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Abstract

Alcohols have been widely used as protein denaturants, precipitants and crystallization reagents. We have studied
the effect of alcohols on aqueous hen-egg lysozyme self-interactions by measuring the osmotic second virial coefficient
(B ) using static light scattering. Addition of alcohols increasesB , indicating stronger protein–protein repulsion or22 22

weaker attraction. For the monohydric alcohols used in this study(methanol, ethanol, 1-propanol,n-butanol, iso-
butanol and trifluoroethanol), B for lysozyme reaches a common plateau at approximately 5%(vyv) alcohol, while22

glycerol increasesB more than monohydric alcohols. For a 0.05 M NaCl hen-egg lysozyme solution at pH 7,B22 22

increases from 2.4=10 to 4.7=10 ml molyg upon addition of monohydric alcohols and to 5.8=10 ml molyy4 y4 2 y4

g upon addition of glycerol. We describe the alcohol effect using a simple model that supplements the DLVO theory2

with an additional alcohol-dependent term representing orientation-averaged hydrophobic interactions. In this model,
the increased lysozyme repulsive forces in the presence of monohydric alcohols are interpreted in terms of adsorption
of alcohol molecules on hydrophobic sites on the protein surface. This adsorption reduces attractive hydrophobic
protein–protein interactions. A thicker lysozyme hydration layer in aqueous glycerol solution can explain the glycerol-
increased lysozyme–lysozyme repulsion.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Protein precipitation and crystallization are com-
mon steps in the purification of proteins. Protein
solubility depends on many factors, including ther-
modynamic properties of the solvent, temperature
and pressure. Solvents used in protein precipitation
and crystallization are often aqueous mixtures of



290 W. Liu et al. / Biophysical Chemistry 107 (2004) 289–298

buffer salts with organic solvents, such as poly-
mers, alcohols and polyolsw1,2x. The effect of
these additives on protein–protein interactions and
phase behavior is poorly understood. The goal of
this work is to increase our understanding of
alcohol additives on protein–protein interactions
and protein solution stability. Such understanding
contributes toward developing a molecular-ther-
modynamic model for the prediction of protein
solubility and phase behavior; such prediction is
useful for optimizing processes to precipitate a
target protein, or to obtain high-quality protein
crystals.
Alcohols can induce protein helical structures,

destabilize the tertiary structure of native proteins
and cause some proteins to form amyloid fibrils at
high concentrationw3–7x. The mechanism of these
effects remains unclear: it has been proposed that
alcohols may act as protein-binding ligands or act
indirectly through changes in solvent properties
such as decreased polarityw8–11x. However, it is
generally known that addition of alcohols has a
strong effect on molecular interaction between
macromolecules. For example, the micelle-forma-
tion process of a surfactant in aqueous solution
can be significantly affected by the presence of
alcoholsw9x. In aqueous ethanol solution, as etha-
nol concentration rises, hen-egg white lysozyme
exists successively in monomer, dimer, protofila-
ment and amyloid fibrils statesw12x. The tendency
for lysozyme self-association in ethanol solution
indicates that addition of alcohols alters the pro-
tein–protein interactions and the protein-solution
phase behavior.
The osmotic second virial coefficient(B ) pro-22

vides a measure of the strength of protein interac-
tions and contains information concerning the
stability of a protein solutionw13x: a positiveB22

reflects overall repulsive forces between protein
molecules, where protein solutions are stable; a
negativeB , on the other hand, indicates overall22

interprotein attraction that favors fluid–fluid phase
separation or protein precipitation. The osmotic
second virial coefficient has been related to protein
solubility and used to determine favorable condi-
tion for protein crystallizationw14–18x. George
and Wilson w17x suggested that there exists a
window of protein–protein osmotic second virial

coefficients that favors crystallization: for protein
crystallization, B should be in the region22

y2=10 toy8=10 ml molyg . For solutionsy4 y4 2

with B exceedingy2=10 ml molyg , they4 2
22

protein–protein attraction is not sufficiently strong
to form stable crystals, while for solution with
B more negative thany8=10 ml molyg ,y4 2
22

amorphous precipitations is likely.
In this work, we studied the effect of alcohols

on the self-interaction of hen-egg lysozyme by
measuring the osmotic second virial coefficient
(B ). We found that the addition of alcohols22

increasesB at all solution conditions. The lyso-22

zyme–lysozyme interaction is described by a
potential of mean force(PMF) model comprising
a repulsive hard-sphere potential, an attractive
dispersion potential, an electric double-layer-repul-
sion potential and an attractive square-well
potential.

2. Materials and methods

2.1. Protein solution preparation

Hen-egg lysozyme was purchased from Boehrin-
ger Mannheim(Mannheim, Germany) and used
without further purification. Methanol, ethanol, 1-
propanol,n-butanol, iso-butanol, sodium chloride,
NaOH, HCl were purchased from Fisher Scientific
Company (Pittsburgh, PA). Glycerol was pur-
chased from EM Science(Gibbstown, NJ). Tri-
fluoroethanol(TFE) was purchased from Sigma
Chemical Company(St. Louis, MO). Deionized
water was obtained from a Barnested Nanopure II
filtration system.
Protein stock solution(;20 gyl) was prepared

by dissolving protein powder in an aqueous salt
solution. Appropriate amounts of protein solution,
salt solution and alcohol were mixed to achieve
desired alcohol and protein concentrations. All
solutions were adjusted to pH 7 using 0.1 M HCl
and 0.1 M NaOH. The protein solution was filtered
twice through a 0.2-mm pore-size Anotop inorgan-
ic syringe filter(Whatman) before light-scattering
measurements. Protein concentration was deter-
mined by UV spectroscopy using extinction coef-
ficient ´ s2.635 lyg cm.280
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Fig. 1. Refractive-index increment, dnydc, for aqueous hen-egg
lysozyme at various ethanol concentrations in 0.05 M NaCl
solution, pH 7 and 258C.

2.2. Static light scattering

Static light-scattering measurements determine
the weight-average molecular weight(M ) andW

the osmotic second viral coefficient(B ) accord-22

ing to the relationw19x

Kc 1
s q2B c (1)22R(u) MW

where R(u) is the excess Rayleigh scattering of
the saline protein solution beyond that of the
aqueous salt solution,K is the light-scattering
optical constant andc is the protein mass concen-
tration. The optical constantK depends on the
solution scattering properties according tow19x

2 2w x4p n (dnydc)s

Ks (2)4N lA

wherel is the wavelength of the incident light,n
is the refractive index of the protein solution,n iss

the refractive index of the solvent andN isA

Avagadro’s number.
Static light-scattering measurements were per-

formed using a mini-DAWN light-scattering instru-
ment from Wyatt Technology. A 30-mW
semiconductor diode laser(ls690 nm) was
focused into a flow cell. The protein solution was
continuously injected at a flow rate of 0.1 mlymin
by a syringe pump. Light-scattering data were
collected for a given alcohol and salt concentra-
tion, while varying the protein concentration from
1 to 10 gyl. The Rayleigh ratio was obtained from
three detectors at 41.58, 908 and 138.58. A Zimm
plot analysis w20x gave B and M . All the22 W

measurements were done at 258C.

2.3. Determination of refractive-index increment
(dnydc)

For lysozyme in NaCl solution, dnydc has been
reported to be 0.2 mlyg w21x. Addition of alcohols
increases the solution refractive index and reduces
dnydc. A KMX-16 Laser Differential Refractom-
eter (Sunnyvale, CA) was used to determine dny
dc of lysozyme in aqueous ethanol solutions. The

difference between the refractive index of the
solvent and that of the protein solution was meas-
ured and a linear extrapolation to zero concentra-
tion of Dnyc vs. c yielded dnydc. We measured
dnydc of lysozyme in 0.05 M NaCl solution with
ethanol concentration 0, 20, 40 and 60%(vyv) at
25 8C. Fig. 1 shows results. The dnydc for lyso-
zyme in low ethanol concentration solution was
interpolated from these data. The derivative dnydc
for lysozyme in other aqueous alcohol solutions
was obtained by adjusting dnydc to ensure that
the correct monomer lysozyme molecular weight
(;14.5 kDa) could be obtained from the Zimm
plot. The same method has been used by Farnum
and Zukoski to obtain dnydc of aqueous glycerol
solutionsw15x.

3. Results

3.1. The effect of ionic strength on B22

The osmotic second virial coefficient(B ) for22

aqueous hen-egg lysozyme is a strong function of
solution ionic strength. Fig. 2 showsB for22

lysozyme in alcohol-free aqueous solutions with
NaCl concentrations ranging from 0.01 to 1.0 M
at pH 7. Lysozyme carries a net charge of approx-
imatelyq7e at pH 7 w22x. At low ionic strengths,
strong electrostatic repulsion dominates protein–
protein interactions andB is positive. Upon22
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Fig. 2. Effect of ionic strength on osmotic second viral coef-
ficient, B , for aqueous hen-egg lysozyme at pH 7 and 258C.22

The line is to guide the eye.

Fig. 3. Comparison of the effect of monohydric alcohols(eth-
anol, 1-propanol,n-butanol) and that of glycerol on the osmot-
ic second virial coefficient,B , for hen-egg lysozyme in 0.0522

M NaCl solution, pH 7 and 258C. The alcohol molar concen-
tration is used to compare the rate of increase inB for dif-22

ferent alcohols. The lines are to guide the eye.

Table 1
Osmotic second virial coefficients,B , for hen-egg lysozyme22

in aqueous 0.05 M NaCl solutions with various alcohol addi-
tives at pH 7 and 258C

Alcohol B =10y4
22 Alcohol B =10y4

22

concentration (ml molyg )2 concentration (ml molyg )2

%, (vyv) %, (vyv)

0 2.4"0.2 n-Butanol
0.2 2.5"0.2

Methanol 0.5 2.5"0.2
5 4.1"0.5 1 3.3"0.3
8 4.7"0.5 2 4.1"0.3
10 4.5"0.5 5 4.6"0.2

7 4.6"0.2
Ethanol 8 4.7"0.4
0.6 2.4"0.2
1.5 3.4"0.2 iso-Butanol
2 3.7"0.2 5 4.7"0.4
3.5 4.2"0.2 8 4.8"0.4
5 4.6"0.2
7.5 4.7"0.3 TFE
10 4.7"0.3 5 4.4"0.4
20 4.8"0.3 10 4.6"0.5

1-Propanol Glycerol
2 3.4"0.2 3 3.4"0.3
5 4.5"0.4 5 4.2"0.4
10 4.7"0.4 10 5.4"0.4

20 5.8"0.4
30 5.9"0.5

increasing ionic strength, electrostatic repulsion is
screened andB becomes negative, indicating that22

the overall protein–protein interaction is attractive.
Electrostatic forces are completely screened at
ionic strengths above 0.5 M as shown in Fig. 2.

3.2. The effect of alcohols on B22

We determined the osmotic second virial coef-
ficient for aqueous hen-egg lysozyme in the pres-
ence of several alcohols(methanol, ethanol,
1-propanol,n-butanol, iso-butanol and TFE) and
glycerol in 0.05 M NaCl solutions, at pH 7. Table
1 gives results. Addition of any alcohol raisesB22

for lysozyme. For all the monohydric alcohols,
B increases with alcohol concentration, and22

reaches a common plateau at approximately 5%
(vyv) alcohol. Glycerol also raisesB for lyso-22

zyme, consistent with Farnum and Zukoski’s report
that the addition of glycerol increasesB for22

bovine pancreatic trypsin inhibitorw15x. Our data
show that glycerol increasesB for hen-egg lyso-22

zyme more than monohydric alcohols(Fig. 3).
Hirota et al.w23x reported that the helix-inducing

ability of an alcohol is proportional to the bulki-
ness of its hydrocarbon groups. Alcohols with
longer hydrocarbon chains such as butanol and
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Fig. 4. The osmotic second virial coefficient,B , for hen-egg22

lysozyme as a function of ethanol concentration in various
aqueous salt solutions, pH 7 and 258C. The lines are to guide
the eye.

propanol are more effective in inducing proteina-
helix form than shorter-chain ethanol or methanol.
However, our data do not show any obvious
relation between the rate of increase inB and22

the length of alcohol hydrocarbon chain(as shown
in Fig. 3).
Fig. 4 showsB for lysozyme as a function of22

ethanol concentration in solutions with NaCl con-
centrations 0.05, 0.15 and 0.5 M at pH 7. At all
solution conditions,B increases with addition of22

ethanol and reaches a plateau at ethanol concentra-
tions over 5%(vyv). For a solution containing
0.15 M NaCl,B changes sign from negative to22

positive upon addition of ethanol, indicating that
as ethanol concentration rises, protein interactions
change from attractive to repulsive. The difference
betweenB in the absence and presence of ethanol22

is approximately 2.5=10 ml molyg , independ-y4 2

ent of NaCl concentration, suggesting that the
effect of ethanol is independent of electrostatic
protein–protein interactions.
At sufficiently high salt concentrations, protein

aggregates form due to short-range attractions such
as hydrophobic interactions. For example, Curtis
et al. w24x have reported that lysozyme mutant
(D101F) has a more negative osmotic second virial
coefficient than native lysozyme due to increased
protein–protein surface hydrophobic attractions.

Lehmann et al.w25x reported that alcohols can
bind to a lysozyme surface via hydrophobic inter-
actions. Such alcohol adsorption can reduce con-
tacts between hydrophobic patches on adjacent
proteins and may explain the increasedB . The22

apparent convergence ofB values for monohy-22

dric alcohols suggests that different alcohols bind
to identical sites on the protein surface and that,
once adsorbed, they have a similar effect on
protein–protein interaction. This effect is attributed
to increased local hydrophilicity due to the solvent-
exposed OH group of the adsorbed alcohol. Unlike
monohydric alcohols, glycerol cannot bind to pro-
tein hydrophobic surfaces. The increase inB22

following addition of glycerol may be due to an
increased protein hydration layerw15,26x.

3.3. The effect of alcohols on protein stability

Alcohol additives affect the stability of aqueous
proteins in two ways: through an effect on protein-
conformation stability or on protein-solution phase
stability. Protein conformational changes, including
protein denaturation and partial unfolding, are the
main factors leading to protein aggregation asso-
ciated with some neurological diseasesw27,28x.
Most of the monohydric alcohols(methanol, eth-
anol, propanol, butanol and TFE) are protein-
conformation destabilizers: they can increase
protein secondary structure, disrupt protein native
structure, and induce amyloid formation at high
alcohol concentrationw3–7x. Protein molecules
also tend to assemble to form higher-order aggre-
gates due to intermolecular attractions that are
unrelated to any structural changes, which lead to
protein-solution instability. OurB data show that22

alcohols can increase protein intermolecular repul-
sion at low alcohol concentration, suggesting that
alcohols tend to enhance protein-solution stability.
The overall effect of monohydric alcohols is to
decrease protein-conformation stability and to
increase protein-solution phase stability. At high
alcohol concentrations, the denaturing or destabi-
lizing effect dominates, while the solution-stabiliz-
ing effect dominates at low alcohol concentrations.
Unlike monohydric alcohols, glycerol, which is

more hydrophilic, does not bind to hydrophobic
patches on the proteinw29x. Because glycerol
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forms a nearly ideal solution with water, it fits
well into the water structure. As a result, glycerol
avoids the proximity of non-polar regions of the
protein surface, resulting in a larger hydration
layer. The glycerol concentration in the protein’s
hydration layer is depleted relative to that in the
bulk solution w29x. This effect is known as pref-
erential hydration of protein or preferential exclu-
sion of co-solvent. Glycerol is a protein stabilizer
and can increase both protein-conformation stabil-
ity and protein-solution phase stability. In the
presence of glycerol, the increased excluded vol-
ume of the protein, including the hydration layer,
gives a more positiveB and stronger protein–22

protein repulsionsw15,26,29x. At the same time,
the folded protein, which has a smaller surface
area, exhibits lower preferential exclusion than that
observed for denatured states where the solvent
exposed-area is larger. This preferential exclusion
effect stabilizes the protein’s native conformation
in aqueous glycerol solutions.

4. The potential of mean force

Interactions between two protein molecules in
solution can be quantified through a PMF. The
negative derivative of PMF with respect to distance
is the force between two protein molecules at
infinite dilution. In mixed solvents, the PMF
requires configuration averaging for all mixed-
solvent componentsw30x; in the present case, the
mixed-solvent includes water, alcohol and salt
ions. If the PMF,W , is isotropic, the osmotic22

second virial coefficient,B , is related toW by22 22

w31x

`1 N w zA 2x |B sy 4pr exp yW (r)ykT y1 drŽ .22 22| y ~22M 0W

(3)

where r is the center-to-center separation of the
two solute molecules,N is Avogadro’s number,A

T is the absolute temperature andk is Boltzmann’s
constant.
For globular proteins, the PMF can be approxi-

mated by

W (r)sW (r)qW (r)qW (r)qW (r)22 hs elec disp spec

(4)

where,W (r) is the protein hard-sphere(excluded-hs

volume) potential;W (r) is the electric double-elec

layer-repulsion potential;W (r) is the attractivedisp

dispersion potential, andW (r) is a square-wellspec

potential, to account for protein–protein specific
interactions including hydrophobic attractions,
hydrogen bonds and salt bridgesw32x. The first
three terms,W (r), W (r) and W (r) arehs elec disp

described by DLVO theoryw33x.
The hard-sphere potential isw33x

S`for r(s
T
UW s (5)hs
T
V0 for r)s

wheressdq2s, is the effective spherical diame-
ter of a protein; d is the protein hard-sphere
diameter from crystal-structure data, ands is the
thickness of the protein’s hydration layer. Hen-egg
lysozyme(45=30=30 A) w34x, can be approxi-˚
mated as a globular molecule with a hard-sphere
diameter;34.4 A. From dynamic light scattering˚
measurementsw35x, the lysozyme hydration layer,
s, was estimated to be 1 A and assumed independ-˚
ent of ionic strength and pH.
The potential due to electric double-layer repul-

sion is derived from Debye–Huckel theoryw33x:¨

2 2 w xz e expyk(ryd)
W (r)s for r)s (6)elec 24pr´ ´ (1qkdy2)o r

where ze is the effective charge of the protein,e
is the elementary charge,́ is the dielectrico

permittivity of vacuum,́ is the dielectric constantr

of water andk is the inverse of the Debye length,
given by

22e N IA2k s (7)
kT´ ´o r

whereI is the ionic strength of the solution.
The attractive(Hamaker) dispersion potential is

w36x
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Fig. 5. Determining effective lysozyme charge,ze and square-
well depth,´ , from experimental data.spec

2 2SH d dT

UW (r)sy qTdisp 2 2 2
V12 r yd r

2 WB Ed T

XC Fq2 ln 1y for rT2
D GYr

0s (8)

where H is the effective Hamaker constant for
protein–protein interaction, considered independ-
ent of salt concentrationw37,38x. For proteins in
aqueous solution,Hs5kT provides a reasonable
approximationw37x.

The strength of inter-protein interaction can vary
with local surface composition, leading to repul-
sion for hydrophilic and attraction for hydrophobic
patches. Such orientation-dependent hydrophobic
attractions along with other short-range interac-
tions including hydrogen bonds and salt bridges
can be approximated by a site-specific attractive
potentialw39x:

Sy´ for x(dspec
T
Uf(x)s (9)
T
V0 for d-x

wherex is the site–site distance,´ is the square-spec

well depth andd is the width of the square well.
The spherically symmetric square-well potential,
W (r), is calculated from the orientation-aver-spec

aged f(x). Because the osmotic second virial
coefficient accounts for interactions between two
lysozyme molecules,ds0.134s was chosen to
ensure no association beyond monomer–dimer
associationw39x. In the present work,́ , is aspec

fitting parameter obtained from experimental sec-
ond virial coefficient data.

5. Potential of mean force calculation

There are two adjustable parameters in our PMF
model: the protein effective chargeze and the
square-well depth́ . The effective charge onspec

the protein may differ from that for a crystal or as
obtained from titration dataw22x. The difference is
attributed to ion binding by the proteinw40,41x. In
addition, because DLVO theory neglects attractive
charge-dipole and dipole–dipole attractions

w42,43x, further reduction of the protein effective
charge may be needed to bring model calculations
close to experiment. At pH 7, hen-egg lysozyme
carries a chargeq9e according to its crystal
structurew44x, and approximatelyq7e based on
hydrogen-ion titration w39x. However, when
applied to data similar to ours, the appropriate
protein charge lies betweenq5 and 6e, independ-
ent of solution ionic strengthw45–47x. For several
low ionic strengths, a curve was generated repre-
senting the set of(´ , ze) points that bring thespec

calculatedB into agreement with experiment.22

The intersection of these curves for different ionic
strengths corresponds to desired values of´spec

and ze. Fig. 5 shows this method to determine
´ and ze from our experimental data. Wespec

obtained´ s9.9kT and zesq5.1e.spec

For aqueous alcohol solutions, dielectric con-
stant,´ , decreases linearly with alcohol molarityr

w23x. The decreased́ enhances protein–proteinr

electrostatic repulsion. The experimentalB reach-22

es a plateau(Fig. 4) as ethanol concentration
increases to;5% (vyv). However, addition of 5%
ethanol changeś only slightly, from 78.5 to;76r

w23x. When the ionic strength is 0.5 M or above,
the electrostatic repulsion is completely screened
as shown in Fig. 2. Nevertheless, addition of
ethanol increasesB from y7=10 toy4

22

y4.5=10 ml molyg (Fig. 4) in 0.5 M NaCly4 2

solution. Therefore, ethanol does not affect the
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Fig. 6. The effect of protein hydration layer thickness,s, on
the second virial coefficient,B , predicted from the PMF mod-22

el in 0.05 M NaCl solution, pH 7. Inset:B as a function of22

glycerol concentration at the same solution conditions.

Fig. 7. Square-well depth,́ , as a function of ethanol con-spec

centration in 0.05 M NaCl solution, pH 7. The line is to guide
the eye.

protein–protein interaction through electrostatic
interactions. The same conclusion is also reported
by Farnum and Zukoskiw15x.

Chirico et al.w26x reported that in 60%(wyw)
glycerol solution, the hydrodynamic radius of hen-
egg lysozyme is approximately 1.6 A larger than˚
that in glycerol-free solution. The increased hydro-
dynamic radius in presence of glycerol is caused
mainly by the increased protein hydration layer
w15,29x, which will affect the closest approach for
two protein molecules in solution. Fig. 6 shows
the osmotic second virial coefficient,B , as a22

function of protein hydration layer,s, predicted
from our PMF model. The increase in hydration
layer by approximately 1 A can changeB suffi-22

˚
ciently to account for the effect of glycerol as
shown in Fig. 6. Unlike glycerol, monohydric
alcohols are unable to increase the protein hydra-
tion layer or hydrodynamic radius. Instead, ethanol
slightly decreases lysozyme’s hydrodynamic radius
w48x, which may result in a decrease ofB due to22

reduced excluded volume. But our results show
B increasing with addition of ethanol. We do not22

consider any change of protein effective radius in
our subsequent calculations.
Fig. 7 shows square-well depth,́ , as aspec

function of ethanol concentration in 0.05 M NaCl
solution. The square-well depth,́ , approxi-spec

mately 9.9kT in the absence of ethanol, decreases
to 8.4kT upon addition of 5%(vyv) of ethanol.
The reduced square-well depth, approximately
1.5kT, corresponds to a bond energy near 3.7 kJy
mol at 25 8C, a reasonable value for protein–
protein hydrophobic interactions that are reduced
by addition of ethanol.

6. Conclusions

We have measured the osmotic second virial
coefficient of hen-egg lysozyme in salt solution
with several alcohol additives. All the alcohols
used in this study raise the second virial coeffi-
cient, indicating stronger protein–protein repul-
sion. Protein solution stability is thereby enhanced.
We have described the monohydric alcohol effect
on protein–protein interaction through an attractive
square-well potential. The reasonable square-well
depth data obtained support the view that alcohols
are protein-binding ligands. When glycerol is used
as an additive, experimental result indicates that
glycerol provides a thicker hydration layer leading
to stronger protein–protein hard-sphere repulsion.
The results reported here may be useful in selection
of optimal conditions for protein processing.
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