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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 increaBgs indicating stronger protein—protein repulsion or
weaker attraction. For the monohydric alcohols used in this stuagthanol, ethanol, 1-propanai;butanol, iso-
butanol and trifluoroethanyl B,, for lysozyme reaches a common plateau at approximatelyf\5%) alcohol, while
glycerol increase®,, more than monohydric alcohols. For a 0.05 M NaCl hen-egg lysozyme solution at pk} 7,
increases from 2410 to 4.7 10~* ml mol/g? upon addition of monohydric alcohols and to .80~ ml mol/

g? upon addition of glycerol. We describe the alcohol effect using a simple model that supplements the DLVO theory
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 agueous glycerol solution can explain the glycerol-
increased lysozyme—lysozyme repulsion.
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buffer salts with organic solvents, such as poly-
mers, alcohols and polyol§l,2]. The effect of
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coefficients that favors crystallization: for protein
crystallization, B,, should be in the region

these additives on protein—protein interactions and —2x10“ to —8x10~* ml mol/g?. For solutions

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 concentratiodi3—7]. The mechanism of these

effects remains unclear: it has been proposed thatsion potential

alcohols may act as protein-binding ligands or act
indirectly through changes in solvent properties
such as decreased polarii§—11]. 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
alcohols[9]. In aqueous ethanol solution, as etha-
nol concentration rises, hen-egg white lysozyme
exists successively in monomer, dimer, protofila-
ment and amyloid fibrils stated.2]. 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 coefficiefB,,) pro-

vides a measure of the strength of protein interac-

tions and contains information concerning the
stability of a protein solutior{13]: a positiveB,,
reflects overall repulsive forces between protein

with B,, exceeding —2x10~% ml mol/g?, the
protein—protein attraction is not sufficiently strong
to form stable crystals, while for solution with
B,, more negative than—8x10-* ml mol/g?,
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 alcohols
increasesB,, at all solution conditions. The lyso-
zyme—lysozyme interaction is described by a
potential of mean forc€PMF) model comprising
a repulsive hard-sphere potential, an attractive
dispersion potential, an electric double-layer-repul-
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, HCI were purchased from Fisher Scientific
Company (Pittsburgh, PA. Glycerol was pur-
chased from EM Scienc€Gibbstown, NJ. Tri-
fluoroethanol (TFE) was purchased from Sigma
Chemical Company(St. Louis, MO. Deionized
water was obtained from a Barnested Nanopure Il
filtration system.

Protein stock solutiorf ~20 g/l1) was prepared
by dissolving protein powder in an aqueous salt
solution. Appropriate amounts of protein solution,

molecules, where protein solutions are stable; a salt solution and alcohol were mixed to achieve

negativeB,,, on the other hand, indicates overall
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 crystallization[14—14. George
and Wilson [17] suggested that there exists a
window of protein—protein osmotic second virial

desired alcohol and protein concentrations. All
solutions were adjusted to pH 7 using 0.1 M HCI
and 0.1 M NaOH. The protein solution was filtered
twice through a 0.2xm pore-size Anotop inorgan-

ic syringe filter (Whatman before light-scattering
measurements. Protein concentration was deter-
mined by UV spectroscopy using extinction coef-
ficient £,50=2.635 /g cm.
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2.2. Static light scattering

Static light-scattering measurements determine
the weight-average molecular weigkt/,,) and
the osmotic second viral coefficieqB,,) accord-
ing to the relation[19]

1

Kc
-+
My,

R(O)

2B, (1)

where R(0) is the excess Rayleigh scattering of
the saline protein solution beyond that of the
aqueous salt solutionk is the light-scattering
optical constant and is the protein mass concen-
tration. The optical constank depends on the
solution scattering properties according[f®]

4 ny(dn/dc)]?

K
NaN*

2

where\ is the wavelength of the incident light,
is the refractive index of the protein solution, is
the refractive index of the solvent and, is
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 lasefA=690 nm was
focused into a flow cell. The protein solution was
continuously injected at a flow rate of 0.1 fnhin
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 ¢/l. The Rayleigh ratio was obtained from
three detectors at 4.590° and 138.8. A Zimm
plot analysis [20] gave B,, and M,,. All the
measurements were done at Z&

2.3. Determination of refractive-index increment

(dn/dc)

For lysozyme in NaCl solution,nfdc has been
reported to be 0.2 nib [21]. Addition of alcohols
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Fig. 1. Refractive-index incrementz e, for aqueous hen-egg
lysozyme at various ethanol concentrations in 0.05 M NaCl
solution, pH 7 and 25C.

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 An/c vs. c yielded di/dc. We measured
dn/dc of lysozyme in 0.05 M NaCl solution with
ethanol concentration 0, 20, 40 and 6@¥%/v) at

25 °C. Fig. 1 shows results. Thexddc for lyso-
zyme in low ethanol concentration solution was
interpolated from these data. The derivative' dc

for lysozyme in other aqueous alcohol solutions
was obtained by adjustingnddc 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 @/dc of aqueous glycerol
solutions[15].

3. Results
3.1. The effect of ionic strength on B,

The osmotic second virial coefficieriB,,) for
aqueous hen-egg lysozyme is a strong function of
solution ionic strength. Fig. 2 shows,, for
lysozyme in alcohol-free aqueous solutions with
NaCl concentrations ranging from 0.01 to 1.0 M

increases the solution refractive index and reducesat pH 7. Lysozyme carries a net charge of approx-

dn/dc. A KMX-16 Laser Differential Refractom-
eter (Sunnyvale, CA was used to determinend
dc of lysozyme in aqueous ethanol solutions. The

imately +7e¢ at pH 7[22]. At low ionic strengths,
strong electrostatic repulsion dominates protein—
protein interactions andB,, is positive. Upon
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Fig. 2. Effect of ionic strength on osmotic second viral coef-
ficient, B,,, for agueous hen-egg lysozyme at pH 7 and@5

The line is to guide the eye.

Table 1

Osmotic second virial coefficient®,,, for hen-egg lysozyme
in aqueous 0.05 M NacCl solutions with various alcohol addi-

tives at pH 7 and 25C

Alcohol By, X104
concentration (ml mol/g?)
%, (v/v)

Alcohol By,x 1074
concentration (ml mol/g?)
%, (v/v)

0 2.4+0.2
Methanol

5 4.1+£0.5
8 4.7+0.5
10 4.5+0.5
Ethanol

0.6 2.4+0.2
15 3.4£0.2
2 3.7+0.2
3.5 4.2+0.2
5 4.6+0.2
7.5 4.7+0.3
10 4.7+0.3
20 4.8+0.3
1-Propanol

2 3.4+0.2
5 4.5+0.4
10 4.7+0.4

n-Butanol
0.2 2.5+0.2
0.5 2.50.2
1 3.3t0.3
2 4.1+0.3
5 4.6+0.2
7 4.6+0.2
8 4.7#0.4
iso-Butanol
5 4.74+0.4
8 4.8+0.4
TFE
5 4.4-0.4
10 4.6£0.5
Glycerol
3 3.4+0.3
5 4.2+0.4
10 5.4:0.4
20 5.8+0.4
30 5.9+0.5

”

1
I

B, x10*(ml mol/g”)
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Fig. 3. Comparison of the effect of monohydric alcoh@@h-
anol, 1-propanolz-butano) and that of glycerol on the osmot-
ic second virial coefficientB,,, for hen-egg lysozyme in 0.05
M NaCl solution, pH 7 and 25C. The alcohol molar concen-
tration is used to compare the rate of increasd.pnfor dif-
ferent alcohols. The lines are to guide the eye.

increasing ionic strength, electrostatic repulsion is
screened anfl,, becomes negative, indicating that
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 B,

We determined the osmotic second virial coef-
ficient for aqueous hen-egg lysozyme in the pres-
ence of several alcoholdmethanol, ethanol,
1-propanol,n-butanol, iso-butanol and TBEand
glycerol in 0.05 M NaCl solutions, at pH 7. Table
1 gives results. Addition of any alcohol raisBs,
for lysozyme. For all the monohydric alcohols,
B,, increases with alcohol concentration, and
reaches a common plateau at approximately 5%
(v/v) alcohol. Glycerol also raiseB,, for lyso-
zyme, consistent with Farnum and Zukoski's report
that the addition of glycerol increases,, for
bovine pancreatic trypsin inhibitdil5]. Our data
show that glycerol increases;., for hen-egg lyso-
zyme more than monohydric alcohdgig. 3).

Hirota et al.[23] 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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Lehmann et al.[25] reported that alcohols can
bind to a lysozyme surface via hydrophobic inter-

4 :(_./l/""_H * actions. Such alcohol adsorption can reduce con-
t tacts between hydrophobic patches on adjacent

&0

?2 ok L] u proteins and may explain the increaseg. The

= _/'/'/’.7 apparent convergence &, values for monohy-
_;5 " _ dric alcohols suggests that different alcohols bind
S 4T = to identical sites on the protein surface and that,
;21 14 [NaCILM | ® 0.05 once adsorbed, they have a similar effect on
SF = 0I5 protein—protein interaction. This effect is attributed
4 05 to increased local hydrophilicity due to the solvent-
: ' ' ! exposed OH group of the adsorbed alcohol. Unlike
0 5 10 15 20 monohydric alcohols, glycerol cannot bind to pro-

Ethanol % (v/v) tein hydrophobic surfaces. The increase Ap,

following addition of glycerol may be due to an
Fig. 4. The osmotic second virial coefficietft,, for hen-egg increased protein hydration laygt5,26.

lysozyme as a function of ethanol concentration in various
aqueous salt solutions, pH 7 and Z5. The lines are to guide 3 3 The effect of alcohols on protein stability
the eye.

Alcohol additives affect the stability of aqueous
propanol are more effective in inducing protein  proteins in two ways: through an effect on protein-
helix form than shorter-chain ethanol or methanol. conformation stability or on protein-solution phase
However, our data do not show any obvious stability. Protein conformational changes, including
relation between the rate of increase B, and  protein denaturation and partial unfolding, are the
the length of alcohol hydrocarbon chdias shown  main factors leading to protein aggregation asso-
in Fig. 3). ciated with some neurological diseask7,29.

Fig. 4 showsB,, for lysozyme as a function of  Most of the monohydric alcoholémethanol, eth-
ethanol concentration in solutions with NaCl con- anol, propanol, butanol and TFEare protein-
centrations 0.05, 0.15 and 0.5 M at pH 7. At all conformation destabilizers: they can increase
solution conditionsB,, increases with addition of  protein secondary structure, disrupt protein native
ethanol and reaches a plateau at ethanol concentrastructure, and induce amyloid formation at high
tions over 5%(v/v). For a solution containing  alcohol concentration[3—7]. Protein molecules
0.15 M NaCl, B,, changes sign from negative to also tend to assemble to form higher-order aggre-
positive upon addition of ethanol, indicating that gates due to intermolecular attractions that are
as ethanol concentration rises, protein interactions unrelated to any structural changes, which lead to
change from attractive to repulsive. The difference protein-solution instability. OuB,, data show that
betweenB,, in the absence and presence of ethanol alcohols can increase protein intermolecular repul-
is approximately 2.5 10~% ml mol/g?, independ-  sion at low alcohol concentration, suggesting that
ent of NaCl concentration, suggesting that the alcohols tend to enhance protein-solution stability.
effect of ethanol is independent of electrostatic The overall effect of monohydric alcohols is to
protein—protein interactions. decrease protein-conformation stability and to

At sufficiently high salt concentrations, protein increase protein-solution phase stability. At high
aggregates form due to short-range attractions suchalcohol concentrations, the denaturing or destabi-
as hydrophobic interactions. For example, Curtis lizing effect dominates, while the solution-stabiliz-
et al. [24] have reported that lysozyme mutant ing effect dominates at low alcohol concentrations.
(D101P has a more negative osmotic second virial ~ Unlike monohydric alcohols, glycerol, which is
coefficient than native lysozyme due to increased more hydrophilic, does not bind to hydrophobic
protein—protein surface hydrophobic attractions. patches on the proteii29]. 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[29]. 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—
protein repulsiond15,26,29. At the same time,

the folded protein, which has a smaller surface
area, exhibits lower preferential exclusion than that W=
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 component§30Q]; in the present case, the
mixed-solvent includes water, alcohol and salt
ions. If the PMF, W,,, is isotropic, the osmotic
second virial coefficientB,,, is related tow,, by
[31]

- %% f "l exp( — W oAr) KT) — 1 |dr

0
(3

Boo=

where r is the center-to-center separation of the
two solute moleculesN, is Avogadro’s number,
T is the absolute temperature ah@ Boltzmann’s
constant.

For globular proteins, the PMF can be approxi-
mated by
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Woo(r) =Wh4") +W elegr) +W disgr) +w spgf)
(4

where,W,{(r) is the protein hard-sphefexcluded-
volume) potential; W,,.{r) is the electric double-
layer-repulsion potentialWy,(r) is the attractive
dispersion potential, anWs,.{r) is a square-well
potential, to account for protein—protein specific
interactions including hydrophobic attractions,
hydrogen bonds and salt bridg¢32]. The first
three terms, Wy(r), Weedr) and W ysr) are
described by DLVO theory33].

The hard-sphere potential [83]

cofor r<o

(5)

0 for r>a

whereo =d+ 2s, is the effective spherical diame-
ter of a protein;d is the protein hard-sphere
diameter from crystal-structure data, ands the
thickness of the protein’s hydration layer. Hen-egg
lysozyme (45X 30x 30 A) [34], can be approxi-
mated as a globular molecule with a hard-sphere
diameter~34.4 A. From dynamic light scattering
measurementg35], the Iysozyme hydration layer,
s, was estimated toehl A and assumed independ-
ent of ionic strength and pH.

The potential due to electric double-layer repul-
sion is derived from Debye—Huckel theol$3]:

Ze%exp[—k(r—d)]
Anre,e(1+kd/2)?

Weedr) = for r>o (6)

whereze is the effective charge of the proteia,
is the elementary chargeg, is the dielectric
permittivity of vacuum.g, is the dielectric constant
of water andk is the inverse of the Debye length,
given by

_ 2€2NAI
kT g,&,

2

(7)

wherel is the ionic strength of the solution.
The attractive(Hamakey dispersion potential is
[36]



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

H( d? d?
Wasd) =~ 1=t 2
d2
+2In(1——2J} for r
r
=0 (8)

where H is the effective Hamaker constant for
protein—protein interaction, considered independ-
ent of salt concentratio37,3§. For proteins in
agqueous solution{ =5kT provides a reasonable
approximation[37].

The strength of inter-protein interaction can vary
with local surface composition, leading to repul-
sion for hydrophilic and attraction for hydrophobic
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patches. Such orientation-dependent hydrophobiCrig. 5. petermining effective lysozyme charge,and square-

attractions along with other short-range interac-
tions including hydrogen bonds and salt bridges
can be approximated by a site-specific attractive
potential [39]:

— Espec fOr x<d

dx)= 9

0 for 3 <x

wherex is the site—site distance,y.is the square-
well depth ands is the width of the square well.
The spherically symmetric square-well potential,
Wepedr), is calculated from the orientation-aver-
aged ¢(x). Because the osmotic second virial
coefficient accounts for interactions between two
lysozyme moleculesp =0.134r was chosen to

well depth, e5pe, from experimental data.

[42,43, 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 charge+9¢ according to its crystal
structure[44], and approximately+7¢ based on
hydrogen-ion titration [39]. However, when
applied to data similar to ours, the appropriate
protein charge lies between5 and &, independ-
ent of solution ionic strengtbd5—47. For several
low ionic strengths, a curve was generated repre-
senting the set ofespeo ze) points that bring the
calculated B,, into agreement with experiment.
The intersection of these curves for different ionic
strengths corresponds to desired valuesesgf.
and ze. Fig. 5 shows this method to determine

ensure no association beyond monomer—dimer eq5ec and ze from our experimental data. We

association[39]. In the present workgspe, iS @
fitting parameter obtained from experimental sec-
ond virial coefficient data.

5. Potential of mean force calculation

obtainedespe=9.%T andze= +5.1e.

For aqueous alcohol solutions, dielectric con-
stant, ¢, decreases linearly with alcohol molarity
[23]. The decreased, enhances protein—protein
electrostatic repulsion. The experimenka} reach-
es a plateau(Fig. 4) as ethanol concentration

There are two adjustable parameters in our PMF increases to~ 5% (v/v). However, addition of 5%

model: the protein effective chargee and the
square-well deptheg,e. The effective charge on
the protein may differ from that for a crystal or as
obtained from titration daté22]. The difference is
attributed to ion binding by the prote{#0,41. In
addition, because DLVO theory neglects attractive
charge-dipole and dipole—dipole attractions

ethanol changes, only slightly, from 78.5 to~ 76
[23]. 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 —7X10"% to
—4.5x10"* mlmol/g? (Fig. 4) in 0.5 M NaCl
solution. Therefore, ethanol does not affect the
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s (A)
_ _ _ ) Fig. 7. Square-well depthss,e, as a function of ethanol con-
Fig. 6. The effect of protein hydration layer thicknesson centration in 0.05 M NaCl solution, pH 7. The line is to guide
the second virial coefficienB,,, predicted from the PMF mod- the eye.

el in 0.05 M NaCl solution, pH 7. InseB,, as a function of

glycerol concentration at the same solution conditions. mately 9.27 in the absence of ethanol, decreases

to 8.4T upon addition of 5%(v/v) of ethanol.

protein—protein interaction through electrostatic The reduced square-well depth, approximately
interactions. The same conclusion is also reported 1.57, corresponds to a bond energy near 3.7 kJ
by Farnum and ZukosKi15]. mol at 25 °C, a reasonable value for protein—

Chirico et al.[26] reported that in 60%w/w) protein hydrophobic interactions that are reduced
glycerol solution, the hydrodynamic radius of hen- by addition of ethanol.
egg lysozyme is approximately 1.6 A larger than )
that in glycerol-free solution. The increased hydro- 8- Conclusions
dynamic radius in presence of glycerol is caused
mainly by the increased protein hydration layer
[15,29, which will affect the closest approach for
two protein molecules in solution. Fig. 6 shows
the osmotic second virial coefficienB,,, as a
function of protein hydration layers, predicted
from our PMF model. The increase in hydration
layer by approximately 1 A can chandg, suffi-
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
[48], which may result in a decrease B, due to
reduced excluded volume. But our results show
B,, increasing with addition of ethanol. We do not
consider any change of protein effective radius in
our subsequent calculations. Acknowledgments
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