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Light Scattering Studies of Hydration and Structural

Transformations of Lysozyme
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We have applied the method of dynamic light scattering to analyse the lysozyme�ethanol interaction. For
low ethanol concentration (below 4.3% (v/v)) no chemical denaturation process is observed. When the ethanol
concentration grows above the triggering concentration the hydrodynamic radius of lysozyme increases, indicating
the structural changes within the protein molecule. The observed structural modi�cations are attributed to
dehydration and preliminary tertiary structure modi�cation of the protein molecule.

PACS: 87.15.kr, 34.50.−s

1. Introduction

Considerable attention is presently focused on stud-
ies on folding and aggregation of proteins. About twenty
protein molecules are known to be involved in human dis-
eases with that kind of pathology [1, 2]. In 1993 Pepys
et al. identi�ed mutations in human lysozyme associ-
ated with amyloidosis [3]. Since then a large number of
the experimental studies on amyloid formation concern
the molecule exctracted from hen egg white lysozyme
(HEWL) as well as other molecules from lysozyme fam-
ily [4]. Among others HEWL can form ordered ag-
gregates in water�ethanol solutions [5�8]. The amyloid
structure construction is preceded by the partial denat-
uration of the protein and formation of an intermediate
structural state [5, 9]. In this paper we present the anal-
ysis of the preliminary steps of this process.
Experiments which are based on the phenomenon of

radiation scattering are usually applied in the analysis
of size and intermolecular interaction of macromolecules
[10, 11]. Light scattering (static � SLS and dynamic �
DLS), small-angle X-ray scattering (SAXS), and small-
-angle neutron scattering (SANS) form a group of the
methods of choice in the study of intermolecular inter-
actions in colloidal suspension. In protein solutions in-
teresting problems concern the phenomena of hydration
and aggregation. Formation of a protein hydration shell
is a fundamental condition for the native structure sta-
bilization, intermolecular interaction, and aggregation.
Any modi�cation in hydration shell of a protein molecule
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strongly in�uences its biological function. Among others
alcohol molecules, when added to colloidal suspension,
compete with water molecules for the position on the
surface of a protein molecule. Presence of the alcohol
molecules disturbs an equilibrium among hydrophobic
chemical groups of a protein and �nally leads to destruc-
tion of its native, tertiary structure [12]. The experi-
ments based on radiation scattering together with com-
puter simulations [13] enable determination of the size
and structure of the hydration shell.

We have applied dynamic light scattering methods for
the analysis of the properties of HEWL. This is a very
well known protein molecule, the enzyme consisting of
129 amino acid residues [14]. It folds into two structural
domains, α (since it includes four α helical fragments)
and β (since it includes two β strands). Four disul-
�de bonds stabilize its native structure. The lysozyme
structure, enzyme activity as well as hydration have been
studied by crystallographic and NMR structural analy-
sis for a long time [15]. Other studies concern hydro-
dynamic properties of the protein. Partial speci�c vol-
ume (v = 0.7126 cm3/g [16]) sedimentation coe�cient
(s = 1.91× 10−13 s [17]) as well as translational (Table)
and rotational (DR = 16.7× 106 s−1 [18]) di�usion coef-
�cients have been determined.

In this paper we present the application of DLS in the
analysis of the in�uence of the ethanol molecules and
salt ions on the lysozyme structure. We shall determine
the initial stage of the protein denaturation caused by
ethanol molecules. Similar studies were performed be-
fore [20]. According to the data presented in that paper,
with the increase of the ethanol concentration the hydro-
dynamic radius RH of the protein initially decreases and
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reaches a minimum, and only then increases. The change
of RH is compared with the change of partial molar vol-
umes of ethanol in water/ethanol mixtures. The authors

suggest that the protein molecule plays a role of a very
sensible probe for the water/ethanol interactions.

TABLE

Translational self-di�usion coe�cient DT for lysozyme molecule suspended in water solution.

Di�usion coe�cient
[10−10 m2/s]

Experimental conditions Reference

1.10 water, 1.35 M (NH4)2SO4; pH 6.7 [17]

1.06± 0.01 water, 100 mM sodium acetate � acetic acid bu�er, pH 4.2 [18]

1.13± 0.02 water, 45 mM acetate bufer; pH 4.15
[19]

0.086± 0.02 water, 45 mM acetate bufer, glycerol 60% (v/v); pH 4.3

1.05± 0.01 water, 100 mM glycine; pH 3 [20]

1.03± 0.03 water; pH 6.7± 0.2 [21]

2. Basic theoretical considerations

Light scattering is most easily observed when the radi-
ation interacts with molecules of a colloidal suspension.
Dynamic light scattering methods are based on the anal-
ysis of temporal correlation of the intensity of the light
scattered by colloidal particles. The scattered light inten-
sity autocorrelation function decays exponentially with
the time constant τ � correlation time,

τ =
1

2DTq2
, (1)

where q denotes the scattering wave vector

q =

(
4πn

λ

)
sin

(
ϑ

2

)
(2)

(ϑ � scattering angle) and DT � the collective trans-
lational di�usion coe�cient. A self-di�usion coe�cient
DT0 is described by the Stokes�Einstein equation

DT0 =
kT

6πηRH
, (3)

where RH denotes the radius of a sphere hydrodynami-
cally equivalent to a colloidal particle in the solution, η
� viscosity coe�cient, T � temperature, k � the Boltz-
mann constant. All particles, protein macromolecules as
well, when suspended in a water solution possess a hy-
dration shell. On the basis of various experimental data
it is assumed that the average thickness of the hydration
shell equals 0.3 nm [18]. In determination of hydrody-
namic radius, the hydration shell volume should be taken
into account. This concerns in general only that part of
the hydration shell where water molecules are strongly
bound to the macromolecule surface and the binding time
is long in comparison to the time of the macromolecule
light interaction.

3. Materials and methods

Hen egg white lysozyme (EC 3.2.1.17) was purchased
from SIGMA. The protein stock solution (with the pro-
tein concentration of about 20 mg/ml) has been prepared
by dissolution of lysozyme in deionised water from Barn-
stead �ltering device. The appropriate volumes of the
stock solution and 96% (v/v) water�ethanol mixture were
brought together in order to prepare the working solu-
tions with proper concentration cEtOH (0 ÷ 10% (v/v))
and cNaCl (0 ÷ 50 mmol dm−3). Final HCl pH � 4.5.
For light scattering experiments all samples were �ltered
using Millipore �lter (0.22 µm) and �nally centrifuged at
the rate of 8000 rpm for 30 min. Final protein concen-
tration has been determined by UV spectroscopy (molar
absorbance coe�cient ε280 nm = 2.54 ml/(mg cm3)) [16].

Fig. 1. Experimental correlation functionG(t) (50 mM
NaCl, pH = 4.5; protein concentration c = 8.9 mg/ml;
cEtOH = 9.91%) and calculated curve F (t). Calculations
were performed taking into account a single-component
model.
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The setup for light scattering experiments was
equipped with Kr laser (λ = 647 nm) from Carl Zeiss,
Jena, Germany. The intensity of the scattered light was
measured at an angle ϑ = 90◦ using a correlator ALV5000
from ALV, Langen, Germany. The measurements were
performed at room temperature. Experimental data were
analysed using CONTIN. A single-component model was
taken into account. Even in the presence of high ethanol
(9.91% (v/v)) and salt (50 mM NaCl) concentration no
deviation from this assumption was observed (Fig. 1).

4. Results and discussion

We have determined translational di�usion coe�cient
of lysozyme molecule. In the solution free from ethanol
(50 mM NaCl, pH 4.5) it equals (1.102 ± 0.009) ×
10−10 m2/s, which is in agreement with our previous
data (1.101 ± 0.02) × 10−10 m2/s (50 mM Na2HPO4/
NaH2PO4, pH 4.5) [22] as well as with data determined
by others (Table). With the increasing amount of ethanol
DT decreases (Fig. 2) as it was also observed earlier
[20, 21]. The di�usion coe�cient reaches a value of
(0.689±0.011)×10−10 m2/s, while the ethanol concentra-
tion increases up to 9.91% (v/v). The di�usion coe�cient
decreases also with the addition of salt (Fig. 3). However,
as it was presented in Fig. 1, under these conditions the
aggregation of protein molecules does not take place. On
the basis of studies of second viral coe�cient B22, per-
formed using the method of SLS [23], it has been shown
that B22 increases with alcohol concentration and reaches
a plateau value at concentration ≈ 5% (v/v). The change
of the B22 value is independent of NaCl concentration,
which means that presence of ethanol molecules does not
a�ect electrostatic protein�protein interaction.

Fig. 2. Translational di�usion coe�cient of lysozyme
in water�ethanol (50 mM NaCl, pH 4.5) solutions as a
function of ethanol concentration.

Changes of the di�usion coe�cient, presented above,
could be attributed to the increasing viscosity of the sol-
vent, as it was in the water�glycerol solutions [24] or to
the denaturation process, as it was observed in the case
of temperature denaturation [25] and chemical denatura-
tion by guanidine hydrochloride (Gdn ·HCl) [26]. Since
the viscosity of water�ethanol solution changes from
1.05×10−3 Pa s (for 0% EtOH (v/v)) to 1.21×10−3 Pa s

Fig. 3. Translational di�usion coe�cient of lysozyme
in water�ethanol solution (cEtOH = 9.91% (v/v); pH =
4.5) as a function of NaCl concentration. Solid line �
approximation function.

Fig. 4. Change of the hydrodynamic radius RH of
lysozyme in function of ethanol concentration in the
presence of phosphate bu�er (50 mM Na2HPO4/
NaH2PO4, pH = 4.5) or sodium salt (50 mM NaCl,
pH = 4.5). Dashed line � approximation function.

(for 10.6% EtOH (v/v)) [16], we assume that the ob-
served changes are connected with the structural trans-
formations of the protein molecule related to its dehy-
dration.

In general, the denaturation process is described as a
cooperative two-state transition from folded to unfolded
state. As a consequence of thermal denaturation the dif-
fusion coe�cient decreases and the hydrodynamic radius
of the protein increases by approximately 18% [25]. In
the case of chemical denaturation, when the concentra-
tion of Gdn ·HCl increases from 0 to about 2 M, the
di�usion coe�cient of lysozyme remains constant and
equals (1.06 ± 0.01) × 10−10 m2/s [26]. Within the con-
centration range of Gdn ·HCl from 2 M to 5 M the dif-
fusion coe�cient decreases and �nally reaches the value
(0.73 ± 0.01) × 10−10 m2/s. While the concentration of
Gdn ·HCl further increases up to 6.5 M, it remains con-
stant. This value could not be attributed to a fully de-
natured protein, while the addition of 30 mM of dithio-
threitol to lysozyme solution causes a further drop in the
di�usion coe�cient to (0.57± 0.02)× 10−10 m2/s [26].

We have calculated the radius RH of a sphere hydro-
dynamically equivalent to lysozyme molecule (3), tak-
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ing into account the change of viscosity coe�cient of
the water�ethanol solution [22]. The results of the cal-
culation are presented in Fig. 4. Change of the pro-
tein size is independent of the type of anions present
in the solution. It follows from our measurements that
for lysozyme in aqueous solution with zero concentration
of ethanol the value of the hydrodynamic radius equals
(1.856 ± 0.023) nm, which is in a good agreement with
the results known from literature (e.g. 1.811 nm [22],
1.85 nm [25], 1.87 nm [24], 1.96 nm [27]). When the
ethanol concentration reaches 9.91% (v/v), hydrody-
namic radius increases up to (2.277 ± 0.020) nm. This
is di�erent from the results obtained by Calandrini and
co-workers [20], who have observed the initial decrease
and then the increase of the value of RH. On the other
hand, this tendency is similar to the temperature de-
pendence of the hydration radius [25] and the radius
of gyration Rg [28]. One can draw a conclusion that
at the very low ethanol concentration RH remains con-
stant. Interaction between ethanol and protein molecules
is weak with short occupation time. RH starts to in-
crease while the ethanol concentration reaches its critical
value. Using a very simple procedure � determination
of the point of intersection of two lines: y = 1.86 nm
and the tangent determined by three points � we have
estimated the critical concentration which equals about
4.3% (v/v) (Fig. 5). This result is close to the triggering
value (about 5% (v/v)), when B22 coe�cient reaches the
plateau value. The initial increase of B22 indicates the
increase of repulsive forces between protein molecules.
The absorption of ethanol molecules on hydrophobic sites
on the protein surface reduces the hydrophobic protein�
protein interactions. When ethanol concentration in-
creases over the critical concentration, RH starts to in-
crease, which is related with structure transformation.
We have observed an increase of partial speci�c volume
(densitometry) and the increase of α-helix content (CD
data) [16].

Fig. 5. Hydrodynamic radius RH of lysozyme vs.
ethanol concentration (calculated on the basis of data
presented in Fig. 2).

More precise analysis could be performed using the
methods of neutron crystallography. Among others the
analysis of ethanol�lysozyme interaction has been per-

formed for a single crystal of the protein soaked in
25% (v/v) by ethanol solution [29]. The authors have
determined three regions on the surface of lysozyme with
the highest occupation of ethanol. These regions in-
clude amino acid residues 35�45, 57�72 (these two re-
gions form β domain) and 105�129 (at C terminal). Al-
cohol molecules did not a�ect the structure and thermal
motion of the atoms in the protein. This means that,
when the relative concentration of ethanol is low, the
interaction between ethanol and the lysozyme molecule
is weak, with a short occupation time. The structural
transformation process starts when the mutual interac-
tions between ethanol and lysozyme cause dehydration
of the protein. Such conclusion could be drawn on the
basis of X-ray studies which were performed recently
by Deshpande and co-workers [30]. The authors co-
-crystallized lysozyme with various alcohols (alcohol con-
centration about 20% (v/v)), among others with ethanol
and observed that there are two binding sites (N- and C
terminal) in common for all kinds of alcohol molecules
under consideration. Alcohol molecules replaced water
molecules. According to other studies based on CD anal-
ysis [8], the major e�ect of alcohol as a co-solvent con-
cerns reduction of hydration in the starting state and
subsequent slight expansion of α-helical substructures.
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