities of enzymes. Many research
ers have investigated the ionic conductivities of 
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enzymes using dielectric measurements.8-11 It was 
reported that a-dispersion is associated with charge 
carriers that hop between the localized sites8, 10 and 
the conductivity is suddenly increased at the long- 
range percolation of the charges along the path
ways connecting the localized sites. For lysozyme, 
some researchers showed a relationship between 
the a-dispersion and the conductivity was domi
nated by mobile protons.12, 13 Hawkes and Pethig11 
emphasized the a-dispersion on lysozyme is caused 
by proton transfer between the ionizable side group 
with pH. Using dielectric-gravimetric technique, 
Careri et al.14, 15 indicated that the flow of proton is 
channeled through the enzymes active site. They 
analyzed their results using the percolation theory 
of the protonic conduction along the hydrogen- 
bonded water molecules.

It was reported that as the contents of the water 
are increased, the capacitance and the activity of 
enzyme are enhanced and enzyme has identical 
breakthrough point between the conductivity and 
the activity of the enzyme.15 Rosenberg16 showed 
that electron or hole contributes the conductivity of 
enzyme in almost water-free environment. How
ever, as the content of water is increased, proton ion 
significantly contributes the conductivity of enzyme.16,17 
In general, the enzymatic reaction is performed in 
water. Therefore, the motion of proton ion in vari
ous pH of reaction system may affect the intrinsic 
conductivity of enzyme. Especially, the oxido-reduction 
by proton ion is important because it is involved in 
the reaction directly.

So, by calculating ion states of the enzymes, the 
motion of proton ion can be considered indirectly. 
In order to predict of the optimum pHs of several 
oxidoreductases the effective protonated and depro
tonated portions were calculated using Boltzman 
distribution and pKR.

MATERIALS AND METHODS

Enzymes
The optimum pHs of various oxidereductases, 

such as alcohol dehydrogenase (E.C. 1.1.1.1), glu
cose oxidase (E.C. 1.1.3.4), dihydrofolate dehydro

genase (E.C. 1.5.1.3), trypanothione reductase (E.C. 
1.6.4.8), catalase (E.C. 1.11.1.6), horseradish perox
idase (E.C. 1.11.1.7), peroxidase (E.C. 1.11.1.7), and 
glutathione peroxidase (E.C. 1.11.1.9) were tested.

Gibbs free energies of solvation (from vapor phase 
to water phase) and pKr’s of amino acid side chains

Gibbs free energies of solvation and pK/s of 
amino acid side chains were reported.18,19 Those 
were used in calculation of the effective protonated 
and deprotonated portions of amino acid side 
chains. According to the hydropathy index,18 the 
Gibbs free energy of solvation of arginine was 
assumed to be-4.5 kcal mole-1. For calculating 
Gibbs free energies of solvation of the amino acids, 
normalized Gibbs free energies of the transfer of 
the amino acids from the vapor phase to water were 
used. That is, the solid phases of the amino acids 
were assumed to be equivalent to the vapor phase of 
the amino acids.

Effective protonated and deprotonated portions of 
amino acid side chain

From Gibbs free energy of solvation of an amino 
acid side chain, the relative probability for the 
amino acid side chain to be in water was calculated 
by Boltzman distribution. From pK/s of an amino 
acid side chain, the protonated and deprotonated 
portions of the amino acid side chain were calcu
lated. Only amino acid side chains having the abil
ity of being protonated and deprotonated, such as 
cysteine, threonine, serine, tyrosine, histidine, glutamic 
acid, aspartic acid, lysine, and argnine were consid
ered because other amino acid side chains are not 
significantly protonated or deprotonated.

Effective protonated and deprotonated portions of 
an amino acid side chain are defined as the product 
between the relative probability for the amino acid 
side chain to be in water, that is related to the hydr
opathy index of the amino acid side chain, and the 
protonated and deprotonated portions of the amino 
acid side chain in a certain pH.

Prediction of the optimum pH of oxidoreductases
With the change in pH of reaction system, the 

total effective protonated and deprotonated por
tions of enzyme were calculated by summing up the 
effective protonated and deprotonated portions of
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Fig. 1. Predicting method of optimum pH of oxidoreductase.

each amino acid side chain. Fig. 1 showed the sche
matic procedure of predicting optimum pH of oxi- 
doreductases.

The optimum pH of the enzyme was supposed to 
the pH where the total effective protonated portions 
of the amino acids in the enzyme is the same as the 
total effective deprotonated portions of the amino 
acids in the enzyme. For example, the calculation of 
the effective protonated and deprotonated portions 
of tyrosine is as follow.

md =
pKR x Mt 

10pH+pKR

mp = mt —Md

fG/RT
PED = Md x e

—NG /RT 
Pep = Mp x e s

Md : moles of deprotonated tyrosine
Mt : moles of tyrosine in enzyme
Mp : moles of protonated tyrosine
Ped : effective deprotonated tyrosine portion
Pep : effective protonated tyrosine portion
AGs： AG of solvation of tyrosine
R: gas constant
T: temperature (K)
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This prediction rule has some assumptions: 1) 
proton transfer paths have constant distances. 2) in 
narrow pH change, the conformational change is 
not critical. 3) changes of pKr’s of amino acid side 
chains were not significant or cancelled in the over
all protein. 4) the affinity between the enzyme and 
the substrate is not changed with the variation of pH.

RESULTS AND DISCUSSIONS

The optimum pHs of oxidoreductases from many 
references and our calculation results are listed in 
Table 1. Our predicted optimum pHs accorded with 
the experimental results, except for dihydrofolate 
dehydrogenase and trypanothione reductase. These 
results suggest that the optimum pHs of oxidoreduc- 
tases could be related to the intrinsic conductivity of 
enzyme. In the FTIR studies of dehydration-induced 
conformational transitions, poly(L-lysine) has a sheet 
structure rather than helix or inordered structure in a 
lower degree of solvation of the water to compen
sate for the loss of hydrogen bonding to water on 
the dehydration.20,21 In the FTIR studies of Subtili- 

sin Carlsberg, lysozyme, chymotrypsinogen, serum 
albumin, bovine pancreatic tyrpsin inhibitor, RNase 
A, and porcine insulin, sheet conformation appears 
more frequently in the water solution than in the 
lyophilized powder and the suspension in organic 
solvents.22-24 Therefore, it could be recognized that 
the intrinsic conductivity of protein should be sup
posed to be more contributed by proton ion in a 
helix-rich enzyme than sheet-rich enzyme. For this 
reason, the optimum pHs of the oxidoreductases 
that have more helix conformation than sheet con
formation were tested in this study.

In our rule, the amounts of the total effective pro
tonated amino acid side chains and the total effec
tive deprotonated amino acid side chains were 
considered while distances between the effective 
protonated portions of amino acid side chains and 
effective deprotonated portions of amino acid side 
chains were not considered; The affinity of a cer
tain amino acid side chain to be in the water is rela
tively different among various amino acid side 
chains. Using Gibbs free energies of solvation of 
amino acid side chains, those affinities were consid

Table 1. Optimum pH of oxidoreductases

Enzyme
Predicted Experimental

Source Optimum pH Source Optimum pH Ref.

Alcohol dehydrogenase
(1.1.1.1)

Human liver 9.4 Human liver 8.5 
(oxidation of ethanol)

7.2 (reduction of acetaldehyde)

25
26

Glucose oxidase
(1.1.3.4)

Aspergillus niger 5.85 Aspergillus niger 5.5 27 28

Catalase
(1.11.1.6)

Bovine liver 6.3 Bovine liver 7.0 29

Horseradish peroxidase
(1.11.1.7)

Horseradish 10.7 Horseradish 7.0
11-12 

(primary alcohol)

30
31

Peroxidase
(1.11.1.7)

Arthromyces ramosus 6.2 Arthromyces ramosus 6.0 32

Glutathione peroxidase
(1.11.1.9)

Bovine erythrocyte 9.95 Bovine erythrocyte 8.8 33

Dihydrofolate 
dehydrogenase*

(1.5.1.3)

E. coli 5.15 E. coli Two optima 4.5 and 7.0 34

Trypanothione reductase*
(1.6.4.8)

Crithida fasciculata 6.15 Crithida fasciculata 7.5-8.0 35

*enzyme having relatively more sheet conformation.
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ered in the form of probabilities. In this case, the 
maximum intrinsic conductivity of oxidoreductase 
was obtained when the total effective protonated 
portions of amino acid side chains were equal to 
that of the total effective deprotonated portions of 
amino acid side chains. This average sense cause 
the discrepancies between the optimum pHs of oxi- 
doreductases from our prediciton rule and refer
ences. Also some assumptions of calculation rule, 
mentioned in Materials and Methods, might be the 
causes of the discrepancies.

Since our prediction rule was mainly based on 
the proton transfer, oxidoreductases having more 
sheet moiety cannot be applied, and the rule can be 
applied for oxidoreductase, not any other enzymes. 
However, the results obtained in this study can be 
further used in understanding of enzymes behavior, 
especially for different pH buffer solutions.
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