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DILATOMETRIC, REFRACTOMETRIC AND VISCOMETRIC STUDY OF 
LYSOZYMEcCATION INTERACl-ION 

and 

The inreracrion between hen egg-white Iy.ozync and Cu(II) or Co(II) cations has been srudicd by dilaromct~. cquilihrium 
dialysis-differenrial refractometry and viscometry at diffcrcnt mcral cation conccntrarionz. 6 I. i.\othcmm.\ in copper and cobalt 
solutions have been obtained from dilarometry. Prcfercntial ndsorprion parameters and specific vixosiry have hccn dcrermincd 
from refrxtometric and viscosimetric measurements. It ha\ been obscr\cd that this interaction products srruc~urrrl rrlrcrrrtions 
in iysozyme. The magnitude of these conformational changes depends on rhe mural ion and protcin cnnccntratinn. The rc~~lts 
obtained using the three techniques are in good agrccmcnt. 

1. introduction 

Hen egg-white lysozyme (EC 3.2-l_ 17) is a low 
molecular weight enzyme with a known amino 
acid sequence [1,2]; its structure has been de- 
termined by X-ray crystallographic analysis [3-61. 
and it has been extensively studied from other 
points of view [7-IO]. The mechanism of its en- 
zymatic activity has been also established [ 1 I-141. 
In solution, lysozyme has been shown to bind 
polyvalent cations [15-201. Metal ions seem to 
bind carboxyl groups of Glu-35 and Asp-52 in the 
active site cf the enzyme [6,18,21,22], and they 
often act as inhibitors [ 18,20.21,23]. Conforma- 
tional studies on the photooxidized derivatives of 
lysozyme demonstrated that the inhibitory action 
occurs almost throughout the entire protein mole- 
cule and caused no appreciable perturbation of the 
protein spatial geometry [24]. On the other hand. 
X-ray data indicate coformational perturbations 
associated with metal binding apparently confined 

to the immediate vicinity of the metal-binding site 
[22]. Conversely. the results of Agresti et al. 1251 
and Lenkinski et al. [26] which provided a quanti- 
tative method for determining the site of metal 
complexation provide evidence that such com- 
plexation did not alter significantly the overall 
tertiary structure of the macromolecule. 

The study of volume changes associated with 
the reaction of proteins with metal ions may yield 
information concerning the solvation and confor- 
mation of these molecules_ With polyelectrolytes 
the volume changes may also reflect local confor- 
mational changes 1271. Changes in solvation are 
reflected in changes in the partial molar volumes 
128,291. 

The aim of the present study is to demonstrate 
that Cu(I1) and Co(R) cations produce conforma- 
tional alterations in lysozyme and that this effect 
can be determined by volume change (SV). specific 
viscosity (n,,/c)_ and preferential adsorption 
parameter (X) measurements. 

0301-46~/81/oooO-oooO/S0~.50 E 19Sl Else\ier/North-Holland Biomedical Press 



2. Materials and methods 

Lysozyme used in this study was three-times 
recrystalfized hen egg-white lysozyme L-6876. lot 
No. 57C-8025 obtained from Sigma Chemical Co., 
and was used without further purification; the 
purity of the preparation was checked by poly- 
acrylamide gei electrophoresis. 

A molecular weight of 14000 for Iysozyme was 
used for cafculations. Analytical reagent grade 
metal nitrates and KC1 were obtained from Merck 
and Darmstadt. All solutions were carefuhy de- 
gassed before use_ 

A dilatometer was constructed according to 
Komiyama et al. [30]. The respective volumes of 
the lower and upper compartments were 8.92 and 
9.72 ml. An additional inlet was provided. with a 
Quickfit stopper. The capillary tube was 0.3 = 0.01 
mm I.D. 

Volume changes at 30.0 2 0-O i “C were measured 
according to the following procedure. Solution I. 
containing Cu(Ii) or Co(II) in concentrations rang- 
ing from 0.05 to 0.40 M in the lower compartment. 
and solution II. containing a 1 or 2% (w/v) solu- 
tion of lysozyme in distilled water in the upper 
compartment. were mixed by opening the internal 
stopper and stirring for 2min. The capillary 
meniscus height was read by means of a cathetom- 
eter with an accuracy of 0.01 mm_ 

The volume change. in microliters, produced by 
mixing both components. is referred to as A% AV 
values were measured 5-15 min after mixing. 
Values reported here are averages of two or three 
experiments and could be reproduced to 2 O-07 pt. 
which leads to an uncertainty of =5 ml/IO’ g 
protein. 

Blank experiments were run in which the Cu(II) 
or Co(R) solutions were mixed with water. Volume 
changes observed in these experiments were 
substracted from those obtained by adding the 
protein under the same conditions [31]. 

Differences in refractive index were measured 
with a Brice-Phoenix differential refractometer 
model BP-2000V at 546 nm and 30°C. and em- 
ploying a sealed-type differential cell with ground- 
glass stoppers to prevent solvent losses. Calibra- 
tion was made with aqueous solutions of highly 
purified KC1 taking the data of Kruis [32] as 

reference. The temperature difference between the 
bath and the cell did not exceed 0.02”C. Values of 
(drt/dc), were determined by the method of Hertz 
and Strazielfe 1331 as described previously [34]. 
Values of (dn/dc), were obtained from the refrac- 
tive index differences between protein solutions 
and their dialysates. 

The membranes used for equilibrium dialysis 
were Visking tubing type from Union carbide 
Corp.. Chicago. and were pretreated as described 
by Cooper and Wood [35]_ 

For determining total metal binding to protein, 
changes in concentration between the original 
metal solutions and the same solutions after dialy- 
sis equilibrium (approx. 3 h) were determined with 
a Beckman spectrophotometer model DB-GT at 
722 nm for C%(R) and 510 nm for Co(R) at 3O*C. 

Viscometric measurements were made using a 
modified Ubbelohde suspended level viscometer 
thermostatically maintained at 30°C Solutions 
were subjected to dialysis equilibr;um and experi- 
mental measurements were carried out comparing 
flow times of each dialyzed solution and the corre- 
sponding dialyzed solvent. 

A Phillips pH meter modei PR-9403-01 with a 
semi-micro combination electrode was used for pH 
measurements. 

3. Rest&s 

Volume changes produced by the addition of 
Cu(II) or Co(R) to proteins are the sum of two 
major processes: cation-protein and cation-water 
interactions- 

The volume effects due to cation-protein inter- 
action are defined as follows: 

where AV, is the volume change produced when a 
protein solution of defined volume and concentra- 
tion (component 3), is mixed with an equally de- 
fined metal ion s&tion (component2); AV, is the 
volume change due to cation-water-interactions: 
~‘3 is the protein weight in grams. The factor 10’ 
refers this parameter to 10’ g protein- Justification 
for using this equation was given by Katz and 



Ferris [36] and the procedure used for analyzing 

the data is practically identical to that of Katz and 

Roberson [3 11. 

Volume effects for lysozyme-Cu(II) and lyso- 
zyme-Co(II) interactions at protein concentrations 

0.50% (3.57 X 10e4 M) and 0.25% (1.79 X 10 -’ M) 
are shown in fig. 1. Volume effects are always 

positive and are a function of metal concentration. 

being higher for the lysozyme-Cu(I1) system. It is 
observed that 8V increases with increasing metal 
concentrations until a maximum is attained at 

0.0334 M metal, which corresponds to 305 

mI/105 g protein for 0.50% lysozyme-Cu(I1) and 
325 ml/105g for 0.25% Iysozyme-Cu(l1). In the 

case lysozyme-Co(I1) the maximum 6V values are 

99 and 144 ml/lO’ g for protein concentrations of 

0.50 and 0.25%. respectively_ For higher metal ion 

concentrations SS, decreases, reaching a minimum 

at 0.0478 M. These changes are more pronounced 

as protein concentration decreases_ 

Volume effects determined at 2% protein con- 

centration and 0.05 M Cu(I1) or Co(I1) are 362 
and 125 ml/lo’ g. respectively_ These values are in 
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Fig. 1. St’ isotherm produced by the reaction of lysozyme with Fig. 1. Plot of U sgainst total Co(H) concentration. G values 

Co(H) (0.0.255: 0. 0.50%) and Co(U) (0. O.Z5%: 1. 0.50%). indicate mol Cu(II) bound to Iysozymeji05g protein. (A) 

Data are referred to 10’ g protein. 0.1’5%. (8) 0.25%. (0) 0.50%. (I) 1%. (0) ‘DC. 

good agreement with those published by Katz and 

Roberson [3 1 J_ 

pH values after mixing range from 5.0 to 3.9 for 

lysozyme-Cu(I1) systems and from 5.4 to 5.1 for 

lysozyme-Co(I1) systems. 

By means of absorption spectrophotometry the 
number of moles of ligand. copper or cobalt. bound 

to protein have been determined at 722 and 510 

nm. respectively_ The obtained values are ex- 
pressed as P mol ligand bound/lo’ g protein_ The 
results are shown in figs. 2 and 3 at different 

protein concentrations. as a function of total metal 

ion concentration (free i bound)_ 

It can be seen that for lysozyme-Cu(I1) (fig.‘) 

there is a steady increase in I up to 0.024 M. after 

this a plateau occurs, between 0.024 and 0.0334 M. 

increasing again markedly at the lower protein 

concentrations. This effect is higher at the lower 

protein Concentrations. The increment of a br- 

tween 0.033 and 0.048 M is coincident with the 
decrease in 6Y detected by dilatometry (fig. 1). For 

lysozyme-Co(II), t values are smaller, but in this 
case there is also a sharp incrase between 0.033 
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Fig. 3. Plot of ,S against total Co(II) concentration. c values 
indicate mol Co(H) bound to lysozyme,/lO g protein. (0) 0.5%. 
(0) IF. (0) 2%. 

and 0.048 M. correlated with a decrease in Sk’ 

(fig. I). 
From B results and following the Scatchard 

procedure [37], the number of Cu(II)-binding sites, 
n. and the association constant, K,, have been 

evaluated plotting ~/PC versus P/C, where Y is the 

free copper concentration and c the protein con- 

centration, both expressed as molarities. Fig. 4 pre- 

sents the results for 357 X 10 -’ M (0.50%) and 
1.79 X 1O-4 M (0.25%) lysozyme. These results in- 

dicate that there are two types of sites: high-affinity 

sites equivalent and independent at low copper 

concentrations and low-affinity ones at higher 

Cu(II) concentrations_ In table 1 n and K, values 

for both protein concentrations are summarized; 
K, values are referred to as high-affinity sites. 

Association constants determined in this way 

are similar to those described by Teichberg et al. 

1181. 
Dilatometric results have been compared to 

those obtained by the viscometric technique. In- 

trinsic viscosities of macromolecules (71) are pro- 
portional to their corresponding hydrodynamic 
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Fig. 4. Scatchard plots for l~sozyme-Cu(II) systems. (A) 3.75 X 
IO-‘M.(B) 1.79X10-1M. 

volumes. therefore. an evaluation of their viscosity 

will give a qualitative idea of their macromolecular 

volume for different metal concentrations as have 
been used in this work. 

Intrinsic viscosity is defined as: 

where ( qsr,) is the specific viscosity of the macro- 

molecule and c its concentration_ The customary 

practice when employing protein is to employ the 
factor (7,/c) in view of difficulties intrinsic in 

the extrapolation procedure 1381. It should be noted 
(figs. 5 and 6) that n&/c is calculated taking into 

account the observations of Reynolds et al. [38]. c 

is the concentration of protein + bound metal in 

g/ml. At high values of e, the concentration in 

g/ml of protein plus bound metal is actually 

Table I 
Values of the number of Cu(II)-binding sites and the associa- 
tion constants. 

Lysozyme (M) 

3.75x 1o-4 1.79x 10 -* 

tt 10 II 
K, (M - ’ ) 2.4x 10’ 2.0x IO’ 
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Fig. 5. Plot of (q3p)/c and X against Cu(II) concentration. (0) 
(q,)/c is indicated with an arrow towards the left ordinate: 
(0) X is the preferential adsorption parameter and is indicated 
with an avow towards the right ordinate. Protein concentration 
is 3.57X 1O-cM. 

higher. For example, at protein concentration 5 X 

10 -3 g/ml and total metal concentration 0.0718 M. 

f = 86 for a Cu(II)-lysozyme complex (fig. 2); 

0.0050 g/ml of protein is converted to 0.00604 
g/ml of protein-bound metal. For low Y values. 

the bound metal contribution will be small. There- 

fore, it will be necessary to take into account f 
values when calculating the complex protein-metal 

concentrations in order to evaluate the real viscos- 

ity (7),)/c_ Relative errors calculated for q,/c 
values are about l-2%_ 

When comparing figs. 5 and 6 with fig. 1 it can 

be stated that (r~~r,)/c, from a qualitative point of 

view, is practically coincident with the variation of 

6V in the dilatometric measurement. At a total 
metal concentration of 0.0344M a maximum for 

lysozyme-Cu(I1) in (rj,)/c (fig. 5) as well as in 6V 
(fig. 1) is observed. The same phenomenon occurs 

when comparing both parameters for the system 

lysozyme-cobalt. 
Similarly. we observe the existence of a mini- 

mum in (q,)/c (figs. 5 and 6) and 6V (fig. 1) for a 
total metal concentration of 0.0478 ivl and for 

Fig. 6. Plot of (q,,)/c and X against Co(II) concentration. (0) 
(q_)/c is indicated with an arrow towards the left ordinate: 
(W h is the prefercntial adsorprion parameter and ib indicated 
with an arrow towards the tight ordinate. Protein concentration 
is 3.57 X 10 --4 M. 

both systems lysozyme-Cu(l1) and lysozyme- 

Co(I1). 
By means of dialysis equilibrium and differen- 

tial refractometry, the preferential adsorption (or 

solvation) parameter X has been obtained for both 

systems at a protein concentration of 3.57 X 

10 --j M (figs. 5 and 6). It is well known that when 

thermodynamic equilibrium is attained between a 

ternary system solvent l-solvent 2-macromolecule3 

and a binary system consisting of two solvent& 

there is a redistribution of solvent components due 

to a selective adsorption of one of the solvent 

components by the macromolecule [39,40]. This 

technique has been used by other authors [28.41- 

44] and recently by us in studies on proteins in 

dilute urea solutions [34]. The evaluation of X has 

been explained in detail previously 1341. Positive X 

values represent the preferential solvation of com- 

ponent 1 (water) by protein (component 3) and 

negative values, the preferential solvation of com- 

ponent 2 (metal ion). 
Tables 2 and 3 summarize the experimental 

data needed for X determination. no7 is the volume 

fraction of component2 in the solvent mixture, - 



E_quilibrium ‘Jo2 (dn/dr), (d n/d c ),, h 

conccnrrarinn (X IO’) (ml/g) (ml/g) (ml/g) 

(hi) 

without protein and before dialysis. (dn/dc), and 

(drr/dc), are variations of refractive index with 
protein concentration before and after dialysis re- 

spectively: d tr/du, is the refractive index variation 

with the voiume fraction of component2 without 

protein. Correction methods as descsbed by 

Noelken [43] and Span et al. [28] have not been 
used because under our experimental conditions 
significant changes between molar and molal scales 

have not been observed except for high cobalt 
concentrations but without qualitative changes. An 
absolute error of 10.03. for all the measures of h, 

was estimated_ 

For all metal concentrations (or volume frac- 
tion of component 2) X values are always positive 
(tables 2 and 3), this indicates that lysozyme is 
preferentially solvated by water (preferential hy- 
dration) in the ternary system water l-metal 2- - - 

Tahk 3 

\‘a.lues obtained for Iysozyme-copper system from cquilitxium 
di3lvsi.s-differentin] rcfracrometric measurcmenfs. dn,,/du2 = 
0205: Pc”,so,,L = 7.3275 (g/ml). 

Equilibrium %Z (dn/dc_), 
(X102) 

(drr/dc), h 
concentration (ml/g) (ml/g) (ml/g) 
(h.1) 

0.0143 0.148 0.203 0.039 0.80 
0.0’39 0.248 0.106 0.013 0.94 
0.0334 0.347 0.107 0.006 0.9s 
0.0478 0.497 0.21.? O.lZR 0.41 

0.07 18 0.746 0.217 0.102 0.56 
0.1 100 1.144 0.196 0.054 0.69 

lysozyme 3. For lysozyme-Cu(I1) the maximum 

water sol&ion occurs at 0.033 M total Cu(II). and 
the minimum at 0.048 M Cu(II). The same occurs 

for lysozyme-Co(H) system. but h values are clearly 

lower. When comparing these results with W val- 

ues in fig. 1 we can see that SV variations are 

coincident with X variations in the whole range of 
concentrations studied. The increases and de- 

creases in 6V seem to be related to the higher or 

lower preferential solvation by water. 

4. Discussion 

Unlike protein-anion systems which produce 

positive or negative volume effects [45.46] the reac- 

tion of Cu(I1) or Co(I1) cations with lysozyme 

produces always positive volume effects (fig. I). 

The slope and sign of the SV isotherm change as a 

function of cation concentration and the most 

pronounced effects are produced in the range 
O-0334-0.048 M. 

The protein contribution in the volume change 

is basically determined by both (a) the release of 
water from the binding site upon complex forma- 

tion. and (b) structural changes of the protein. In 
principle. the volume rise 6V can be explained in 
terms of Cu(II) or Co(I1) bound to high-affinity 

sites through electrostatic interactions between 

metal and protein anionic groups with displace- 
ment of hydration water initially located around 
the ionic groups [31,47.48]. As described in previ- 
ous works for protein-anion [45,49], protein- 

denaturing agent [29.48] and protein-cation sys- 

tems 1501. the change of sign in the slope of the W 
isotherm could be due to a structural alteration of 
the protein: this change being more pronounced 

for the lowest protein concentrations (0.25%). 

The observed changes in pH solutions are not 
related to structural changes since lysozyme is a 

protein exceptionally stable to pH variations as 
has been demonstrated by Aune and Tanford [S I]. 

Rasper and Kauzmann [52] and Katz and Miller 
[53]. pH contribution to the observed volume 

change can result in a small quantitative correction 
of the parameter evaluated for the protein-metal 

interaction_ The NO; contribution to the volume 

effects is negligible as shown by the low SV values 



produced by KNO,-protein systems [31] and by 
studies on protein-anion interactions [45,46]. 

When comparing )I, F (expressed in mol bound 

metal/mol protein) and 6V values for lysozyme- 

copper (figs. I and 2) the following correlations 

were observed_ for the maximum 6V value at pro- 

tein concentration 3.57 X 10P4 M and metal con- 
centration 0.033 M, F= 8.5 mol bound metal/m01 

protein. Taking into account ihat lysozyme has 
eleven acid residues and that eight of them can be 

titrated in 0.2 M KC1 1541. they may be in principle 
considered as the high-affinity sites to which metal 
ion is bound. 

Up till now, the volume change has been as- 

sumed to be entirely due to the release of the water 

molecules from the ionic groups of the protein 

upon complex formation_ This may not be strictly 

correct_ It has been described that interactions 
between positive and negative charged residues 

produce volume rises between 10 and 20 ml/mol 

reacting ionic pair [53], and also. that Cu(I1) inter- 

action with propionate and acetate produces 

volume changes between 7 and 13 ml/mol 1551. If 
we take a mean value of 10 ml/moi reacting 
Cu(II), for lysozyme 0.5% of the 6V maximum 

value, i.e.. 46 ml/mol protein, it will imply 4 or 6 
reacting ionic pairs. This result does not agree with 
the value of 2 8 mol bound Cu(I1). This leads us 

to suppose that for the maximum value (fig. 1) not 

all Cu(II) ions are bound to ionic groups of the 
protein. 

On the other hand. a preferential solvation by 
water is observed in all cases in lysozyme-Cu or 
-Co(II) systems in contrast to the protein-urea 

[34,44] and protein-guanidine hydrochloride sys- 

tems [28]. The preferential solvation is a measure 
of the difference between solvent composition in 

the protein domain and outside it_ If this is attri- 

buted to the selective binding of one of the compo- 

nents of the solvent 1433 the observed decrease in 

the preferential solvation by water in the metal 
concentration range between 0.033 and 0.048 M 
(figs. 5 and 6) implies a selective binding of the 

other component to the protein. as observed in 

figs. 2 and 3. Again this change could be related to 
any type of structural change, since preferential 

hydration is characteristic of aqueous systems such 

as NaCl and KCl, in which the native structure is 

maintained whereas denaturation is characterized 

by a preferential salt binding 1431, and the existing 
correlation between preferential solvation and pro- 

tein unfolding [28,44]. 

However. the denaturation mechanism by neu- 

tral salts is complicated and implies the reciprocal 

interaction of the salt. macromolecules and water. 
A salt can produce structural alteration or de- 

naturation by direct interaction with the mac- 

romolecule. or indirectly. by altering solvent prop- 

erties. Therefore_ from these results and taking 
into account other works [56-601 alternative ex- 
planations may be suggested. It is known that 
lysozyme in solution undergoes structural changes 

as a function of temperature [8,56-581: the ex- 

istence of D, and D, forms or A and B has been 

shown in solution [S] and in crystalline state [56.58]. 

Besides. under physiological conditions. lysozyme 
molecules have been found to exist in two forms N 

(native) and D (denatured) and an alteration in 

the net charge by acetylation causes no gross con- 

formational changes but instead shifts the N - D 

transition to the right [59,60]. All of the foregoing 
evidence seems to indicate that iysozyme under- 
goes some conformational transition in the metal 

range from 0.0334 to 0.048 M. It means that lyso- 
zyme in solution could be in two or more confor- 
mational states coexisting in equilibrium each one 

having a characteristic specific volume. which may 

or may not be dependent on the number of cations 
bound. Cation binding would affect the relative 

free energies of each state in a different manner 
and therefore lead to altered equilibrium between 
the states and changes in average specific vohrme. 
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