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Abstract

Protein–protein interactions have been measured for a mutant(D101F) lysozyme and for native lysozyme in
concentrated solutions of ammonium sulfate at pH 7 and sodium chloride at pH 4.5. In the mutant lysozyme, a
surface aspartate residue has been replaced with a hydrophobic phenylalanine residue. The protein–protein interactions
of D101F lysozyme are more attractive than those of native lysozyme for all conditions studied. The salt-induced
attraction is correlated with a solvation potential of mean force given by the work required to desolvate the part of
the protein surfaces that is buried by the protein–protein interaction. This work is proportional to the aqueous surface-
tension increment of the salt and the fractional non-polar surface coverage of the protein. Experimental measurements
of osmotic second virial coefficients validate a proposed potential of mean force that ascribes the salt-induced
attraction between protein molecules to an enhancement of the hydrophobic attraction. This model provides a first
approximation for predicting the protein–protein potential of mean force in concentrated aqueous electrolyte solutions;
this potential is useful for determining solution conditions favorable for protein crystallization.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Overview

Salt-induced precipitationycrystallization is a
common initial step to purify target bio-macro-
molecules from fermentation broths or crude
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extracts. Protein crystallization is necessary to
obtain protein structures from X-ray diffraction.
However, it is difficult to select conditions favor-
able for selective precipitation of a target protein
or for obtaining high-quality crystals because there
are a variety of factors that control the thermody-
namic and kinetic behavior of protein solutions.
Toward a better understanding of these factors, the
first step is to determine the effective solvent-
averaged protein–protein interaction potentials;
these are used to predict properties such as protein
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activity coefficients, protein diffusion coefficients
and free energies. However, the interaction
between protein molecules in a concentrated salt
solution is not well understood. Since protein
solubility typically decreases as salt concentration
rises, protein–protein interactions become more
attractive with increasing salt concentration. Mod-
els based on DLVO theoryw1x fail to predict this
behavior. The only ionic-strength-dependent term
in DLVO theory is the electric double-layer poten-
tial, which is negligible at the salt concentrations
where salting-out is observed. Although protein
solubility is a strong function of the type of salt,
following the lyotropic series, in the DLVO theory
all ions are point charges and the theory does not
distinguish between different types of ions of
identical charge.
In addition to the forces reflected in the standard

DLVO potentials, there are water-mediated forces
between protein molecules; these forces, called
solvation forces, include both hydration forces and
hydrophobic forces. When the solvent structure
adjacent to the protein surface is perturbed, the
solvation force is determined by the change in free
energy associated with this perturbationw2x.
Charged or polar surfaces adsorb water molecules;
these surfaces are hydrophilic and the forces
between them are called hydration forces. Hydra-
tion forces are repulsive because as the distance
between two hydrated protein molecules decreases,
free energy is required to remove the intervening
water molecules around the polar or charged sur-
face groups. Hydrophobic interactions occur
between non-polar protein surfaces; these forces
are attractive because as the distance between two
non-polar protein surfaces decreases, the overall
free-energy change associated with desolvating
non-polar residues is negative.
In concentrated salt solutions, solvation forces

are significantly altered from those in dilute elec-
trolyte solutions because salt ions change the
structure of the intervening waterw3x. From solu-
bility studies of non-polar organic solutes, it is
known that the hydrophobic interactions between
non-polar residues increase with addition of salt,
leading to the well-known salting-out effectw4x.
Studies on the solubilities of model peptides in
concentrated salt solutions have shown that in

addition to the salting-out effect of non-polar
groups, there is a salting-in effect due to an
electrostatic interaction between the salt ions and
the peptide groupw5,6x. Here, we determine the
salt-induced protein–protein attraction and corre-
late this attraction with the effect of the salt on
the solvation energetics of the non-polar and polar
surface of the protein. We compare protein–protein
interactions between native lysozyme molecules
with those of a mutant lysozyme as a function of
salt type and salt concentration. In the mutated
lysozyme molecule, a surface aspartate residue is
replaced with hydrophobic phenylalanine. The pro-
tein–protein interaction is measured by static light
scattering to determine an osmotic second virial
coefficient,B , that is related to an integral over22

separation and angles of the potential of mean
force w7x. The potential of mean force is the free
energy of the system when two protein molecules
are held at a fixed separation relative to when they
are infinitely far apart, averaged with respect to
orientation of the two protein molecules and with
respect to orientation of all molecules in the
medium separating the two protein molecules.

1.2. Protein–protein interactions in protein
crystallization

George and Wilsonw8x have shown the impor-
tance of the pair potential of mean force for
predicting solution conditions favorable for protein
crystallization; they have shown aB crystalliza-22

tion window for protein solutions. As a necessary
(but not sufficient) condition for protein crystalli-
zation,B should lie betweeny2=10 andyy4

22

8=10 ml molyg . For B more positive thany4 2
22

y2=10 ml molyg , the protein–protein attrac-y4 2

tion is usually not sufficiently strong to form stable
protein crystals. For solutions whereB is more22

negative thany8=10 ml molyg , amorphousy4 2

precipitation is likely to occur because protein–
protein attractions are sufficiently strong so that
the protein molecules do not have adequate time
to orient themselves into a crystal lattice. Guo et
al. w9x have extended the George and Wilson work
to show that there is a relationship between protein
solubility andB which has been correlated with22

a simple phase equilibrium theoryw10x. More
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Fig. 1. The solvation force is described by a surface free energy
multiplied by the surface area buried by the interaction approx-
imated by the spherical cap area of the proteins colored in dark
gray. The surface-to-surface cut-off separation,r , is approxi-c

mated by a solvent diameter. The combined areas of the spher-
ical cap regions enclosed by the box is given by:

u
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whered is the diameter of the protein,u is the solid angle2

corresponding to the boundary of the spherical cap and

.
ryrccosus
d2

advanced potential-of-mean-force models have
been used to determine the entire protein phase
diagram w11,12x. The key result of these investi-
gations is that the range of the potential is impor-
tant for crystallization. For significantly
short-ranged potentials, the crystallization window
corresponds to a meta-stable liquid–liquid critical
point in the vicinity of the liquid–solid equilibri-
um. This observation is important for crystalliza-
tion because density fluctuations are enhanced in
the critical region, lowering the free energy for
formation of critically sized nucleiw13x. But unfor-
tunately, the potential of mean force in concentrat-
ed salt solutions is not well understood. To take
advantage of these crystallization diagnostics, the
individual contributions to the total pair potential
of mean force(pmf) need to be determined.

1.3. Potential-of-mean-force model

In dilute aqueous electrolyte solutions, the lyso-
zyme–lysozyme interaction has been modeled
accurately with the DLVO theoryw1x where the
protein molecules are modeled as hard, polarizable
spheres containing a uniform net charge. The
interaction consists of an electric double-layer
potential, an attractive Hamaker dispersion poten-
tial, and a hard-sphere repulsionw14,15x. The
electric double-layer potential is repulsive because
the spheres have identical charge, whereas the
dispersion interaction is always attractive between
two identical polarizable bodies immersed in a
medium. The magnitude of the dispersion interac-
tion is given by the Hamaker constant,H. Calcu-
lations using Lifshitz theory predict thatH is on
the order of 3–5 k T for protein moleculesB

immersed in water wherek is Boltzmann’s con-B

stant andT is temperaturew16x. Values of H
obtained from fitting experimental data are some-
times greater than 5k T. Usually, extra protein–B

protein attraction is included in models by using
larger values ofH.
Here, we use the DLVO potentials in addition

to a solvent-accessible surface area(SASA) poten-
tial to account for all other interactions not includ-
ed in DLVO theory. These interactions include
hydration and hydrophobic forces, hydrogen-bond-
ing interactions and protein-specific forces. In the

SASA potential, the interaction energy is assumed
to be proportional to the total area of the two
protein molecules that is within a certain surface-
to-surface separation,r . The form of the potentialc

is given by:

W (r)sykA(r) (1)SASA

wherek is a scaling factor with units of a surface
energy,r is center-to-center separation, andA(r) is
the buried surface area. For the case where the
identical proteins are modeled as spheres(see Fig.
1), A(r) is given by:

2A(r)spd yprd qpr d for d -r2 2 c 2 2

-d qr (2)2 c

As r increases, the amount of buried surface area
decreases and the magnitude ofW (r) is givensolv

by a monotonically decreasing function that goes
to zero at d qr where d is the hard-sphere2 c 2

protein diameter.
The SASA potential has been used to determine

the energetic contribution of the hydrophobic effect
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in protein folding where the scaling factor is given
by the solvation free energy of the part of the
surface that is buried during folding. In protein
folding studies, the free energy of burying part of
the non-polar protein surface is set equal to the
free energy to transfer the same surface from water
to an organic phase mimicking the protein interior
w17–19x. Because the SASA potential we employ
here is spherically symmetric, we assume that the
protein surface has averaged characteristic non-
polar and polar areas. Consequently, the scaling
factor includes contributions from the free energy
to desolvate the non-polar and the polar part of
the protein surface. A positive contribution to the
scaling factor results from attractive hydrophobic
interactions that are attributable to desolvating the
non-polar part of the protein surface. A negative
value of the scaling parameter indicates that the
protein–protein interaction is repulsive. Repulsive
forces may occur because there is an electrostatic
desolvation penalty for excluding water in the
vicinity of polar or charged surface groups. Forces
of this nature are hydration forces.
When the DLVO and the SASA potentials are

incorporated into the potential-of-mean-force
(pmf) model, the osmotic second virial coefficient
is given by:

2 3B9 s pd22 23
d qr2 c1 ybW 2rSASA( )Ž .q 1ye 4pr dr|2 d2
`1 ybW 2rDLVO( )Ž .q 1ye 4pr dr (3)|2 d qr2 c

Here B9 is related to the experimentally-deter-22

mined osmotic second virial coefficientB by22

N B9av 22B s (4)22 2M2

whereN is Avogadro’s number andbs(k T) .y1
av B

W is the sum of the electric-double-layerDLVO

repulsion and Hamaker-dispersion potentials. The
first term is the contribution toB from the22

protein-excluded volume effect. The contribution
to B from the SASA potential and that from the22

DLVO potentials are separated by recognizing that
the SASA potential contains the contributions to

the pmf from short-ranged forces acting over a
surface-to-surface separation,r , which is chosenc

to be approximately one solvent diameter. A dis-
advantage of this pmf model is discontinuities at
a surface-to-surface separation equal tod and2

equal to d qr . However, if desired, the model2 c

can be reparameterized so that the sum of the
DLVO potentials and the SASA potential is con-
tinuous; as shown by Asthagiri et al.w20x, a scaling
parameter can be used to connect a short-ranged
form and a long-ranged form of the dispersion
potential. For separations where the solvent is
excluded from the region between the two proteins,
Asthagiri et al. employ an all-atomistic calculation
for the dispersion potential, whereas the longer-
range contribution to the dispersion potential was
determined using a Lifshitz–Hamaker method.
The main advantage of the model proposed here

is that the model provides a simple approximation
for separating the salt-dependent potentials in con-
centrated electrolyte solutions from those in dilute
electrolyte solutions, as shown in Fig. 2a,b. In Fig.
2a, the contribution of the protein excluded volume
B and that of the DLVO potentialB are22,ex 22,DLVO

plotted vs. ionic strength. In the calculation, the
Hamaker constant is set to 8k T which is similarb

to the value reported for lysozymew21x. As the
ionic strength rises,B as-symptotically22,DLVO

approaches a constant value as the electric double
layer potential is screened out. In typical salting-
out conditions, the ionic strength is greater than
0.5 molal and the proposed crystallization window
suggests thatB should be less thany2=10y4

22

ml molyg to crystallize proteins. For lysozyme,2

the repulsive part of the potentialB approxi-22,ex

mately cancels the attractive contribution from the
DLVO potentialB indicating that protein–22,DLVO

protein attraction cannot be described by a model
containing only DLVO potentials. For example,
Velev et al. w22x have fit lysozyme–lysozyme
interactions using a more exact electrostatic model
and found that a high Hamaker constant of 13.8
k T gives the best fit to data obtained in solutionsB

of 0.005 to 0.5 molar sodium–chloride solutions.
Velev et al. proposed that the difference between
the fit Hamaker constant and the expected value
of 3–5 k T was due to the neglect of a smallB

number of highly attractive configurations. It is
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Fig. 2. (a) Contribution of the DLVO potentialsB and the contribution of the protein excluded volumeB plotted vs. ionic22,DLVO 22,ex

strength(molal). (b) Contribution of the SASA potentialB as a function of scaling parameterk.22,SASA

these anisotropic interactions that determine the
protein orientation in the crystal.
Here, we correlate the SASA potential with the

change in the protein–protein attraction as salt
concentration rises. In Fig. 2b, the contribution of
the SASA potentialB is plotted as a function22,SASA

of the scaling parameter,k. In the model described
by Eq. (3), B is given by the difference22,SASA

between the measuredB and B , which22 22,DLVO

would correspond to a range ofk between 5 and
9 calymolA according to Fig. 2b.2˚

Here, we propose that the scaling factor is a
linear function of the salt molality,m3

ksgm qk (5)3 o

where k is a hypothetical value of the scalingo

factor at a salt molality of zero.g is a proportion-
ality constant defined by Eq.(5) with units of
surface energy per molal. The motivation for using
Eq. (5) derives from the classical salting-out equa-
tion w23x where

S2ln sbyk m (6)s 3S2,o

Here,S is the solubility of a protein in a solution2

containing salt at a molality ofm ; S is the3 2,o

solubility of the protein in salt-free water;b is a
hypothetical protein solubility at zero salt molality;

and k is the salting-out constant. For conditionss

where the solubility of the protein is sufficiently
low that protein–protein interactions are negligi-
ble, it follows from the Cohn equation that the
solvation free energy of the protein is proportional
to the salt molality if the protein crystal is assumed
to be a pure phasew24x. Thus,

g g2 2,os ybqk m (7)s 3k T k TB B

whereg andg are the solvation free energy of2 2,o

the protein in the salt solution and that in salt-free
water, respectively. As a first approximation, we
propose that the scaling factor,k, is given by the
free energy per unit area to desolvate that part of
the protein surface that is made inaccessible to the
solvent due to the proximity of the two protein
surfaces. Because the solvation free energy is
proportional to salt molality according to Eq.(7),
we also expect that the scaling parameter is pro-
portional to salt molality.
The approximation that the protein crystal is a

pure phase may lead to significant error because
it is known that protein crystals contain a signifi-
cant amount of salt and waterw25x. Arakawa and
Timasheff w26,27x have determined the solvation
free-energy increment,dg ydm , independent of2 3
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Fig. 3. The mutated residue is modeled as a circular patch on the surface of the sphere. The patch–patch interaction is given by the
non-polar surface free energy multiplied by the surface area of the patch that is within a cut-off separation,r , of the second sphere.c

Here, this area is given by the total area of the two patches that is enclosed by the box. See text for description of the angles of
rotation,a , a , w andw ; r is the cut-off surface-to-surface separation approximated as a solvent diameter andd is the protein1 2 1 2 c 2

diameter.

the assumption of a pure protein crystal from
protein-salt preferential-interaction-parameter
measurements indicating that the molal surface-
tension increment of the salt provides a first
approximation for determining the effect of salt on
the solvation free energy. The molal surface-ten-
sion increment of the salt is correlated with the
position of the salt in the lyotropic series that was
originally developed to describe the salting-out
effectiveness of various ions for globular proteins
w28x. For anions, the series is given in decreasing
order of the molal surface-tension increment
by SO )F )Cl )Br )NO )CLO )2y y y y y y

4 3 4

I )SCN ; the corresponding series for cations isy y

given by Mg )Na )K )Li )NH )Cs .2q q q q q q
4

High-lyotropic-series salts are called kosmotropes,
whereas low-lyotropic-series salts are called chao-
tropes. In addition to increasing the surface free
energy of the protein, salt ions interact favorably
with exposed polar and charged surface groups.
Favorable protein-salt interactions are associated
with a negative surface-free-energy increment. In
this work, we correlateg with the molal surface-
tension increment of the salt.

1.4. Potential-of-mean-force model for anisotropic
interactions

Information on the effect of salt on the hydro-
phobic interaction between protein molecules is

provided by comparing the results for native lyso-
zyme with those for D101F lysozyme. The D101F
lysozyme is modeled as a sphere with a hydropho-
bic circular patch on the surface with an area given
by the approximate solvent-exposed surface area
of the phenylalanine residue. The difference in the
B values of native and of D101F lysozyme is22

related to an angle-averaged form of the virial
coefficient. The angle-dependent solvation free
energy of the circular patch mimicking the hydro-
phobic mutation is given by:

Ž . Ž .G r,w ,w syk A r,w ,w (8)p 1 2 a p 1 2

The geometry is shown in Fig. 3.A is thep

combined surface area of the two patches that is
within a cut-off surface–surface separation,r , ofc

the second sphere;w andw are the angles of the1 2

spheres with respect to the axis connecting their
centers that denote the orientation of the patch,
andk is a characteristic scaling parameter for thea

patch. We denote this parameter with subscript a
because the value of this parameter is expected to
be given by a non-polar surface free energy. The
corresponding form of Eq.(5) is given by:

k sg m qk (9)a a 3 a,o

The patch is approximated as circular such that
the orientation of the patch is independent of
rotation about the axis connecting the center of
the patch and the center of the sphere. The poten-
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tial is invariant to rotations of the spheres about
the axis connecting the centers of the two spheres,
a or a . For this case, the angle-averaged poten-1 2

tial of mean force is given by:
p1ybW ybGr r,w ,wp p( ) ( 1 2) Ž . Ž .e s e sinw sinw dw dw1 2 1 2|4 0

(10)

where the orientation dependence of the buried
patch surface area is discussed in Appendix A.
The contribution from the patch–patch interaction
to B9 is:22

d qr2 c1 ybW 2rp( )Ž .B9 yB9 s 1ye 4pr dr22,D101F 22,native |2 d2

(11)

2. Experimental methods

2.1. Production of D101F lysozyme

The mutant lysozyme was produced using the
methylotrophic yeastPichia pastoris expression
system following the guidelines outlined in the
Invitrogen Pichia Expression Kit. The D101F gene
was graciously supplied by Prof. J. Kirsch, Chem-
istry Department, University of California at
Berkeley. Briefly, the gene was inserted into the
pPIC9 expression vector which contains the DNA
coding for the AOX1 promoter and also thePichia
wild-type gene, HIS4. The constructed vector was
cloned into the GS115 wild-type strain ofP.
pastoris at the his4 loci from a single crossover
event with the HIS4 gene on the vector. The
resulting strain of yeast has the same methanol
utilization phenotype as the parent strain because
the AOX1 gene was kept intact during the insertion
of the foreign gene.
The fermentation was performed using a Bioflo

III reactor vessel equipped with microprocessor-
based PID controllers for pH, temperature and
dissolved oxygen control. The fermentation pro-
cedure and medium are described in Ref.w29x.
The key aspects of the fermentation protocol
include a phase of glycerol excess, a glycerol-
limited phase and a ramped methanol feed phase
during the transition from glycerol to methanol
feeds. The cell density initially increases in a

repressed excess-glycerol batch phase. After the
glycerol is exhausted, a glycerol feed is initiated
at a limiting rate further to increase cell density
and to allow derepression of the AOX1 promoter.
The glycerol-fed batch stage is followed by a
methanol-fed batch stage where the flow rate of
the methanol is slowly increased by 10% every 30
min until the maximum feed rate rises to 10 mly
hØl. At this time, the fermenter is run in a contin-
uous phase for 24 h with yields of approximately
100 mgyl D101F lysozyme.

2.2. Lysozyme purification

The fermentation broth was centrifuged at
3500=g for 25 min at room temperature to remove
cell debris. The supernatant was than loaded on
the weak-cation exchange column(500-ml Phar-
macia XK-50 column packed with 400 ml of
Pharmacia CM Sepharose fast flow resin) at a
flow-rate of 10 mlymin and washed with 600 ml
of phosphate buffer at a flow rate of 15 mlymin.
The D101F lysozyme was co-eluted with a gly-
cosylated form of lysozyme into a volume of 350
ml using 0.5 M NaCl solution at a flow-rate of 30
mlymin. The eluent was concentrated and diafil-
tered using a 200-ml Amicon ultrafiltration unit
(YM-3 Amicon membrane with a cut-off of 3000
Da) with three volumes of phosphate buffer. The
retentate was then diluted with four volumes of
phosphate buffer and loaded on the second column
(30 ml Amicon C-30 column packed with Phar-
macia SP Sepharose fast flow resin) at a flow rate
of 2 mlymin. The column was washed with 60 ml
phosphate buffer at a flow rate of 3 mlymin. The
glycosylated form of D101F lysozyme was eluted
using 0.18 M NaClyphosphate buffer at a flow
rate of 3 mlymin and the un-glycosylated form
was eluted using the salt solution that was used in
the light-scattering experiment or a solution of
0.25 M NaCl, pH 7. The final preparation of the
protein required concentrating and washing the
eluent with twelve volumes of the salt solution to
be used in the experiment using the 60-ml Amicon
ultrafiltration unit (YM-3 Amicon membrane with
a cut-off of 3000 Da).
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Fig. 4. On the left is the space-filling structure of D101F lysozyme, where the mutated residue is shown in dark gray. The blow-up
of the region is shown on the bottom right and the analogous representation for the native form is shown on the top right.

2.3. Light scattering

Light-scattering measurements were made using
a Wyatt Technology mini-DAWN static light-scat-
tering detector that uses a 30-mW semiconductor
diode laser at a fixed wavelength of 690 nm. A
calibration constant is required to relate the voltage
output from the 908 detector to the Rayleigh ratio.
However, the calibration constant depends on the
solvent because the solid angle that is measured
by the detectors depends on the refractive index
of the solvent. The instrument software accounts
for this effect using known relations between
calibration constants and the refractive index of
the solvent. The calibration was performed with
toluene that has a known highR .u
For each experiment,R was measured for theu

solvent and for 10–12 protein samples in order of
decreasing concentration. Each sample was
pumped through a 0.02-mm Anotop syringe filter
at a flow rate of 0.1 mlymin using a Sage-
Instruments syringe pump. The lysozyme concen-
tration was measured using a Milton Roy
Spectronic 1201 spectrophotometer at a fixed
wavelength of 280 nm. A value of 2.635 cmy3

gØcm w30x was used as the extinction coefficient.
The lysozyme activity was measured using the

Micrococcus lysodeikticus techniquew31x to assure
that the protein folded correctly.

2.4. Light-scattering theory

For the three-component system water(1), pro-
tein (2), salt (3) in dilute protein solutions, the
light-scattering equation is given byw32x:

2
B EŽ .Kc ≠ny≠c T,m2 2 ,m 1 ≠P1 3
C Fs (12)

R̄ RT ≠cD Gu 2 T,m ,m1 3

where is the excess Rayleigh scattering of theR̄u

protein solution over the aqueous salt solution,K
is the light-scattering constant,n is the refractive
index, c is weight concentration of protein, and2

P is the osmotic pressure. The measurements are
made in solutions dilute in protein where only
two-body interactions are significant. In this case,
Eq. (12) reduces to:

2Ž .Kc ≠ny≠c T,m2 2 ,m 11 3
s q2B c (13)22 2R̄ Mu 2

A plot of vs. c can be used¯Ž .Kc ≠ny≠c yRT,m2 2 u 2,m1 3

to determine the osmotic second virial coefficient
of the protein,B , and the molecular weight of22

the protein.
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Table 1
Parameters used in potential-or-mean-force calculations

Net charge, pH 7 8
Net charge, pH 4.5 12
Effective spherical diameter(A)˚ 34.4
f 0.49
Area hydrophobic patch(A )2˚ 97.0

The net-charge parameters from hydrogen-ion titrations are
given in w37x. The effective spherical diameter is determined
from lysozyme crystal dimensions.f is the fractional coverage
of non-polar groups for native lysozyme.

2.5. Free-energy minimization for D101F

The free-energy minimization of D101F lyso-
zyme was performed using the modules Biopoly-
mer and Discover of the Insight98 software
package of Molecular Simulation Inc. Fig. 4 shows
a space-filling representation of the mutated resi-
due with its surrounding neighborhood along with
the same representation of the full molecule. An
analogous drawing for the native form is also
shown for comparison. The mutated residue sits at
the edge of a cleft where it is accessible to the
solvent. The accessible surface areas of the D101F
mutant and native lysoyme were calculated with
Insight98 using the Michael Connolly Surface
packagew33x. Results are reported in Table 1.

3. Results and discussion

Infinite-dilution weight-average molecular
weights and osmotic second virial coefficients
were determined for D101F lysozyme dissolved in
solutions of aqueous ammonium sulfate at pH 7
or aqueous sodium chloride with 50-mM sodium
acetate buffer, pH 4.5 as a function of salt concen-
tration. The corresponding values for the native
form have been reportedw34x. We choose to study
solutions of ammonium sulfate or solutions of
sodium chloride because these solutions are com-
monly used to precipitate or crystallize proteins.
Furthermore, the solubility behavior of lysoyme in
concentrated salt solutions is not well understood.
Aqueous solutions of ammonium sulfate should
have a larger Hofmeister effect than those of
sodium chloride because sulfate ion is more kos-
motropic than chloride ion. However, lysozyme
solubility follows the reverse lyotropic series.

In this work, the salt-induced protein–protein
attractions are correlated with the molal surface-
tension increment of the salt. For this reason, the
correlations are based on a molality scale instead
of the traditional ionic-strength scale which is
generally used when electrostatic interactions are
the dominant intermolecular forces. The surface
tension increments are 3.11 and 2.36 calymol A -2

kgymole for ammonium sulfate and for sodium
chloride, respectively. In all regressions of the
light-scattering data, the surface free-energy para-
meters are regressed from the data holding all
other parameters fixed as listed in Table 1.
The reported error bars are determined from the

standard deviation of the slope of the line from
the light-scattering data containing 10–12 points.
Experiments were repeated if the error was greater
than 0.5 ml molyg .2

Fig. 5 showsB for native lysozyme in solu-22

tions of sodium chloride or ammonium sulfate
plotted vs. salt molality. In both cases,B decreas-22

es with rising salt molality indicating that the
protein–protein attraction is enhanced with addi-
tion of salt. We propose that this increase in
attraction results from the Hofmeister effect where
addition of salt increases the surface free energy
of the non-polar part of the protein surface, thereby
increasing the driving force to bury those residues.
However, because lysozyme solubility follows the
reverse lyotropic series with respect to the anion,
we expect that the protein–protein interactions are
more attractive in sodium chloride than in ammo-
nium sulfate. The abnormal solubility behavior is
attributed to changes in the protein–protein inter-
actions upon anion binding to the positively-
charged protein surface. Interactions between
lysozyme-chaotropic anion complexes are more
attractive than those between uncomplexed lyso-
zyme moleculesw35x, whereas the opposite behav-
ior is observed for interactions between
lysozyme-kosmotropic anion complexesw34x.
Here, the protein–protein interactions in sodium
chloride are slightly more attractive than those in
ammonium sulfate when compared at constant
ionic strength, while the opposite holds if the
intermolecular interactions are compared at the
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Fig. 5. ExperimentalB for lysozyme in solutions of sodium chloride at pH 4.5 or ammonium sulfate at pH 7 vs. salt molality.22

same molality. It is possible that the effect of ion
binding on the protein–protein interactions is not
significant for the conditions studied here. As
reported by Curtis et al.w34x, B becomes more22

positive as pH is lowered in concentrated ammo-
nium–sulfate solutions. This effect is attributed to
the formation of soluble lysozyme–sulfate com-
plexes at low pH. In this work, the experiments in
ammonium sulfate solutions are at pH 7 where
sulfate–ion binding is minimal because lysozyme
has a low net positive charge at this pH. In
sodium–chloride solutions, because the slightly
chaotropic chloride ion binds to the slightly chao-
tropic imidazolium ion, the protein surface chem-
istry is not significantly altered; consequently, the
protein–protein interactions might not change
upon chloride–ion binding.
The surface-free-energy parameter,k, is fit to

the values ofB using the pmf in Eq.(3). In Fig.22

6a,b, we plotk vs. salt molality for the case where
the pmf does not include the Hamaker dispersion
potential and the case where the Hamaker constant
is set to 8k T. The values ofg wsee Eq.(5)x andB

k are obtained from the slopes and the interceptso

on the vertical axis of the best-fit lines to the data

shown in Fig. 6a,b. For the ammonium–sulfate
and sodium–chloride solutions, the fit values ofk

andg are insensitive to the choice of the Hamaker
constant. The fit values ofk are approximately 6o

calymolA for both salt solutions. For the solutions2˚
of sodium chloride, the ratio ofg to the molal
surface-tension increment is 0.40, similar to the
value 0.68 obtained for the ratio of the measured
surface free-energy increment to the molal surface-
tension increment from experiments in 1.0 molal
solutions of sodium chloridew26x. The data
obtained for ammonium–sulfate solutions exhibit
considerable scatter about the best-fit line. Conse-
quently, the corresponding value ofg is approxi-
mate although it is of the same order of magnitude
as that obtained from solutions of sodium chloride.
Fig. 7 compares osmotic second virial coeffi-

cients for D101F lysozyme to those of native
lysozyme. The difference inB is due to hydro-22

phobic interactions of the mutated residue. The
contribution to the potential of mean force from
the mutation is reproduced by our model for the
patch–patch interaction in Eq.(11). Fig. 8 shows
the results of fitting the non-polar surface free-
energy parameter,k using this model. The fita
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Fig. 6. Surface free energy of lysozyme in solutions of sodium chloride at pH 4.5 determined from fittingB to the potential-of-22

mean-force model described by Eq.(3), with r s3 A. For Hs8.0 k T, the slope of the plot,gs0.93 (calymolA ) (kgymole) or2
c B

˚ ˚
for Hs0.0 k T, the slope of the plot,gs0.94 (calymolA ) (kgymole). Surface free energy of lysozyme in solutions of ammonium2

B
˚

sulfate, pH 7, determined from fittingB to the potential-of-mean-force model described by Eq.(3), with r s3 A. For Hs8.022 c
˚

k T, the slope of the plot,gs1.9 (calymolA ) (kgymole) or for Hs0.0 k T, the slope of the plot,gs1.5 (calymolA ) (kgymole).2 2
B B

˚ ˚

Fig. 7. ExperimentalB for D101F lysozyme or for native lysozyme in solutions of sodium chloride, pH 4.5, vs. salt molality.22
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Fig. 8. Hydrophobic surface free energy for D101F lysozyme in solutions of sodium chloride at pH 4.5 calculated from the pmf
model wEq. (11)x vs. salt molality.

values ofk vary between 30 and 34 calymolA2
a

˚
and increase with rising salt concentration indicat-
ing that the non-polar patch is salted-out by addi-
tion of sodium chloride. The fit values ofk area

significantly greater than the corresponding values
of k because the patch is non-polar whereas the
protein surface contains polar and charged groups
that lead to a negative contribution to the scaling
parameter.
The slope of the best-fit line given in the plot,

g , is equal to 3.6 calymolA -kgymole, larger than2
a

˚
the value ofg (see Fig. 6a). If the primary effect
of salt is to raise the surface free energy of the
non-polar groups, we expect that the ratio ofg toa

g is given by the inverse of the ratios of the
fractional non-polar surface coverage of the patch,
f , to that of the protein surface,f . The fractiona

of the solvent accessible surface area of lysozyme
that is carbon is approximately 0.49. Because the
patch is predominantly non-polar,g y f s3.6, ina a

semi-qualitative agreement with the ratio,gy f s
1.8.
Given the scatter of the data and the simplifying

geometric assumption contained in the pmf model,
we cannot draw any conclusions regarding the
effect of salt on the solvation free energy of the

polar part of the protein surface. Most likely, the
interaction between salt ions and proteins is spe-
cific for each system; basic proteins have very
strong interactions with chaotropic anions, but not
with kosmotropic anions. On the other hand, no
corresponding trend between acidic proteins and
cations is observed.
Fig. 9 gives the apparent molecular weights for

D101F lysozyme in solutions of ammonium sulfate
or of sodium chloride. The experimental results
as-symptotically approach 16 000 gymol some-
what larger than the molecular weight of the
monomer, 14 600 gymol, indicating that there is
either a small degree of pre-aggregation or a high-
molecular-weight impurity in all the solutions.
High-molecular-weight impurities were not detect-
ed in SDS-gel electrophoresis; it is therefore more
likely that there is a small degree of irreversible
aggregation. For concentrated ammonium–sulfate
solutions, the large apparent molecular weights
indicate that there is strong association at low
protein concentrations. The concentration depend-
ence of the association could not be examined
because the sensitivity of the experiment was
insufficient at protein concentrations less than 1
gyl for solutions of lysozyme. The apparent molec-
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Fig. 9. Apparent molecular weights for D101F lysozyme in solutions of ammonium sulfate, pH 7, or sodium chloride, pH 4.5, vs.
salt molality.

ular weights of D101F lysozyme in solutions of
ammonium sulfate are greater than those in solu-
tions of sodium chloride indicating that the patch–
patch interaction is more attractive in the presence
of ammonium sulfate, as expected because the
molal surface-tension increment of ammonium sul-
fate is larger than that of sodium chloride.
Elcock and McCammonw36x use a similar pmf

model to describe protein–protein interactions for
lysozyme in sodium chloride solutions. These
authors use more precise calculations for determin-
ing a SASA potential, an electrostatic double-layer
potential, and an electrostatic desolvation potential;
the solvent-accessible surface area is calculated
using a probe molecule rolled over the protein
surface using the protein structure determined from
crystallization data. The electrostatic desolvation
potential or hydration force is included in this
model to account for the unfavorable removal of
water in the vicinity of charged surface groups.
Using that model, Elcock and McCammon obtain
a fit value of the scaling parameter for the SASA
potential equal to 24 calymolA . We assume that2˚
the hydration force is contained in the SASA

potential. Because decreasing the scaling parame-
ter raises the protein–protein repulsion, we expect
that our value fork should be less than that
reported by Elcock and McCammonw36x. Accord-
ing to the model for the patch–patch interaction,
k should reflect the solvation energetics of onlya

the mutated residue. The electrostatic desolvation
potential should be less for the D101F lysozyme
than that for the native form because a charged
group has been replaced by a non-polar residue.
The fit value of k should reflect the non-polara

solvation of the phenylalanine residue minus the
unfavorable electrostatic desolvation penalty
described above. Thus, we expect that our fit value
of k is similar to or slightly larger than the scalinga

parameter reported by Elcock and McCammon.
The difference between these values may also be
due to the simplifying assumptions of our model
where we have neglected the shape of the protein.

4. Conclusions

The primary goal of this work is to probe the
protein–protein interaction in concentrated salt
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solutions and to propose a simple potential of
mean force that can be used in phase-equilibrium
calculations and as a protein-crystallization diag-
nostic. Previous salting-out studies of model com-
pounds and of proteins have shown that the
primary effect of salt is to increase the non-polar
surface free energy of the protein. Generally, pro-
tein salting-out occurs because the non-polar part
of the solvent-accessible surface area is reduced in
the crystal due to the formation of protein–protein
contacts. To incorporate this effect into our model,
we relate the scaling parameter of a SASA poten-
tial with the surface free energy of the protein
molecule.
The scaling parameter is expressed as a linear

function of the salt molality whereg is the linear
coefficient that is determined from the slope of a
plot of scaling parameter vs. salt molality. We have
determinedg from fitting the interaction between
two protein surfaces andg from fitting the con-a

tribution to the protein–protein interaction from a
non-polar patch on the protein surface. For sodi-
um–chloride solutions, the ratio ofg to the molal
surface-tension increment of the salt is similar to
that reported by Arakawa and Timasheffw26x for
the ratio of the surface free energy increment to
the same molal surface-tension increment. There
is considerable scatter in the data obtained from
ammonium–sulfate solutions, although it appears
that the fit value ofg for these solutions is similar
to that obtained in sodium chloride. In further
support of the proposed potential of mean force,
the obtained value ofg is within a factor of 2 fora

gy f where f is the fraction of the protein surface
that is non-polar.
The fit values of the scaling parameters for the

patch–patch interaction are significantly greater
than the corresponding values for the protein–
protein interaction indicating that hydration forces
make a significant contribution to the overall
protein–protein potential of mean force. Because
these forces are most likely longer-ranged than a
solvent diameter, we do not expect that the SASA
potential provides a truly realistic description for
these forces. However, recent work has shown that
protein–protein interactions under crystallizing
conditions are accurately modeled using an adhe-
sive potentialw11x. Subsequently, we conclude that

the dominant protein–protein interactions are
short-ranged, consistent with the proposed poten-
tial of mean force. It is possible that the contri-
butions of the non-polar groups and of the polar
groups to the SASA potential can be separated in
a manner similar to the empirical separation of the
dispersion force and the SASA potential given in
our model. Thus, we expect that the proposed
potential of mean force may be useful for describ-
ing the hydrophobic interaction between proteins
in concentrated salt solutions.
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Appendix A: Calculation of the area of patch
buried during protein–protein interaction

The effect of the mutation on protein–protein
interactions is included in the model by placing
circular hydrophobic patches on the surfaces of
the spheres. The two-body potential is obtained
from the combined area contained on the patches
that is within a separation,r , of the opposingc

sphere multiplied by the negative of the non-polar
surface free energy. The interaction is referred to
as the patch–patch interaction, although the inter-
action includes all configurations where either
patch is at least partially desolvated. Subsequently,
non-local interactions of a patch and the uniform
surface are also included in the overall potential.
This appendix derives the area of a patch within

a separation,r of a second sphere as illustrated inc

Fig. 10. The area is determined by calculating the
common arc length between the patch and concen-
tric circles that are everywhere equidistant from
the opposing sphere. The concentric circles are
given by the dashed lines in Fig. 10. Integration
of the common arc lengths to the cut-off separation
gives the buried surface area.
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Fig. 10. The patch–patch interaction is calculated by summing the area of both patches that is within the cut-off separationr givenc

by the area enclosed in the box. The variables are explained in Appendix A. The inset shows the coordinate system for the calculation
along with that denoting the orientation of the patch given by the primed variables.

The centers of the concentric circles are at a
distancex from the center of the spheres in whicho

they are contained, and a distancery2x from theo

opposing sphere. The radii,h, are given by the
chord theorem:

1y2Ž . Ž .Ž .h x s Rqx Ryx (A.1)w xo o o

Subscript o refers to the coordinates of the con-
centric circles. The patch is approximated as cir-
cular with an area given by the surface area
calculated from the crystal structure given in Table
1. The solid angle of the patch,u is determined
from fitting the area of the patch,Ap

u

2A s2pR sinu9du9 (A.2)p |
0

The projected radius of the patch,R , is:p

R sRsinu (A.3)p

The equation of the boundary of the patch needs
to be determined to calculate the intersection of
the patch with the concentric circles. The equation
for the boundary of the patch is given by:

2 2 2y9 qz9 sR (A.4)p p p

where subscript p refers to the coordinates of the
boundary of the patch. The coordinate transfor-
mation is calculated from the matrix,C, for a
rotation given byw .1

Z Zcosw sinw 01 1Z Z
Z ZCs ysinw cosw 0 (A.5)1 1Z Z
Z Z0 0 1

where

Z Z Z Zx9 x

Z Z Z Z
Z Z Z Zy9 sC y (A.6)Z Z Z Z
Z Z Z Zz9 z

The corresponding equation for the boundary of
the patch in thex,y,z coordinate system is calcu-
lated from Eq.(A.5) and Eq.(A.3):

2 22w xy cosw yx sinw qz sR (A.7)p 1 p 1 p p
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The equation for the concentric spheres as a
function of x is:

2 2 2 Ž .Ž .y qz sh s Ryx Rqx (A.8)o o o o

Eq. (A.6) and Eq.(A.7) are solved simultaneously
for the intersection of the concentric circles with
the boundary of the patch as a function ofx. The
arc-length,d common to the circle and the patch
is determined from the points of intersection given
by z andy :i i

Ž .z xi
Ž . Ž .d x s2h x arctan if y)0 (A.9)Z Z iŽ .y xi

w zŽ .z xix |Ž . Ž .d x s2h x pyarctan if y-0Z Z i
y ~Ž .y xi

If the boundary of the patch is contained within
the concentric circle, then

d(x)s2ph(x) (A.10)

The area is determined by integration overx where
the lower limit of integration is given by:

ryrcx s (A.11)c 2

Thus, the area is given by:

R w zx
x |Ž .Areas d x 1q dx (A.12)| 2 2 1y2y ~Ž .R yxxc
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