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1. Introduction 

This paper is devoted to a copper-containing oxi- 

dase-lactase @-diphenol: oxygen oxidoreductase, EC 

1.10.3.2). It is one of the few enzymes that reduces 
O2 to Hz0 in a four-electron-transfer-process [ 11. We 
have studied the inhibition mechanism of lactase by 

F- and used the F- as an agent to clarify certain 

aspects of the catalytic mechanism of Polyponts lac- 
case in general. 

Although the inhibition of lactase activity by F- 
was discovered long ago [2] and this problem has 

been discussed [3-71, some aspects of inhibition are 
still unclear. It is well known that F- binds with the 

type 2 Cu2+ of the lactase-active site [2]. We con- 
centrated our attention on the following problems: 

(i) What is the nature of inhibition of lactase activity 
by F-? Is it a competitive or a non-competitive 

inhibitor with respect to an electron donor and 02? 

Answers to these questions could give us information 

about the role of type 2 Cu2+ in binding the electron 
donor or OZ. (ii) In what way does lactase activity 
and the effectiveness of lactase inhibition by F- 

depend on pH? 

2. Materials and methods 

Fungal lactase from Polyponts versicolor was 
kindly donated by Prof. B. G. Malmstrom (Goteborg, 
Sweden). The protein sample is homogeneous and 
gives a single band in analytical electrophoresis test. 
All reagents were of analytical grade and used without 
further purification. 

Kinetic measurements were carried out spectro- 
photometrically in a double-beam spectrophotometer 
(Hitachi-124, Japan) by measuring the initial oxida- 
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tion rate of ferrocyanide-ion (eb2,, = 1 . 1 O3 cm-’ M-’ ) 

and polarographically by studying the integral kinetics 

of O2 exhaustion in the system using a Clark’s elec- 

trode (Polarograph LP7e, CSSR). Integral curves were 

processed in a computer (PDP-8A, USA) as described 
in [8]. Errors in finding different parameters, shown 

here, are the mean quadratic deviation found in 4 to 

7 independent experiments. 

3. Results 

3.1. Competition between F- and electron donor 
Steady state rate dependence of [Fe(CN),14- 

oxidation by O2 on concentrations of substrate, H’ 
and F- were studied. A typical form of initial reac- 

tion rate dependence on electron donor concentra- 

tion at different F- concentration is shown in fig.1. 

In the absence or at low concentrations of the inhib- 
itor experimental curves are linear in Lineweaver- 

Burk’s coordinate. But at high concentrations of sub- 
strate and inhibitor we found “non-linearity” in the 
kinetic behaviour of our system. In these conditions 

F- acts as a relatively less effective inhibitor. This 
phenomenon of relative “increase” of enzyme reac- 
tion rate at high substrate concentration, when type 
2 Cup is “blocked” by F- can be explained by 
assuming that there is an alternative electron pathway 
to the enzyme’s active site (which acts at high con- 
centrations of substrate and inhibitor). These exper- 
iments helped us to choose conditions, under which 
electron transfer through this alternative electron 
pathway is negligible. Under these conditions (inhib- 
itor concentration upto 2 - 10e3 M and substrate con- 
centration from 2 . 10” M to 5 . 10m3 M) the F- acts 
as a “classical” noncompetitive inhibitor of lactase 
activity (fig.2). 
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F&l. Dependence of ferrocyanide-ion oxidation rate on 
substrate concentration in Lineweaver-Burk’s coordinate at 
different concentrations of F- (M): (a) 0; (b) 2.5 . 10q4; 
(c) 5 . 10m4; (d) 1 . lo-‘; (e) 2.5 . 10v3, acetate-phosphate 
buffer, P = 0.1 M, pH 4.4; 25”C, enzyme concentration 
(@-lo) = 2.7 * lo-’ M. 

3.2. pH-dependence of catalytic activity and inhibi- 
tion by F- of lactase 

The effectiveness of lactase i~ibition {~hibitio~ 
constant Ki) by F- was found to be dependent on H’ 
concentration (fig.3). pH-dependence of maximum 
rate of lactase catalysed reaction is shown in fig.3. At 
neutral pH lactase activity decreases. Slope of this 
curve increases from 0 (pH 3-4.5) to 2 (pH > 6). It 
is clear that the catalytic activity of the enzyme is 
controlled by ionogenic groups with pKa, = 5 and 
pKa, = 6.3. pH-dependence of inhibition constant, 
too, is shown in fig.3. Inhibition constant is controlled 
at least by one ionogenic group having pK, = 5. 
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Fig.2. (A) Reaction rate dependence on substrate coneentra- 
tions in Lineweaver-Burk’s coordinate at different F- con- 
centrations (M): (a) 0; (b) 2.5 ’ lo-“; (c) 5 . lo-“; (d) 1 . 10-3; 
(e) 2 . lo-‘, acetate-phosphate buffer; P = 0.1 M; pH 6; 2O”C, 

[El, = 2.7 . IO+ M. (B) Data of (A) in Dixon’s coordinate; 
[FeK’N),j4- concentration (M): (a) 5 . lo-“; @) 1 . IO-“; 
(c) 5 . 10+;(d) 2.5 . 10-4. 

3.3. Competition between F- and 0, 
The integral kinetics of 0, exhaustion in the pres- 

ence of lactase at different F- concentration were 
studied. In these experiments the concentration of 
electron donor was far more than that of O2 and the 
Michaelis constant with respect to donor. In this case 
O2 concentration was variable and using the integral 
form of Michaelis-Menten’s equation the maximum 
reaction rate ( vM”2) and Michaelis constant (Kplloz> 
with respect to O2 can be determined. 

Experimentally determined parameters (I/M% 
and Khloz) at different F”’ concentrations are shown 
in fig.4. It is clear that the inhibition mechanism by 
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Fig.3. pH dependence of maximum reaction rate and lactase 
inhibition constant by F-; acetate-phosphate buffer; p = 0.1 
M; 25°C; [E], = 2.7 1O-9 M. 

F- with respect to O2 does not correspond to “classi- 

cal” types of inhibition (competitive and non-com- 

petitive) and it has a complex character. 

4. Discussion 

The above-mentioned results give us interesting 
information on the mechanism of the lactase-active 
site. 

(i) pH-dependence of maximum reaction rate shows 

that in the lactase-active site there are at least 
two ionizable groups, having close pKa. Depro- 
tonization of these groups (on binding of OH- to 
the enzyme’s active site) results in a loss of the 

enzyme’s catalytic activity. Probable reaction 
active (l-3) and reaction non-active (4-6) forms 
of the enzyme’s active site which can be realised 
at different pH are given in Scheme 1, where 
Cuy, CLIP;, Cuf;, are type 1, type 2 and type 3 
copper-ions, respectively. Each of these equilib- 
riums can explain the observed pH-dependence 
of catalytic activity. 

cu; 
CL,;;, HA cu; =e===+cu; cu;;, A- 

“I% HA cu;;, *- 
CLlz; 

(1) (4) 

cuf’ 
cuz+ HA 

IB CUE F cu*’ 

%;I 
I 

(2) 

l_ 

(3) 

cuz+ A- 
III 

cu;; 
OH- Cu; 

(5) 

3*+ u~ OH- OH-Cu; 
31z+ 

III 

(6) 

(1) 

- --- 
camp 

I I I I I I I IT,, 
’ [I], x104 (M) lo 

2 

I 
camp 

I I I I I I I I I I 

5 [I]. X IO4 (M) 
L 

lo 

Fig.4. Dependence of maximum reaction rate (A) and effec- 
tive Michaelis constant (B) with respect to 0, on F- con- 
centration; acetate-phosphate buffer; )J = 0.1 M; 30.5”~; 
[El, = 8.1 . 10e9 M. (---), competitive and (- . -), non- 
competitive mechanisms of inhibition; theoretical curve 
assuming that LY = 0.27, p = 0.07, Ki = 1.5 . 10e4 M (Scheme 2) 
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Inhibition of lactase activity by F- is controlIed 

by at least one of these ionizabte groups. This shows 
that deprotonization of an acidic group belonging to 

the active site (and accordingly the appearance of a 

non-compensated negative charge in the active site) 

or binding of an OH- (for example to type 2 Cu”) 
forces out F- from the enzyme’s active site. 

(ii) Fluoride-ion is a non-competitive inhibitor with 
regard to the electron donor in ferrocyanide oxi- 

dation reaction. This indicates that F- being 

bound to type 2 Cu*’ has no influence on com- 

plex formation between electron donor and 
enzyme. In other words type 2 Cu” does not 

take part in binding of electron donor. 
(iii) The relation between type 2 Cu” and O2 in the 

inhibition mechanism is interesting, as illustrated 

in Scheme 2, where E is the enzyme’s active site, 

(EO,) the intermediate complex between enzyme 
and oxygen formed before the rate-limiting step, 

Ei the enzyme-i~ibitor complex, and (1EO-J the 

inhibitor-enzyme-oxygen complex. 
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According to Scheme (2): 

(3) 

0, 
KM (I) = 

I+[‘] 
(4) 

From the experimental data of fig.4 LY,~ and Ki 
were found by the method described in [8]. These 
parameters were found to be or = 0.27,@ = 0.07, 
Ki = 1.5 . lo4 M. Then using these constants two 
theoretical curves were drawn from Eqns. (3) and (4) 
and represented in fig.4 by the continuous lines. 
These theoretical curves accord closely with the 

experimental points (also shown in fig.4). 
It is interesting to note that the di~ociation con- 

stants of the F--enzyme’s active site found by oxida- 
tion of electron donor and from integral kinetics of 

0, uptake are practically the same (Kr = 1.4 . IO4 M, 

pH 4.0 and Ki"2 = 1.5 * 10 4 M, pH 4-O). 
Thus being bound to the type 2 Cu*+ of the 

enzyme’s active site, the F- blocks the electron trans- 

fer to O2 (P = 0.07 << 1). However, as a result the 
ability of the enzyme’s active site to bind 0s far from 

decreasing, actually increases (a = 0.27 < 1). 

There are indications in the literature on this sub- 

ject that type 3 copper ions take part in oxygen bind- 
ing [9]. Probable states for the enzyme’s active site 

are shown in Scheme (5). 

cu; F-w. Cu=’ 
II 

(5) 
The fluoride-ion after binding to the type 2 Cu*+ 

stabilizes the enzyme’s active site-oxygen complex, 
however, the possibility of further reduction of O2 

is practically nil. 
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