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‘‘Sticky hard spheres’’ model of proteins near crystallization: A test based
on the osmotic compressibility of lysozyme solutions

Roberto Piazza, Ve´ronique Peyre,* and Vittorio Degiorgio
Istituto Nazionale per la Fisica della Materia, Dipartimento di Elettronica, Universita´ di Pavia, 27100 Pavia, Italy

~Received 20 January 1998!

In order to establish a simple model of protein interparticle interaction near crystallization conditions, we
have measured the osmotic compressibility of the metastable fluid phase of hen egg-white lysozyme within the
fluid-solid coexistence region. Light scattering measurements were performed in an extended volume fraction
range at pH54.7 as a function of temperature. A sufficient amount of NaCl has been added in order to severely
screen the electrostatic interactions. Below 0.2 M NaCl, the system can still be kept in a metastable fluid phase
for a sufficiently long time before nucleation of the crystal phase takes place. The experimental compressibility
up to particle volume fractionsF'0.23 is compared to the theoretical expression for adhesive~‘‘sticky’’ ! hard
spheres, and the agreement is found satisfactory. We also determined the values of the Baxtert adhesiveness
parameter, which shows an apparent linear temperature dependence within the investigated temperature range.
These results suggest that the main temperature dependence of the interparticle interaction potential is simply
through the BoltzmannkBT factor. @S1063-651X~98!51408-0#

PACS number~s!: 87.15.Da, 82.70.Dd
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All current attempts to understand and predict crystalli
tion processes in protein solutions, which are essentia
order to develop systematic strategies and reliable cry
growth protocols in structural biochemistry, would grea
benefit from a description of protein phase behavior in ter
of simple models of interacting colloidal particles. Protei
can be treated as charged colloids which generally crysta
by adding a substantial amount of salt~well beyond what is
needed to screen electrostatic interactions!, thus exploiting
what is generally called the ‘‘salting-out’’ effect@1#. Al-
though the physical origin of salting out is still poorly unde
stood, there is growing evidence that globular proteins, in
presence of a sufficient amount of added salt, behave as
spheres interacting via an attractive potential with a ra
much shorter than the particle radius. The most relevant
ture of the phase diagram for such a system is that the fl
fluid phase separation is always metastable with respec
the fluid-solid transition@2#. This fact has been experimen
tally observed both for the eye proteing-crystalline and for
hen egg-white lysozyme@3–6#. Recently, it has been pointe
out that this metastable fluid-fluid coexistence curve sho
play a fundamental role in crystallization kinetics, for th
large concentration fluctuations near the metastable cri
point should considerably speed up the nucleation proce
@7#. Most proteins, however, fail to crystallize even if pr
pared in strongly supersaturated solutions, and rather s
aggregation processes leading to amorphous aggreg
which may eventually, but not necessarily, restructure i
low-quality crystals@1#.

The simplest interaction that may account for all t
above observations is the Baxter adhesive hard-sp
~AHS! potential@8#, which is the limit ford→0, that is, for
vanishing range, of

*Present address: Laboratoı`re Energe´tique et Re´activitéaux Inter-
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V~r !

kBT
5H `, r ,s

ln@12td/~s1d!#, s<r<s1d

0, r .s1d

~1!

where r is the interparticle distance between spheres of
ameters, andt is a parameter inversely proportional to th
strength of the attractive interaction. Besides showing
metastable fluid-fluid coexistence, this limiting model su
gests that, for sufficiently short range potentials, amorph
aggregation processes taking place near a dynamic per
tion threshold could hinder the transition to the order
phase@9#. Similar effects have indeed been observed w
latex particles interacting via a very short range surfacta
induced depletion potential, and explained in terms of d
namical percolation@10#.

Rosenbaum, Zamora, and Zukoski@11# have been re-
cently able to show that the phase diagram of lysozyme
consistent with what is numerically predicted for a sh
range attractive Yukawa potential@2#, by measuring at the
same time the stability limit of the fluid region and the se
ond osmotic virial coefficientB2 , and by assuming thatB2
can be related to thet parameter by the AHS expression

B2
HS2B2

B2
HS 5

1

4t
, ~2!

whereB2
HS52ps3/3 is the second virial coefficient for har

spheres. The strength of this beautiful result is, howe
partly limited by the fact that a! the value of the second viria
coefficient is weakly dependent on the exact form of t
interparticle potential, being only a first order correction
the independent particle behaviour, and b! the exact freezing
line for AHS is poorly known due to intrinsic instabilities o
the solid phase which are probably connected with the p
ence of the percolation line@12#.
R2733 © 1998 The American Physical Society
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In order to firmly establish whether a highly screened
lution of charged proteins can be mapped onto the A
model it is necessary to directly compare data for the
motic pressure in a wide concentration range to the full t
oretical AHS osmotic equation of state. Since the equi
rium solubility of a protein in salting-out conditions i
generally quite low, most of the experimental data must
fortunately be taken in the metastable region of the ph
diagram, and this in turn is possible only provided that
crystal nucleation kinetics is much slower than the exp
ment time-scale. The main purpose of this paper is to sh
that, by exploiting the peculiar supersaturation properties
lysozyme solutions in an intermediate salt concentrat
range, and by employing careful sample preparation pro
cols, this result can indeed be obtained. The resulting
motic compressibility data closely conform to what is e
pected for adhesive hard sphere. Moreover, by studying
osmotic compressibility curve as a function of temperatureT,
a direct relation between the stickiness parametert and T
will be derived, and conclusions about the temperature
pendence of the attractive part of the potential will be ma

Six times recrystallized egg-white lysozyme was obtain
from Seikagaku~Japan, Lot # E96301!, and used without
further purification. The lyophilized compound was di
solved in 50 mM NaAcO buffer, and the pH of the solutio
was adjusted to 4.7 by addition of acetic acid. The io
strength of the solution at pH54.7 is estimated to be abou
30 mM. This batch solution was centrifuged, and the fi
concentration, as determined by absorption atl5280 nm,
was found to bec0'330 mg/ml. Mother solutions at 0.1 an
0.2 M NaCl were prepared by adding small amounts of 3
NaCl in NaAcO buffer. Ionic-shock induced aggregates w
slowly dissolved by gently stirring the solutions while the
were kept atT'40 °C. Dilutions were prepared by volum
adding appropriate amounts of NaCl in NaAcO buffer.
straightforward calculation, using a value of about 12 for
surface charge of lysozyme at pH54.7, shows that at 0.1 M
NaCl the residual effect of the electrostatic repulsion is
most negligible. On the other hand, preliminary observati
of the crystallization kinetics for NaCl concentration larg
than 0.2 M, show that nucleation is sufficiently slow on
within a limited supersaturation range, corresponding to p
ticle volume fractions lower than about 10%. The NaCl co
centration range between 0.1 and 0.2 M therefore represe
useful, although narrow window where extensive supers
ration can be reached while working on a system where s
range attractive~‘‘salting-out’’ ! forces become dominant.

Rectangular light scattering cells having an optical path
5 mm and a minimum working sample volume of about 4
ml, were carefully cleaned by flushing with about 50 ml
0.2 mm filtered buffer in a closed-circuit filtering system
The diluted samples where then fed into the cells throug
low protein-retention 0.2mm filter. This careful cleaning
protocol was essential not only to avoid dust problems in
scattering measurements, but also to severely reduce i
mogeneous crystal nucleation, which was found much m
effective in the presence of dust. Light scattering data w
taken with the experimental setup described in detail e
where @13#. Incident, transmitted and scattered intensit
were sampled and monitored by a multiplexing setup. M
surements were made at a fixed scattering angle of 90°.
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concentration dependence of the refractive index of
lysozyme solutions was measured by an Atago 3T Abbe
fractometer at the sodiumD-line for different temperatures
and corrected for dispersion, giving an almost temperatu
independent valuedn/dc'0.197 cm3/g. Sample cells were
kept in a thermostated room atT'28 °C, and transferred
just before the measurements into the scattering appar
thermostat, which allows one to control the sample tempe
ture to within 0.01 °C. The sample temperature was m
sured by a thermistor in close thermal contact with the c
and the scattered intensity monitored until they both reac
a stable value, when acquisition was started and inten
values cyclically measured and averaged over about
minute. The concentration of the sample in the cell was ca
fully cross-checked after measurement both by UV abso
tion and refractive index increment. The particle volum
fraction F was calculated from the concentration by usi
the lysozyme specific volumev50.71 ml/g. Measurement
where taken on samples of increasing concentration up
values where crystallization kinetics became noticeable o
time scale of a few hours. For the 0.2 M NaCl preparatio
there was clear evidence for nucleation enhancement by c
cal fluctuations observed in most concentrated sample
low temperatures. Indeed, liquid-liquid phase separation,
lowed by fast crystallization, was observed at temperatu
below 10 °C for lysozyme concentration larger than ab
250 mg/ml. This is qualitatively consistent with the resu
by Muschol and Rosenberger@5#, although the boundary o
the coexistence curve at pH54.7 seems to be at higher tem
peratures than those observed at pH54.5. Liquid-liquid
phase separation boundaries are extremely sensitive to
charge value, which decreases about 10% by increasing
pH from 4.5 to 4.7, and there might also be dependence
the buffer concentration. Hence, we do not regard this d
crepancy as particularly puzzling. In a few cases, we a
noticed that partial mixing during dilution, evidenced by th
appearance of Schlieren patterns in the cell, lead to an
preciable increase of turbidity even at room temperature,
lowed by incipient demixing. However, if the cell is imme
diately transferred to a thermal bath at temperatures ab
35 °C and gently rocked, turbidity disappears, the sam
becomes optically uniform and remains so even after be
brought back at room temperature. This latter observat
which has also been made in previous studies@14#, confirms
however that specific sample manipulation protocols c
have profound effects when dealing with metastable so
tions.

The excess intensity with respect to the solvent scatte
by particles much smaller than the wavelength can be wri
as

I 5AS 2n
dn

dcD
2

kBTcS ]P

]c D 21

, ~3!

wheren is the index of refraction of the medium,dn/dc the
refractive index increment,T the absolute temperature
]P/]c the isothermal osmotic compressibility, andA an in-
strumental constant that can be determined by calibra
with respect to a sample of known scattering power. Figur
shows the volume fraction dependence of the reduced
motic compressibility (M /RT)(]P/]c), for lysozyme solu-
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tions at a NaCl concentration of 0.1 M at six temperatu
between 8.2 °C and 36.7 °C, which were derived from
experimental scattering data using Eq.~3!. The osmotic com-
pressibility for AHS can be analytically evaluated in th
Percus-Yevick approximation as@15#

]P

]c
5

RT

M

~112F2lF!2

~12F!4 , ~4!

where

l56~12t1t/F!S 12A12
112/F

6~12t1t/F!2D .

The full lines in Fig. 1 are the best fit of the Eq.~4! to the
experimental results, usingt as the only free fit paramete
This good fit clearly shows that the theoretical expression
the osmotic compressibility of AHS provides a very go
description of the data for all temperature conditions inv
tigated. For comparison, the Percus-Yevick compressib
for hard-spheres, which correspond to thet→` limit, is also
drawn in Fig. 1 to show that in the investigated temperat
range the particles are far less repulsive than hard sph
Notice that the measured volume fractions span a ra
about ten times larger than those usually investigated in
ond virial coefficient studies, and that the results sugges
agreement between the experimental compressibility and
theoretical curve~4! to better thanO(F2). Figure 2 shows
similar results obtained for 0.2 M NaCl solutions. Here,
low temperatures, the measured sample volume fraction
to be limited to values where metastability could be ke
within the limits where experiments can be performed. N
tice that in this case, for temperatures lower than ab
20 °C, the second virial coefficient becomes negative.
consistency, we also checked the data obtained at low
ume fractions by directly measuring the osmotic pressurP
by means of a Knauer membrane osmometer. The obta

FIG. 1. Reduced osmotic compressibility of hen egg-wh
lysozyme in NaAcO buffer10.1 M NaCl at pH54.7. The experi-
mental points refer to measurements taken at 36.8 °C~closed
circles!, 29.7 °C ~open circles!, 22.7 °C ~closed squares!, 17.4 °C
~open squares!, 12.7 °C ~closed diamonds!, and 8.2 °C~open dia-
monds!. The full lines are fits to the theoretical osmotic compre
ibility for AHS. The dashed line presents the Percus-Yevick co
pressibility for hard spheres.
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second virial coefficient forP were found in good agreemen
with those obtained by light scattering. The values obtain
for thet parameter in the two temperature runs are shown
Fig. 3. Apparently, a linear proportionality betweent andT
applies to both salt concentrations in the~limited! investi-
gated temperature ranges. The parametert in the Baxter po-
tential plays the role of a generalized temperature. In orde
find a correspondence with real temperatures, a more
tailed model is needed. The simplest short range poten
that becomes the AHS potential in the limit of vanishin
range is made of a hard sphere part plus a temperature i
pendent square well~SW!,

V~r !5H `
2V0

0

0,r ,s
s,r ,s1d
r .s1d.

~5!

Identification of t in terms of the SW parameters can b
made by equating the second virial coefficient, which can
analitically evaluated for the SW potential, obtaining@15#

-
-

FIG. 2. Same as Fig. 1 for samples containing 0.2 M NaCl. T
experimental points refer to measurements taken at 35.0 °C~closed
circles!, 30.0 °C ~open circles!, 24.5 °C ~closed squares!, 17.2 °C
~open squares!, and 12.2 °C~closed diamonds!.

FIG. 3. Temperature dependence of the Baxtert parameter from
the fits to the two sets of measurement shown in Figs. 1 an
Results for 0.1 M NaCl solutions are shown by closed circles, wh
open circles give the results for the 0.2 M run.
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T0

T
5 lnS 11

t0

t D , ~6!

where T05V0 /kB and t0
2154@(11d/s)321#'12d/s.

Equation~6! implies that, for weak adhesiveness (t0!t), t
and T are expected to be proportional (t't0T/T0), as is
experimentally found. This would suggest that the main te
perature dependence of the interparticle interaction is sim
through the Boltzmann factor, while other temperature
fects, such as changes in the hydration of the lysozyme
ticles, if present, play a lesser role. We notice that a sim
temperature dependence of thet parameter, derived from a
fit of the second virial coefficient to the AHS expression, h
been found by Rosenbaum and Zukoski@16#, and that similar
conclusions on the weak temperature dependence of the
tential has been suggested by Malfoiset al. @17#.

As a conclusion, by analyzing the results obtained fr
this measurement of the whole osmotic equation of state
lysozyme up to high volume fractions in the metastable fl
region, we can state that an extremely simple interac
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model, such as the Baxter ‘‘sticky’’ hard-sphere potenti
may account fairly well for the thermodynamic properties
the system. This does not imply at all that more complica
features, related for instance to the structural properties
protein crystals, can be inferred from such a simple mod
However, we believe that it represents a valuable star
point in order to predict the phase behavior and, by a m
thorough investigation of the strength and range of the in
actions as a function of the crystallization control paramet
~salt nature and concentration, pH, and so on!, to shed light
on the physical meaning of the still obscure ‘‘salting-ou
effect.

We thank M. Muschol very much for valuable discu
sions. This work has been primarily supported by the A
vanced Research Project ‘‘PROCRY’’ of the Italian Nation
Institute for the Physics of Matter~INFM!. V. Peyre has been
working on this project as a fellow of the European Comm
nity Human Capital and Mobility Network ‘‘Colloid Phys
ics.’’
ev.

.

@1# Crystallization of Nucleic Acids and Proteins: a Practical A
proach, edited by A. Ducruix and R. Giege´ ~Oxford University
Press, Oxford, 1992!.

@2# M. H. J. Hagen and D. Frenkel, J. Chem. Phys.101, 4093
~1994!.

@3# M. L. Broide, T. M. Tomine, and M. D. Sasowsky, Phys. Re
E 53, 6325~1996!.

@4# B. M. Fine, J. Pande, A. Lomakin, O. Ogun, and G. B. Ben
dek, Phys. Rev. Lett.74, 198 ~1995!.

@5# M. Muschol and F. Rosenberger, J. Chem. Phys.107, 1953
~1997!.

@6# S. Tanaka, M. Yamamoto, K. Ito, R. Hayakawa, and M. Ata
Phys. Rev. E56, R67 ~1997!.

@7# P. R. ten Wolde and D. Frenkel, Science277, 1975~1997!.
-

,

@8# R. J. Baxter, J. Chem. Phys.49, 2770~1968!.
@9# Y. C. Chiew and E. D. Glandt, J. Phys. A16, 2599~1983!.

@10# R. Piazza and G. Di Pietro, Europhys. Lett.28, 445 ~1994!.
@11# D. F. Rosenbaum, P. C. Zamora, and C. F. Zukoski, Phys. R

Lett. 76, 150 ~1996!.
@12# C. F. Tejero and M. Baus, Phys. Rev. E48, 3793~1993!.
@13# V. Degiorgio, R. Piazza, and R. B. Jones, Phys. Rev. E52,

2707 ~1995!.
@14# M. Mushol ~private communication!.
@15# B. Barboy, J. Chem. Phys.61, 3194~1974!.
@16# D. F. Rosenbaum and C. F. Zukoski, J. Cryst. Growth169, 752

~1996!.
@17# M. Malfois, F. Bonnete´, L. Belloni, and A. Tardieu, J. Chem

Phys.105, 3290~1996!.


