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Inhibition of P-glucosidase activity by Cu(II), Zn(I1) and Ni(I1) was investigated as a function 
of pH and buffer type. Both factors were found to exert a strong effect on the activity of the 
enzyme. All three of the investigated heavy metals inhibited the enzyme activity in acetate buf- 
fer. At metal concentrations of 0.6mM, Zn and Ni reduced the enzyme activity by 25-30% 
under optimal pH conditions (pH 5-5.2). Under the same conditions, Cu showed an even more 
pronounced inhibitory effect than Zn and Ni. In presence of 0.6mM Cu, the enzyme activity 
was lowered by more than 90% in comparison to metal free systems. In contrast to these 
results, no enzyme inhibition was observed in citrate buffer, even in the presence of 1 mM Cu. 

The inhibition of b-glucosidase activity by Cu increased with increasing pH. Inhibition by Zn 
and Ni was less pH-dependent in the observed pH range (pH 4-5.5). Copper caused a distinct 
shift in the pH optimum of enzyme activity, whereas this was not the case for Zn or Ni. The 
effects of buffer and pH on enzyme inhibition by Cu, Zn and Ni were successfully described 
using a chemical speciation model, based on the assumption that enzyme activity depends on 
the protonation of the amino acids at the reactive site and that enzyme activity is inhibited by 
complexation of the reactive sites by the heavy metal cations. The results show the importance 
of taking chemical conditions and speciation into account when investigating the effect of heavy 
metal cations on biological systems. 

Keywords; P-glucosidase; Heavy metals; Chemical speciation calculations; 
pH and buffer conditions 
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366 G. GEIGER et al. 

INTRODUCTION 

The influence of metal cations on cellulases have been investigated in various 
studies. as recently reviewed by Goyal and Eveleigh,' and it generally has 
been found that copper and mercury inhibit cellulases. While the experi- 
mental data indicate that the sensitivity of cellulases for metals varies among 
organisms, the variation of experimental conditions makes it difficult, if not 
impossible, to quantitatively compare results from different studies. Apart 
from pH differences, in particular, differences in type and concentration of 
buffers used for the enzyme assays impede such comparisons. Thus, Ng and 
Zeikus2 reported different sensitivities of Trichoderma reseei and Clostridium 
thermocellum cellulases for trace metals. However, the activity of Tricho- 
derma reseei cellulase was measured in 0.1 M citrate buffer, while the activity 
of Clostridium thermocellum cellulase was investigated in 0.2 M sodium acet- 
ate buffer. Instead of indicating different metal sensitivities of the two cellu- 
lases, the difference may be a consequence of the use of different buffers. 

The aim of this work was to investigate the influence of pH and buffer 
conditions on the interaction between the heavy metals Cu2+, Zn2+,  Ni2+ 
and P-glucosidase. Under well-controlled laboratory conditions, P-glucosi- 
dase activity was measured in the presence of copper, zinc. and nickel in differ- 
ent buffers and at various pH values. For the interpretation of experimental 
data, a chemical speciation model was developed, based on the assumption 
that the activity of an enzyme depends critically on the protonation state of 
the amino acids at the reactive centre. Additionally, the inactivation of an 
enzyme may be caused by metals, mainly due to complexation of the amino 
acids at the catalytic site. However, it also can be caused by metal complexa- 
tion of amino acids at substrate binding sites or structural sites of the enzyme. 

MATERIAL AND METHODS 

Activity of j3-Glucosidase 

The kinetics of the cellobiose cleaving reaction catalysed by p-glucosidase 
from almonds (EC 3.2.1.21, 5.8Umg-' (97nkatmg-'), Mr= 130000, 
Fluka, Buchs, Switzerland) were studied in test tubes made of glass with 
5 ml assays containing 25 mg of cellobiose, 72 nkat (approx. M) of p- 
glucosidase and either 0.1 M Na acetate or 0.1 M Na citrate as buffer. The 
reactions were carried out for 15 min at 25°C. The activities were calculated 
based on this experimental period. To terminate the reaction, the samples 
were placed in boiling water for 5 min. 
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METAL EFFECTS ON 0-GLUCOSIDASE ACTIVITY 367 

Sample Preparation and HPLC Analysis 

Prior to HPLC analysis, samples were desalted by electrodialysis to remove 
ionic components of the enzyme assay because these interfered with the 
analysis of sugars. Thereafter, the samples were analysed by a high pressure 
liquid chromatography system equipped with a refractive index detector as 
described in Geiger et aL3 

Speciation Calculations 

The concentrations of species in solution were calculated using the chemical 
speciation programme MICROQL as described in Geiger et d4 Concentra- 
tions of the components and stability constants used in the calculations are 
given in Tables I and 11. 

TABLE I Data used for speciation calculations in the three scenarios. Model assumptions 
for the enzyme-proton-metal interactions 

Species Model equations 

Fixed component [HRcentre-],h,~,,* [HSuccinate-] = lo5.’ [H+] [Succinate2-] 
concentrations: [H2Rcentre],helate [HzSuccinate] = lo9.’ [H+l2 [Succinate2-] 
pH varied between 2 and 6 [C~Rcentre] ,~~l ,~~ 
[H2C03] = M [CuMalonate] = [Cu2+] [Malonate2-] 

[NiOxalate] = 103’7 [Ni”] [Oxalate2-] 
Total dissolved [NiMalonate] = 103.24 [Ni”] [Malonate2-] 
concentrations [ ~ n ~ x a l a t e ]  = 103.88 [zn2+] [~xalate’-] 

[ZnMalonate] = [Zn”] [Malonate’-] (scenarios I and 2): 

[Metal2+] = 6 .  M [Imid-] 
[HImid] = [Ht] [Imid-] [Acetate-] = lo-’ M [HisE-te& 

[CuImid+] = lo4.’ [Cu’+] [Imid-] 

[HEthyl’] = 107.8 [H+] [Ethyl] 
[CuEthy12+] = lo4.’ [Cu”] [Ethyl] 
[HImidazole+] = lo7.’ [H+] [Imidazole] 

[Acetate-] (data in Table 2) 
[Acetate-] (data in Table 2) 

[CuOxalate] = 106.3 [Cu2+] [Oxalate2-] 

[NiR~entre],~~,,,~ 

[ZnRcentre]che~ate 

[Rcentre-] = M [HHis~-~, ,~l  

[Ethyl] 
[CuHis&,,,] 

Total dissolved [GlY~-tem] 
concentrations [HGl~&-temI 
(scenario 3): [C~Gly%eml 

[Metal2+] = 6 M [HHisLtemI [CuImidazole*+] = lo4.’ [CU’+] [Imidazole] 
[Acetate-] = lo-’ M [CuHi%%.tem] 
[Rcentre-] = M [Asp&-teml 
[His&em] = M [Gl~Gn-teml 
[Gly~.,,] = M 
[H~s~,,.~,,] =4.1 . M 
 AS^;,,,.,^,] = 1.4. M 
[Glu&.,,] = 9.3. M 
Abbreviations: Rcentre = reactive centre of the enzyme; Imid = 3-(4-imidazolyl)propionic acid; Ethyl = glycylglycine 
ethyl ester. 
*Chelate includes chelate complexes and potential chelate-forming components. 
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368 G. GEIGER e f  al. 

TABLE 11 
adjusted for an ionic strength of 0.1 

Mass action equations used for thc calculations. The stability  constant^'^-'^ were 

Eupet mienrol I alucc irseri  

[OH ]= 10 ""[H + ] - I  

;HCOS] = 10-'"' [H'CO,][H'] 
[CuOH']= 10 -i7[Cu'+][H-]-' 
[Cu(OH)Z] = 10 '''I [Cu' -][H'] ' 
CuHCO;] = 10 "(' IH2CO3][H+)-'[~~'*] 
[CUCOI] = 10 ' (H-JZO?][H 1 -[CU- 1 

[co; ] = i o - ' h ? l  !H~co?]~H-]-: 

[HAcetate] = 10" '' [H '][Acetate-] 
[CuAcetate'] = 10' " [Cu' T][Acetate-] 
[C~(Acetate)~] = 10' O9 [Cu' -][Acetate-]-! 
[Cu(Acetate)i; = 1Cu"][4cetdte 1; 
'&(Acetate); \ = 10' '' [Cu'-][Acetate 
[Hcztrdte-! ]= [H-] [Citrate' ] 
[HzCltrdte ]= 10"' [HA]' [Citrate' ] 
(H~Citrdte] = 10"' [HA 1' [Citrate' ] 
LCuCitratc 1 = 1 0 ' ~  [Cu' *  itrat rat el-] 

E,frI?lriretl \olrrl~s LlAL'd 

[CuHCitrate] = 109.6 [Cu'+][H+][Citrate3-] 
[Cu2Citrate+l= 10' I [cu'+  itrate rate^-] 
[ ~ u ~ ( ~ i t r a t e ) i - ]  = 10i4 * [ ~ u ' + ] ' [ ~ i t r a t e ~ - ] ~  
[CuCitrateOH'-] = lo'." [Cu'+][Citrate"~][H+]~' 
[ZnOH'] = [Zn' '][H+]-' 
[Zn(OH)?]= 1 0 ~ ' 8 0 '  [Zn"][H+]--! 
[ZnHCO;] = 10-j 48[Zn2+][H'C03][H']-' 
[ZnC031= [Zn' ' ][H,CO,][H+]-' 
[ZnAcetate'] = lo1-' [Zn'+][Acetate-] 
[Zn(Acetate)2] = 10' [Zn"] [Acetate-]' 

[Ni(OH)z] = 21 [Ni'+][Hf]-2 
[NiHCOT] = 29 [~ i '+ ] [H~CO~][H+] - '  
[NiC03] = 10- l 3  3h [Ni-+][H2C03][H+]---! 
[NiAcetate -1 = 10' 74 [Ni'+][Acetate-] 

[NiOH +]  = 10-10.78 [Ni'+][H i 1-1 

Modelling of Chemical Speciation 

The chemical speciation model is based on the assumption that the activity 
of an enzyme such as 3-glucosidase depends critically on the protonation 
state of the amino acids at the reactive centre of the enzyme, in this case an 
aspartic acid (Asp) and a glutamic acid (Glu). Since the amino acids of the 
reactive site of 3-glucosidase are not in terminal  position^,^ only the side 
chain carboxylic groups of Asp and Glu, are able to play an important role 
in copper binding. The pK values of the two carboxylic acids (4.5 and 5.5) 
were chosen in order to explain the pH optimum of enzyme activity (see 
Results and Discussion). They are 0.3-0.5 log units higher than the pK 
values of a dicarboxylic acid with marginal interactions between the two 
functional groups such as succitiic acid (pK 4.2 and 5.0). This difference 
may be caused by a lower proton activity within the protein compared to a 
diluted aqueous solution. 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



METAL EFFECTS ON O-GLUCOSIDASE ACTIVITY 369 

The inactivation of P-glucosidase by metals is thought to be mainly due to 
complexation of the amino acids at the reactive centre. Since the two amino 
acids are sterically located near each other, they may not only form binary 
complexes but also a chelate complex with copper. There are no experimen- 
tally determined stability constants available for copper complexation at the 
reactive site of P-glucosidase. Therefore, we used the stability constant of 
the simple monocarboxylic acid acetic acid for the binary complexes. For 
the ternary complex (Asp-Cu-Glu) we considered the structure of a chelate 
complex with a dicarboxylic acid. From a linear free energy relationship 
relating the basicity of ligands to complex stability, a stability constant of 
log K between 3 and 4 can be estimated. An additional stabilising effect of 
the chelate formation depends on the steric arrangement of the two func- 
tional groups (the length of the chain formed by the chelate). The chelate 
effect can contribute a A(1ogK) of about 4-5 to the overall stability for 
ideal conditions. This is the case, for example, in the copper-oxalate com- 
plex (5-membered chelate ring), whereas the chelate effect is low for longer 
chains such as in the copper-succinate complex. The involvement of both 
carboxylates in the enzymatic process of splitting off glucose from cellobiose 
suggests that the inhibition might be caused by the formation of a chelate 
complex with copper. On the other hand, the estimated pK values (4.5 and 
5.5) of the carboxylic acids indicate rather weak interactions between the 
two groups, and thus the chelate effect is not expected to be very distinct. 

The copper activity effective in enzyme inhibition may be lowered by non- 
specific binding at any complexing group of the protein. Based on acidity 
and metal binding constants, the functional groups forming considerable 
amounts of metal complexes in the experimental pH range (4-5.5) include 
Glu, Asp, histidine (His) and cysteine (Cys). Their concentration available 
for copper can only be estimated if the 3-dimensional structure of the 
enzyme is known. In the case of almond P-glucosidase the information is 
limited to the amino acid composition. Harder6 found 139 mol Asp mol-' 
enzyme (12%), 93 mol Glumol-' enzyme (8%), 41 mol His mol-' enzyme 
(4%) and no cysteine. As model compounds to estimate the protonation 
and copper complex formation constants we chose acetic acid for Glu and 
Asp, and imidazole for His. 

With respect to copper binding, the terminal amino acids have to be trea- 
ted separately. Isoleucine and glycine are the most probable N-terminal 
amino acids.6 An extended cleavage procedure revealed isoleucine and gly- 
cine to occupy N-terminal positions in the protein fragments. The stability 
constants are expected to be similar to those of glycylglycine ethyl ester. 
C-terminal amino acids in almond P-glucosidase seem to be inaccessible 
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370 G. GEIGER et al. 

or modified.’ In the sense of a conservative estimation, we assumed a 
His. which has the highest copper complex stability constant, to be in this 
position. Similar binding properties are represented in the calculations by 
the model compound 3-(4-imidazolyl)propionic acid. 

In order to realise the effects of complex stability at the reactive centre 
and copper binding to other functional groups of the protein, we modelled 
three scenarios, namely 

(a) “maximal inhibition”: only the amino acids of the reactive site react with 

(b) “intermediate inhibition”: like scenario (a), but 

(c) “minimal inhibition”: all reactive groups are available for the metals, 

metals, log Kchelatecopper complex = 6, 

1% Kchelate copper complex = 5 ,  

log Kchelatecoppercomple~ = 5 ,  

RESULTS AND DISCUSSION 

Influence of pH on B-Glucosidase Activity 

Figure 1 shows the influence of pH on the activity of almond P-glucosidase 
in 0.1 M Na-acetate and 0.1 M Na-citrate buffer. In both buffers, a 
maximum activity was found at pH 5. The pH optimum agrees with that 

+Ir 

Y acetate buffer ‘0 
Y c 0 .  

FIGURE 1 Influence of pH on $-glucosidase activity in 0.1 M Na-acetate and 0.1 M 
Na-citrate buffer at 25°C expressed as rate of glucose production in the first 15min. 
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METAL EFFECTS ON P-GLUCOSIDASE ACTIVITY 37 1 

found by Quiquampoix. The P-glucosidase activity in Na-citrate was sig- 
nificantly lower than in Na-acetate. At pH 5, the activity in Na-citrate buf- 
fer was 70% of the activity measured in Na-acetate. Becher recommended 
Na-acetate buffer as the most suitable buffer for activity measurements of 
almond P-glucosidase and found that assays containing TRIS, phosphate 
(anionic buffer), glycine (cationic buffer), piperazine or citrate inhibited 
enzyme activity.' Inhibition by citrate was described as competitive while 
inhibition due to piperazine appeared to be non-competitive. Zaborska 
and Leszko" found that H2POi ions are primarily responsible for the 
inhibition of urease in phosphate buffer. Variation of the ionic strength had 
only a very weak influence on the catalytic properties of almond P-glucosi- 
dase.' We found that 25 mM potassium phosphate buffer and a microbial 
minimal medium mimicking soil solution with the same phosphate con- 
centration showed an identical influence on cellulase activity (data not 
~ h o w n ) . ~  

The pH optimum can be explained by the speciation of the amino acids of 
the catalytic site of P-glucosidase. Campbell' ' suggested that the hydrolysis 
of the glucosidic bound is catalysed only if the two key amino acids, aspartic 
and glutamic acid, are in the appropriate state: this means that one func- 
tional group has to be protonated and the other deprotonated. Deviations 
from this protonation state would decrease the activity. Figure 2 shows the 
results of the chemical speciation calculations independent of the choice of 
buffer. These results indicate that the chosen pK values of the reactive site, 
4.5 and 5.5, are appropriate to describe the pH-dependence of the enzyme 
activity (cf. Figures 1 and 2). However, a comparative quantification of the 
activity in acetate vs. citrate buffers is not possible since the specific interac- 
tions between enzyme and buffers are not known. 

Influence of Copper on B-Glucosidase Activity in Different Buffers 

Figure 3 shows the influence of copper on almond 0-glucosidase activity in 
Na-acetate buffer. The chosen copper concentrations can in fact be found 
in heavily copper-contaminated soils; Federer and Sticher12 found 0.3 mM 
copper in the soil solution of an alkaline soil (pH FZ 7, total concentration of 
Cu~~250mmolkg- '  soil). Only at the lowest pH (4.0) and at the lowest 
copper concentration (0.2 mM) was inhibition not observed. Inhibition 
increased with the copper concentration. However, the extent of inhibition 
depended critically on pH. The pH optimum of the enzyme activity shifted 
towards more acidic conditions with increasing copper concentrations. 

Romeu et a1.I3 found that 1 mM copper affected the almond p-glucosi- 
dase activity only slightly. However, comparison with our results is limited 
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0.2 mM Cu 
1 8  o 0 0  

- 0  # +  0 

1.0mMCu 0 + %  * 

O O  
+ 0.6mMCu 

0 8  

double-protonated 
reactive site 1.07- I, 

\ 
unprotonated ,.' reactive site 

\ 
\ 

5" 0.8 
3. 
Y 

0.6 

0.4 

0.2 

0 
2 3.5 5 6.5 8 

P H  

FIGURE 2 
0.1 M Na-acetate or 0.1 M Na-citrate buffer. 

Chemical speciation of the reactive site of 3-glucosidase (10-6M) in presence of 

1.5 

>r 
> 
0 

.= 1 .- 
w 
- a 
0)  cn 

0.5 .- 
(I) 
0 
0 
3 
0)  
- 

0 

without Cu 
O .  

0 0 

4 4.4 4.0 5.2 5.6 

P H  
FIGURE 3 Influence of various copper concentrations (0-1mM) on the activity of 
3-glucosidase at 25°C in 0.1 M Na-acetate buffer expressed as rate of glucose production in 
the first 15 min. 
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METAL EFFECTS ON O-GLUCOSIDASE ACTIVITY 313 

- 
0.8 - 

0.6 - 

- 
- 
- 

- 

- 

because enzyme activity was measured in 50mM citrate. This ligand 
complexes copper more strongly than acetate used in this work (log K(Cu- 
acetate) = logK(Cu-citrate) = 105.90, both for I=O.l). The same lim- 
itation applies to a comparison with the results of Huang et aL.l4 They 
found that 1 mM copper reduced the ferulic acid carboxylase activity of 
Pseudomonas jluorescens to 60% of the original activity. Here, the enzyme 
assay was performed with 20mM potassium phosphate buffer at pH 7.3 
(log K(CuHP04) = I= 0.15). The apparent lower sensitivity of ferulic 
acid carboxylase towards copper may be due to the high amount of copper 
complexed by phosphate at pH 7.3 or due to lower copper complexing prop- 
erties of the enzyme. 

Iwasaki et aZ.l5 investigated the influence of 1 mM copper on Trichoderma 
koningi cellulases at pH 4 in 0.1 mM acetate buffer and found that the activ- 
ities of the cellulases were reduced by less than 10% in the presence of 
copper. This corresponds to results by Geiger et u I . ~  for Trichoderma viride 
cellulases measured under the same conditions. The comparison of this data 
with our almond P-glucosidase data suggests that copper inhibits almond 
P-glucosidase more than Trichoderma cellulases. 

M P-glucosidase 
in 0.1 M Na-acetate buffer is shown in Figure 4. The calculated amount of 

The speciation of 0.6 mM copper in the presence of 

3 
3. 
Y 

/ 
2 3.5 5 6.5 8 

P H  
FIGURE4(a) 
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0.8 '"i Cu Rcentrechelere 
- 
- 

0.6 - 

0.4 - - 
- 

0.2 - Cu Rcentre+ 
- - less than loio M 

0 I l ~ ' l ' ~ I ~ ' 1  

2 3.5 5 6.5 8 

P H  

2 3.5 5 6.5 8 

P H  
FIGURE 4(b)and (c) 

FIGURE 4 Different scenarios of the chemical speciation of 0-glucosidase (lo-") in 
presence of 0.6mM copper and 0.1 M Na-acetate buffer. (a) Maximum inhibition: only the 
reactive centre is taken into account, log K(CuRcentre),hela,e = 6, (b) intermediate inhibition: 
only the reactive centre is taken into account, log K(CuRcentre),hepate = 5, (c) minimum 
inhibition: all reactive groups of the enzyme are taken into account, logK(CuRcentre),,,,,,, = 5. 
Only selected species are shown. 
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METAL EFFECTS ON P-GLUCOSIDASE ACTIVITY 375 

copper complexes formed with log K = 6  (scenario 1, Figure 4(a)) corre- 
sponds quite well to the measured inhibition at pH 5-5.5 and is slightly 
higher at lower pH values. Binding of copper to protein functional groups 
other than the reactive centre does not influence the complexation of the 
centre due to excess of the metal cation (data not shown). A comparison of 
scenarios 1 and 2 (Figure 4(a) and (b)) shows the influence of the estimated 
chelate stability on the copper complex formation at the reactive centre. 
Although the complex formation as a function of pH corresponds qualita- 
tively to the measured activity, the inhibition cannot be explained quanti- 
tatively by copper binding at the reactive site with logK=5. The 
underestimation of inhibition is even more distinct if the copper concentra- 
tion available is lowered due to additional binding sites of the enzyme (cf. 
scenarios 2 and 3, Figure 4(b) and (c)). On the other hand, we have to con- 
sider that additional copper binding could also act in the opposite direction: 
it may cause a non-specific inhibition, e g ,  by unfolding the protein. We 
conclude that speciation calculations are a useful tool in the qualitative 
interpretation of enzyme activities. However, for quantitative statements the 
stability constant of the copper complex at the reactive centre and the 
knowledge on the effects of copper bound to other protein functional 
groups are required. 

The influence of copper on P-glucosidase in 0.1 M Na-citrate buffer is 
shown in Figure 5. In this medium, no clear effect of copper on the enzyme 
activity is obvious in the pH range 2-8. Note that these data do not corre- 
spond with those measured in 0.1 M Na-acetate buffer. According to our 
results, Romeu et found that 1 mM copper reduced the almond P- 
glucosidase activity at pH 4.8 in 50mM citrate buffer by only M 7%. 

Figure 6 shows the copper complexation of amino acids at the reactive 
site of P-glucosidase in 0.1 M Na-citrate buffer as a function of pH. At pH 
2-8 only a very small amount of copper chelate complexes is formed. This 
explains why copper has no distinct effect on the P-glucosidase activity in 
Na-citrate buffer, in contrast to Na-acetate buffer solutions (Figure 3). 

Comparison of Different Metals 

Zinc and nickel inhibited P-glucosidase (Figure 7) activity less than copper 
at pH 4.5-5.5 (Figure 3). The effect of zinc and nickel depended only 
slightly on pH in this range and did not cause a significant shift of the pH 
optimum. According to the chemical speciation calculations (Figure S), 
the amount of single-protonated reactive sites is about the same in the 
case of nickel and zinc and significantly lower in the presence of copper. 
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0 without Cu (II 
Y c + 0.6mM Cu 

c, 

Y * 0 1.0mM Cu 

2 

.= > 1 1 .- 
0 c, 

1 2 3 4 5 6 7 8  

P H  
FIGURE 5 Influence of various copper concentrations (0-1 mM) on the activity of p- 
giucosidase at 25°C in 0.1 M Na-citrate buffer expressed as rate of glucose production in the 
first 15min. 

7 s c 
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0 

Y 

.- 
c, E 
c, c 
0) 
0 c 
8 

2 3.5 5 6.5 8 

P H  
FIGURE 6 Chemical speciation of the reactive site (Rcentre) of 8-glucosidase (10-6M) in 
presence of 0.6mM copper and 0.1 M Na-citrate buffer. Only selected species are shown. 
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1.5 r 
c, 
0 
Y 
E 
Y - 1  

0- 

0 0  

0 8  

without metals 

0 
O O  

0 
0.6 mM Ni 

0.6 mMZn 

+ 0.6mM Cu 

I I I I I I I I  I I I I I  I 
+ 

4 4.4 4.8 5.2 5.6 

P H  
FIGURE 7 Influence of 0.6mM copper, 0.6mM nickel and 0.6mM zinc on the activity of 
,8-glucosidase at 25°C in 0.1 M Na-acetate buffer expressed as rate of glucose production in 
the first 15min. 

single-protonated 
reactive site 

2 3.5 5 6.5 8 

P H  
FIGURE 8 Concentration of the single-protonated reactive site (HRcentre) of 0-glucosidase 
(10-6M) in presence of 0.6mM copper, 0.6mM nickel or 0.6mM zinc in 0.1 M Na-acetate 
buffer. 
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The chemical speciation model also suggests a significant shift of the pH 
optimum if copper is added to the system, whereas this is not the case for 
nickel and zinc. These two observations correspond very well with the 
experimental data. 

CONCLUSIONS 

The experimental setup is very important when conducting enzyme assays, 
especially when investigating the effect of metals on enzyme activity. Using 
different buffers in enzyme assays may produce non-comparable results. 
Furthermore, pH is of crucial importance in metal containing systems, since 
the toxicity of metals towards enzymes may vary strongly with pH depend- 
ing on the chemical nature of the metal and on the observed pH range. 

Sodium citrate and Na acetate, which are often used as buffers in enzyme 
assays, are found in the environment as by-products of microbial meta- 
bolism.I6 Depending on the system that is intended to be investigated, it is 
important to use the most suitable buffer. It is not only crucial to consider 
the sensitivity of the enzymes towards the buffers but also the influence of 
the buffers on the chemical speciation of the investigated metals. Speciation 
calculations can be used to interpret different sensitivities of an enzyme 
towards metal ions in different environments, but not to estimate the influ- 
ence of a buffer towards the enzyme itself. 

Our chemical speciation calculations predict that copper inhibits enzyme 
activity stronger than zinc and nickel. Additionally, the calculations predict 
that copper, but not zinc and nickel, causes a change in the pH optimum of 
the enzyme. The calculated data corresponded qualitatively very well with 
the data measured. Different scenarios suggested that the enzyme inhibition 
may be quantitatively determined if the stability constant of the metal with 
the catalytic site is known. Thus, speciation calculations can serve as a use- 
ful tool for the interpretation of experimental data on enzyme activity inves- 
tigated in the presence of metals. 
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