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Structural variations of lysozyme as a consequence 
of its interaction with CdAcz, as well as the implica- 
tions on the protein functionality have been studied. 
Variations in the conformation of the macromo- 
lecule are seen, however these changes are not 
reflected on the secondary structure. The interaction 
of the salt with the polypeptide chain is weak and 
thermodynamically unfavourable. Molecular aggreg- 
ates (dimer forms) are observed at the highest salt 
concentrations. This interaction causes an inhibitory 
effect on lysozyme, the activity loss being 50% at the 
highest salt concentration studied. The inhibition is 
of mixed type with an uncompetitive component. 
Thus cadmium does not bind to the active site of 
the enzyme which is in accordance with the not very 
large activity loss observed. The substrate inhibition 
of lysozyme is favoured in the presence of the salt, 
so interaction with the macromolecule is at low affin- 
ity sites. 

Krywords: Lysozyme, Cadmium, Preferential interactions, 
Viscosity, Secondary structure, Enzyme inhibition, Kinetics 

INTRODUCTION 

The structure of macromolecules can be modi- 
fied by some salts.'" When macromolecules are 

proteins, salts can modify their structure, and 
conformational changes are originated which 
can cause modifications in protein function. 
The study of these structural changes can be 
carried out through a knowledge of the sort of 
interactions that such substances establish with 
the protein, and the thermodynamic state of the 
intera~tion.~,~ Lysozyme is one of the better 
known proteins and is a cationic protein with 
low molecular mass (14 000 Da). Lysozyme is 
formed by a single polypeptide chain of 129 
amino acids: and four disulphide bridges, 
which are important to renat~ration,~ have been 
reported in the protein s t r ~ c t u r e . ~ ' ~  This protein 
has a defensive function in the organism due to 
its antimicrobial nature. The function of lyso- 
zyme is essential as the first antimicrobial barrier 
against organisms since it breaks p(1-4) links 
between N-acetylmuramic and N-acetylglucos- 
amin, which are components of the bacterial wall. 
Antimetastatic action and inmunopotentiation 
have also been observed."," Thus, any agent 
that can interact with this protein so decreasing 
its activity would have a considerable effect on 
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the body’s resistance to bacterial attack. Cad- 
mium has a large influence on protein activity, 
being in almost all cases an 
although some times it can be an 

The aim of this work has been to study the 
interaction of cadmium acetate with lysozyme. 
The structural interaction has been characterized 
by studying possible conformational modifica- 
tion of protein tertiary structure using viscometry 
and densimetry, secondary structure employing 
circular dichroism and spectophotometry UV/V, 
and protein aggregation with gel filtration 
chromatography. The effect of the lysozyme- 
cadmium salt interaction on protein function 
was evaluated through enzyme activity meas- 
urements. 

MATERIALS AND METHODS 

Materials 

The macromolecule used in this study, lysozyme 
of hen egg white, (E.C. 3.2.1.17), [Sigma], was 
dialysed against water and then lyophilized. Cad- 
mium acetate (CdAc2), KH2P04 and K2HP04 
[Panreac] were used as received. Distilled and 
deionized water was employed. 

Solutions 

The solvent was a binary mixture of water/ 
metal acetate. Cadmium acetate concentrations 
between 2.5 mM and 15 mM were used. The pro- 
tein solution was made gravimetrically; specific 
volumes of the binary mixtures (water/metal 
acetate) at 298 K were added to accurate weights 
of protein. 

Potassium phosphate buffer (0.05 M, pH = 7.0) 
and Micrococcus luteus [Sigma] were prepared 
for the spectrophotometric assays. Micrococcus 
luteus was triturated with phosphate buffer in 
an agate mortar and the suspension was diluted 
such that the absorbance was 0.750f0.050 at 
450 nm. (measured against air; d = 1 cm). Lyso- 

zyme was prepared immediately before meas- 
urement and was diluted 1:250 with repurified 
water (control) or water/CdAcz (1:3) mixture. 

Experiments were carried out in triplicate. 

Instrumentation and Techniques 

Viscomet y 

Viscosity measurements were carried out in a 
modified Ubbelohde suspended level viscometer, 
immersed in a thermostatically controlled bath 
at 298 K17 f 0.01 K. Flow times were reprodu- 
cible within f0.03 s. 

The intrinsic viscosity, [q], was determined as 
described by Fuoss and Strauss:18 

C/qsp = 1/A + (B C1”)/A (1) 

where A and B are constants, qsp is the specific 
viscosity, and C is the concentration of protein 
(lY0-0.5~/0 w/v). Straight lines were obtained 
when (C/qsp) was plotted against C1’2. Extrapo- 
lation to C = 0 gives 1/A which represents the 
intrinsic viscosity. 

Densimet y 

The density of the solvents and solutions was 
measured using pycnometers (4-5 ml) previ- 
ously calibrated. They were syringe-filled and 
put in a thermostatically controlled bath at 
298 K to reach temperature equilibrium (10 min). 
The filled pycnometers were weighed in a Sar- 
torius balance, with 0.1 mg precision. 

In these three component systems the Scatch- 
ard” and StockmayerZ0 notation was followed: 
(1) water, (2) protein and (3) salt. 

The partial specific volume of lysozyme at 
constant concentration of metal (v2) and constant 
electrochemical potential (q52) in the solution 
were determined from density values of solvent 
(po)  and solutions (p) as follows:21 

v2 = - (dp/dg2)T,P,msl/P0 (2) 

( 3 )  
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Cdff EFFECTS ON LYSOZYME CONFORMATION 67 

Here (dp/d@)T,p,m, is the change in the density 
of the solution compared to the protein concen- 
tration (g2) at constant temperature (T), pressure 
(P), and mass of metal (m3) and (dp/dgZ)T,P,/r, at 
electrochemical potential (p3 ) .  Six different con- 
centrations of lysozyme between 0.2% to 1% 
w/v were used. 

Equilibrium Dialysis 

Dialysis was carried out using dialysis tubing to 
obtain the density values of the solution at con- 
stant electrochemical potential of metal (p~g) ,  
which are required to determine the preferential 
adsorption coefficient (A)?' This parameter was 
determined using the Kratochvill et al. equa- 
t i ~ n : ' ~  

A = [(dp/dg2)T,P.,~3 - (dp/d@)T,P.m3 1 / ('p/%3 )T,P.mz 

(4) 
Here, (dp/dg2)T,P,p3 is the change in density with 
the protein concentration at constant electrochem- 
ical potential (p3)  and (dp/dg3)T,F,m, is the change 
in the density of the solutions with respect to the 
metal concentration at constant temperature (T), 
pressure (P) and mass of protein (m2). 

It is possible to consider that X can be given as, 

A = (dg3/dg2)T,pl./iq' 

where g, is the weight of component i in grams; 
for diluted solutions the error is not ~ignificant.~~ 

The preferential hydration, (dgl /&2)T,pl,p3 can 
be obtained from the 

(dg1/dg2)T,p1,p3 = -(1/g3)(dg3/dg2)T,,11,p~ (5) 

The preferential interaction ( d p 2 I h 3 ) ~ , p , ~ ~ ,  
shows the relationship between the mutual per- 
turbation of the electrochemical potentials of 
components 2 and 327z28 as follows: 

The term (h3/dm2)~,Cl, ,p3 can be determined 
from the following expression:" 

where Mi and mi are the molecular weight and 
molality of component i respectively and the 
self-interaction term (dp3/dm3)T,p,m2 can be cal- 
culated from: 

(8) 
(dp3/dm3)T.p,m2 = nRT/m3 

+ nRT(a In Y /dm3)T,P,m2 

where n = 3 for CdAc2, R is the gas constant and 
?* is the ionic activity coefficient of the salt. 

Starting from the preferential interaction para- 
meter, it is possible to determine the transfer free 
energy, 4p2, of the protein according to the 
eq~ation:~',~' 

z= p2,mq - p 2 , W  =J(dp2/h3)T,P,m2 dm3 (9) 

where p, [ ( P ~ , ~ , ) ;  ( ~ z , ~ ) ] ,  reflects the relative affin- 
ities of salt and water for the protein at the given 
solvent composition, and the subscript w refers 
to water. 

Solubility Measurements 

Protein solubility was determined by dissolving 
the protein in the desired solvent and adding 
protein until the solution turned turbid or vis- 
cous. The mixture was then dialyzed against 
several changes of the same solvent for ca. 24 h 
at 298 K. Afterwards the protein (solution plus 
precipitate) was removed from dialysis and cen- 
trifuged for 10min in a Biofuge B (Heraeus) at 
40,000 x g. The concentration of protein in the 
supernatant defined as the solubility was meas- 
ured spectrophotometrically by diluting it with 
the dialyzing solvent. Protein concentration was 
determined spectrophotometrically on a Unicam 
Model 8700 instrument using Bradford's 
method.32 

Ion Selective Electrode 

Binding experiments were done with an ion 
selective electrode for cadmium [Metrohm 
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68 R. OLMO et al. 

6.0726.1001 connected to a pHmeter/voltameter 
(Metrohm 654) which registers variation in 
potential. 

The electrode was calibrated by placing it in a 
vessel containing 70ml of a solution of CdAc2 
0.1 M at a constant stirring rate and 298 K. At 
intervals of 2-3min, aliquots of cadmium salt 
were added to obtain a final concentration of 
10 mM. The electromotive force was measured 
after each metal addition, the accuracy being 
hO.01 mV. The potentiometric study of the pro- 
tein-metal interaction was carried out in a sim- 
ilar manner except that the starting solution was 
a 70 pM lysozyme solution. The concentration of 
free ligand and bound ligand and binding con- 
stants were calculated using Nerst's equation. 

UV, CD Spectral Measurements 

UV spectra of lysozyme in different solutions 
were recorded with a Unicam 8700 spectrophoto- 
meter from 240 to 320nm (lcm) using a protein 
concentration of about 1% (W/V). 

CD spectra were obtained in a Jobin Yvon 
Mark I11 dichrograph fitted with a 250 W xenon 
lamp. The spectra were recorded at 0.5nm/s 
scanning speed. The protein solutions were ana- 
lyzed in lcm optical path cells in the far-ultra- 
violet (below 250 run) region. CD results were 
expressed as mean residue weight ellipticities, 
in units of degree. cmz + dmol-'. Calculation of 
the secondary structure of the protein solution 
was performed by the method of Convex Con- 
straints Analysis (CCA)?3 

Aggregation Studies 

Size exclusion chromatography was carried out 
to determine the formation of protein aggregates 
in the solvent medium. A column (Pharmacia, 
40 x 1.8 cm 1.D) with Sephadex G-75 (Pharmacia) 
as stationary phase was employed at 4°C. The 
column was calibrated using a standard protein 
Kit (Sigma MW-GF-70). Fractions (3 ml) were 
collected and their absorbance 280 nm deter- 

mined in a UV/Vis spectrophotometer (Unicam 
8700). 

Activity Study 

A 2.95ml volume of Micrococcus luteus was 
pipetted into a cuvette and the reaction was 
started with 0.05 ml of lysozyme solution. 
Changes in absorbance were measured with at 
298K and the decrease in turbidity of the sus- 
pension was recorded at 450nm. The parameter 
AA/min was calculated from the linear part 
of the curve. The activity was calculated using 
the equation:34 Activity = (1000/0.05). (AA/rnin) 
(units/ml lysozyme solution). 

Enzyme Kinetics 

Vmax and the Michaelis constant (En) were 
determined using concentrations of Micrococcus 
luteus between 1-6 * lop6 M in the activity assays 
and a Lineweaver-Burk plot.35 The type of inhibi- 
tion and the inhibitor constant were determined 
in the presence of CdAc2. 

RESULTS AND DISCUSSION 

A ternary system constituted by a solvent, a mac- 
romolecule and a substance, which could cause 
a conformational change, needs to be studied 
in order to determine the relationships that 
are established between them for the purpose of 
obtaining information about the possible struc- 
tural variations of the protein. Moreover, those 
conformational changes of the protein must be 
related to possible changes in its activity, which 
would affect the protein function. 

The preferential adsorption or solvation coef- 
ficient (A) indicates which of the two components 
of the solvent mixture (water (1) or salt (3)) pre- 
ferentially interacts with the protein structure 
(2), but does not imply that the other component 
of the mixture is not interacting with the protein. 
Thus, if the preferential solvation coefficient 
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Cd’ + EFFECTS ON LYSOZYME CONFORMATION 69 

exhibits a negative value, the component of the 
solvent mixture preferentially bound to the pro- 
tein will be the salt (Figure 1). On the other hand, 
the preferential hydration parameter is a meas- 
urement of the balance between the total hydra- 
tation and the total salt bound to protein.36 

The preferential adsorption coefficient (A) of 
lysozyme in the presence of different concentra- 
tions of cadmium acetate is shown in Figure 2. 
The parameter shows negative values, thus the 
salt is preferentially adsorbed in the inside part 
of the macromolecule.37-39 Preferential hydra- 
tion parameter values (Figure 2) corroborate this 
behaviour because of the positive values of this 
parameter indicating that the water is found in 
the immediate domain of the macromolecule. 
The same behaviour is exhibited for lysozyme 
and bovine serum albumin (BSA) with the acet- 
ates of sodium, barium, magnesium and calcium, 
that indicate a salt deficiency in the protein 
immediate domain with regard to its concentra- 

tion in the solution, thus the hydration shows 
positive values.26 

Conformational variations due to fluctuations 
in the molecule’s degree of solvation have been 
described for lysozyme. These fluctuations are 
accompanied by changes in the vibrational free- 
dom of the molecular structure which can cause 
structural  modification^.^^,^'^^^ The large values 
for the preferential hydration are similar to those 
observed for albumin in different saline sys- 
t e m ~ ~ ~ ~ ~ ~  and for lysozyme in AlC13,l showing 
salt exclusion from the protein immediate 
domain. 

The existence of conformational changes in 
macromolecules can be determined through the 
intrinsic viscosity parameter, since if a conforma- 
tional change takes place a variation of this para- 
meter will be observed, whereas if the change 
does not occur the intrinsic viscosity of the pro- 
tein will increase in a linear way with metal 
concentrat i~n.~’~’~ 

FIGURE 1 Preferential interactions in a three component system [water(l)/protein(2)/salt(3)], The sign of the preferential 
adsorption (A) and preferential hydration [(&l /8ggz)T,j,,,j,,] parameters is shown. Thus, X = 0 means there are the same number 
of water molecules in the inside part of the protein as in the immediate domain. When X > 0 water is mainly in the inside part of 
the protein, and if X < 0 it is mainly in its immediate domain. 
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FIGURE 2 Dependence of preferential adsorption coefficient (A) (a) and preferential hydration [(ag, /ag2)T,p,,J (b) of lyso- 
zyme with the concentration of cadmium acetate (CdAc2). 
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FIGURE 3 Variation of intrinsic viscosity, [v], (a) and partial specific volume, v2, (b) of lysozyme as a function of the 
concentration of cadmium acetate (CdAc2). 

The intrinsic viscosity of lysozyme as a func- 
tion of CdAc2 concentration is shown in Figure 
3. Variation of the parameter is observed with 
increased salt addition, suggesting that conforma- 

tional transitions in the protein take place. The 
changes in intrinsic viscosity can be explained 
on the basis that the increase in cadmium con- 
centration induces an expansion of the poly- 
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peptide chain due to electrostatic repulsions 
between the salt and the protein, which lead 
an initial increase of viscosity. Further increases 
in salt concentration neutralize those electro- 
static repulsions, which leads to a decrease 
of the intrinsic viscosity. The same behaviour 
has been observed for the complex formed 
between SDS and RCAM-BSA (reduced-carboxy- 
amidomethylated bovine serum albumin).45 At 
2.5mM salt there was an expansion of the pro- 
tein structure and the maximum value of the 
intrinsic viscosity was obtained, probably due 
to interactions between the salt and the protein 
charged groups. A conformational change could 
originate at this salt concentration which allows 
more ions to interact with the protein, as the 
more negative values of the preferential adsorp- 
tion parameter indicate (Figure 2). This interac- 
tion leads to an expansion of the protein that is 
reflected in the maximum of both intrinsic vis- 
cosity and partial specific volume at constant 
metal concentration, v2 (Figure 3) at that salt 
concentration. The last parameter is correlated 
with X because it depends on the establishment 
of preferential interactions in the solvent system. 
This is not the case of $2, calculated at equilibrium 
(at constant electrochemical potential). So there 
is a clear relationship between conformational 
changes (observed at 2.5 mM) and preferential 
interactions. The same correlation has been 
described for lysozyme with copper (II)?6 cobalt 
(II)?7 lead (11);' zinc (11):' mercury (II)?9 
aluminium (1II)l and lithium (I).50 

In order to determine whether the interaction 
of lysozyme with cadmium acetate is thermo- 
dynamically favourable or unfavourable, the 
preferential interaction parameter and the trans- 
fer free energy were determined. 

Starting with the preferential adsorption para- 
meter, the preferential interaction parameter can 
be obtained. This parameter is a measurement of 
the change in thermodynamic stability change 
of the systems which is induced by a variation 
in the solvent composition at a determined com- 
position; thus it reflects the relative affinities of 

salt and water for the protein at a determined 
solvent compo~it ion.~~ 

The transfer free energy indicates the affinity 
difference of the protein for a determined solv- 
ent system and for pure water. This parameter is 
totally independent of both interaction mech- 
anisms with solvent components and the protein 
state whether natural or denaturalized. The 
parameter can be obtained by integration of the 
polynomial function at which the preferential 
interaction parameter variation with the salt 
concentration is fitted. Thus: 

(8p2/am3)T,,,,2 = -3,69 lo3 + 2,79 lo6 m3 

- 3,19 lo8 mi + 1,l 1010m2 

(10) 

The preferential interaction parameter and the 
transfer free energy are shown in Figure 4. In 
this case, the integration limits have been taken 
as the smaller salt concentration studied (m3= 
2.5mM) for the lower one and each one of the 
next salt concentration used for the higher limit. 
Due to no linear dependence of ( 8 p 2 / ~ 3 ) T , P , m ,  
with respect to m3 being observed, the function 
behaviour between 0 and 2.5mM cannot be 
known, so the smaller salt concentration studied 
is used as the lower integration limit. The 
preferential interaction parameter exhibits pos- 
itive values at all salt concentrations studied 
indicating that there is a preferential interaction 
with cadmium. At 5mM salt a maximum in the 
parameter is observed, thus at this salt concen- 
tration the protein-salt interaction is thermody- 
namically more unfavourable. The transfer free 
energy parameter shows the protein solution is 
thermodynamically favoured in water and it is 
unfavourable in the presence of the salt. This 
agrees with the hydration parameter; hydration 
of the immediate domain of the protein (Figure 2) 
is maximum at this salt concentration. 

The solubility, determined according to Ara- 
kawa et ~1.:' can be related with the transfer free 
energy, which allows a knowledge of the value 
of this parameter in the precipitated state as well 
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FIGURE 4 Preferential interaction parameter [ ( 8 p 2 / h = J ~ , p , , l ]  (a) and tranfer free energy hom water to salt solution (AIL,) 
(b) of lysozyme as a function of cadmium acetate concentration (CdAcz). 

as in the solution state. The transfer free energy 
from water to saline solution can be related to 
the protein solubility in such a medium accord- 
ing to the equation: 

- ln(%,rn3/%water) = AP~/RT (11) 

where Sz is the protein solubility in concentration 
units. From this equation it is possible to obtain: 

-RT[ln S2,rns - In %,water] = APL: - A& (12) 

where 1 and s refer to the liquid and solid 
phases, respectively. The transfer free energy of 
the macromolecule in the precipitated state from 
an aqueous medium to a saline one (Apt) can be 
calculated using the latter equation starting from 
both experimental solubility and preferential 
interaction in solution data. If the salt addition 
decreases the protein solubility, the salt will be a 
salting-out agent, the opposite behaviour leads 
to a salting-in agent. 

The experimental solubility data are shown in 
Table I. The lysozyme solubility is not substan- 
tially modified in the presence of different con- 
centrations of cadmium salt. 

Another factor used to classify a salt as a 
salting-out or salting-in agent is the value of the 
transfer free energy of the protein in the precip- 
itated state ( A p ; )  and in the solution state (A&. 
In salting-out systems the interaction of the pro- 
tein with the solvent has to be less unfavourable 
in the precipitated state than in solution. This 
means that Apt < Api for the salting-out agents. 
The opposite behaviour is characteristic of the 
salting-in agents. The salting-in or salting-out 
behaviour of some agents for a protein depends 
on the contribution of both the anion and the 
cation, because each of them can behave as 
salting-out or salting-in agent, the general 
behaviour of the salt being the balance of these 
effects. For example, it has been observed that 
MgC12 has no effect on the solubility of the 
ATGEE (acetyltetraglycine ethyl ester) model 
peptide, whereas NaCl produces a salting-out 
effect on This different behaviour is due 
to the differences between MgZf and Naf. One 
possibility is that the salting-out effect of 
both Mg2+ and C1- was zero, thus the salting- 
out effect of the salt is due to Na+. Another 
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possibility is that both Na+ and C1- have a salt- 
ing-out effect; in this case the salting-in effect has 
to be due to the Mg2+ cation, and this effect is 
balanced by the opposite one due to C1- anion:29 

Acetate anion has been described as a salting- 
out agent when it forms magnesium or calcium 
salts.29 When Mg2+ is a part of MgC12 salt, this 
cation behaves as a salting-in agent, thus in the 
magnesium acetate salt the acetate anion contri- 
bution can be considered to be salting-out. 

The cadmium acetate salt shows two different 
behaviours, at 5 and 1 5 m M  salt it behaves as 
a salting-in agent (Ap; < A&, however at 
10mM, Ap; = Ap;. Besides, the solubility value 
does not give clear information about the salt 
behaviour at 1 O m M  salt, because it is the same 
as in water. Therefore cadmium acetate would 

behave as a salting-in agent for lysozyme, this 
behaviour being due to the cadmium cation, and 
at lOmM salt a balance of the cation and anion 
effects would take place. 

Effects on different parameters caused by cad- 
mium salt can be due either to the interaction of 
the salt with some amino acid residues or to 
conformational changes induced by the salt. In 
order to discriminate between both possibilities, 
the effect of the solvent system used (water/ 
CdAc2) on the lysozyme conformation using 
CD has been studied. 

Circular dichroism spectra, determined in the 
far UV region, of lysozyme in water and in dif- 
ferent concentrations of cadmium salt are shown 
in Figure 5. The lysozyme spectrum in water 
was fitted using the CCA method?3 which 
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FIGURE 5 Circular dichroism spectrum in far UV region for lysozyme in the presence (0 )  0 mM, (m) 5 mM, (A) 10 mM and 
(v) 15mM of cadmium acetate. Inset: Secondary structure of lysozyme from circular dichroism spectra in far UV as a function 
of cadmium acetate concentration: (a) o-helix (a), (m) Ij-sheet (b), (A) @-turn (c) and (v) random coil (d). Lysozyme spectra 
have been fitted using CCA method. 

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.



Cd ' ' EFFECTS ON LYSOZYME CONFORMATION 75 

0.5 
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FIGURE 6 UV/Vis spectrum of lysozyme in the presence of (-) 0 mM, (--) 2.5 mM, (--) 5 mM, (- - -) 10 mM and (. . .) 15 mM 
of cadmium acetate. 

allows determination of the secondary structure 
composition: 27% a-helix, 32% P-sheet, 12% 
p-turn and 29% random coil. These results are 
in accordance with those obtained by Kuwajima, 
et a l .  using different fitting systems.54 Different 
percentages of secondary structure at each of the 
salt concentration studied are shown in the inset 
of Figure 5. The effect of the cadmium salt on the 
lysozyme secondary structure is not very signi- 
ficant. At smaller salt concentrations the effect of 
cadmium is almost inappreciable; at the highest 
salt concentration a very small conformational 
change is observed, which originates from a small 
increase in p structure content and a decrease of 
the a-helix content, thus the secondary struc- 
ture obtained is: 21% a-helix, 36% P-sheet, 13% 
{)-turn and 30% random coil. 

In order to determine whether the observed 
changes are due to the modification of the 
microenvironment of the aromatic residues, UV 
absorption spectra of lysozyme in both the 

presence and the absence of cadmium salt were 
examined (Figure 6). In the presence of salt, the 
spectrum does not show essential modifications 
with regard to the control which means that the 
aromatic residues microenvironment is not 
modified due to the presence of salt and, be- 
sides, direct interaction seems not exist between 
cadmium and these aminoacids. 

The light decrease observed in the ellipticity 
values at larger salt concentrations (Figure 5) 
could be explained if protein aggregation takes 
place, since the effective concentration of the 
chromophores in solution decreases. To deter- 
mine the formation of molecular aggregates 
due to the interaction with the salt, size exclu- 
sion chromatography was carried out (Figure 7). 
In view of the molecular masses obtained (Table I), 
lysozyme molecular aggregates (dimers) could 
be formed at the largest salt concentrations 
studied. This agrees with the increase in the 
partial specific volume at constant electrochemical 
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FIGURE 7 Elution profile from Sephadex G-75 of lysozyme in the presence of (-) 0 mM, (--) 2.5 mM, (--) 5 mM, (- - -) 10 mM 
and (. . .) 15 mM of cadmium acetate. 

potential, 42 (Table I), which reflects an increase 
in the size of macromolecule, independent of 
preferential interactions (Table I). The lysozyme 
molecular mass in the presence of 10 and 15 mM 
cadmium acetate does not become a dimer; this 
can be due to the monomer and the dimer being 
in rapid equilibrium so that only one wide peak 
is obtained.55 

Potentiometric studies show that the interac- 
tion between lysozyme and cadmium acetate is 
of a weak electrostatic type, since the electro- 
motive force induced by cadmium is almost the 
same in the absence and in the presence of lyso- 
zyme. Thus the concentration of free ligand as 
well as of bound ligand cannot be determined 
and binding parameters cannot be calculated. 
However, when the interaction of a cation with 
a protein is stronger this method allows deter- 
mination of the concentrations of free ligand and 
bound ligand; the interaction studies of lyso- 
zyme with mercury using potentiometry lead 

to a knowledge of the binding type of such 
cation and protein?6 

With the purpose of analyzing the influence of 
these structural modifications on protein func- 
tionality, lysozyme activity in the presence of 
salt was determined (Figure 8). The cadmium 
acetate causes an inhibitory effect on lysozyme 
at all salt concentrations studied. This activity 
loss is almost 50% that of a control and the 
largest activity decrease takes place at the initial 
salt concentration used and activity is relatively 
constant with increasing salt concentrations. 

The decrease in the enzymatic activity of 
lysozyme in the presence of ZnAc2 and HgAc2j9 
is greater than in the presence of CdAc2. Thus, 
at 15 mM of ZnAc2 lysozyme activity is 35% that 
of a control, and at 5mM of HgAc2 no activity 
of the enzyme is detected. Peseck and Schnei- 
der4' have shown that Hg2+ binds to Asp-52 of 
the lysozyme active site, which would explain 
the dramatic decrease in activity. However, the 

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.



Cd++ EFFECTS ON LYSOZYME CONFORMATION 77 

lo0l 90 

t 

FIGURE 8 Effect of cadmium acetate concentration on lysozyme activity. 

smaller decrease in activity caused by Cd2+ 
would indicate that this cation does not interact 
with the residues of the active site of the enzyme, 
although it can originate distortion in that site 
but to a lesser extent than Zn2+. 

With the aim of determining the mechanism 
by which the salt produces a decrease in lyso- 
zyme activity, enzyme kinetic studies were car- 
ried out, and the initial rate of the reaction at 
different concentrations of substrate was deter- 
mined. An example of the variation of the initial 
rate with the substrate concentration in aqueous 
medium as well as in the presence of CdAc;! 
is shown in Figure 9. In this plot a maximum 
of rate can be observed, which indicates that 
lysozyme exhibits substrate inhibition at high 
concentrations of Micrococcus I ~ t e u s . ~ ~ ~ ~ ~  This 
kind of inhibition has been observed with 
another enzymes, i.e. fructose bisph~sphatase.~~ 
Starting from the plot of the inverse of the initial 
rate (1 /V) versus Micrococcus luteus concentra- 

tion ([A]) a curve with a minimum is obtained, 
from which the points corresponding to high 
substrate concentrations can be fitted to a 
straight line, whose intercept on the x-axis is 
the substrate inhibition constant. Values of this 
constant (Table I) indicate that the cadmium salt 
favours the inhibitory effect that the substrate 
causes. The effect is very minor at the highest 
concentrations. The cadmium acetate causes a 
distortion on the protein affecting its low affinity 
sites, which facilitates substrate binding to these 
sites so that the inhibitory effect of the substrate 
increases. 

At low substrate concentrations, lysozyme 
behaves according to Michaelis-Menten kinetics, 
thus Km and Vmax can be determined. In Table I 
these parameters, obtained from Lineweaver- 
Burk plot (Figure lo), are given. Cadmium 
acetate gives an inhibition of mixed type on 
lysozyme which means that a non-competitive 
component exists. The other component of the 
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FIGURE 9 Dependence of velocity (v) on substrate concentration (Micrococcus luteus) of the reaction catalysed by lysozyme in 
aqueous medium (a) and in the presence of 2.5 mM cadmium acetate (b). 

50 
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0.5 1.0 1.5 2.0 2.5 
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. 
7 60 

FIGURE 10 (a) Lineweaver-Burk plot for the reaction catalysed by lysozyme in the presence of (0)  OmM, (m) 2.5mM, (A) 
5mM, (V) lOmM and (+) 15mM of cadmium acetate. (b) Dixon plot for lysozyme at (0)  1 absorbance, (A) 0.5 absorbance and 
(H) 0.3 absorbance of substrate concentration (Micrococcus luteus). 

inhibition was found by a Dixon plot6* (Figure 10) 
to be uncompetitive. Thus the cation does not 
interact with the active site of the enzyme, which 
is in accordance with the variation of the lyso- 

zyme activity (Figure 8)' since from 2.5 mM salt, 
concentration at which a conformational change 
in the protein is observed, the enzyme activity 
becomes stable, its value being 70% of a control. 
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The inhibition constant of the inhibitor, 
Ki = 1.2~t0.3 A, was determined from the plot 
of the inverse of Vmax (l/Vmax) versus salt 
concentration ( [CdAc2]). 

Results show that the interaction of cadmium 
acetate with lysozyme originates fluctuations on 
the lysozyme tertiary structure, which are not 
reflected in large modifications of the secondary 
structure. The distortion of the structure is not 
general. However, the salt causes an inhibitory 
effect on enzymatic activity. The inhibition that 
cadmium salt causes on lysozyme is longer than 
that caused by aluminium;' this may be due to 
the smaller size of aluminium compared to cad- 
mium so that it causes a small distortion on the 
protein structure. The inhibition is mixed type 
with an uncompetitive component. Structurally 
cadmium should not interact directly with res- 
idues in the active site because of its uncompet- 
itive inhibition component but its action could 
be due to modifications in the tertiary structure 
or to weak interactions with residues in the sub- 
strate binding subsites. A, B and C subsites have 
the largest affinity for the substrate, so cadmium 
atoms could interact with other subsites (D, E, F) 
with lower affinity. This could explain the mod- 
erate decrease in activity. 

Cadmium has been traditionally considered 
an element very toxic for both the environment 
and organisms. According to our results it may 
be concluded that there are not drastic effects on 
the lysozyme protein, component of the first 
defensive barrier many organism. Results 
seem to confirm that the structure of lysozyme 
in the presence of cadmium acetate is slightly 
different to the one in the native state but that 
loss of activity at reasonably high Cd++ concen- 
trations shows only a moderate effect. 
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