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Abstract

The second osmotic virial coefficients of seven proteins—ovalbumin, ribonuclease A, bovine serum
albumin, a-lactalbumin, myoglobin, cytochrome c, and catalase—were measured in salt solutions.
Comparison of the interaction trends in terms of the dimensionless second virial coefficient b2 shows
that, at low salt concentrations, protein–protein interactions can be either attractive or repulsive,
possibly due to the anisotropy of the protein charge distribution. At high salt concentrations, the
behavior depends on the salt: In sodium chloride, protein interactions generally show little salt
dependence up to very high salt concentrations, whereas in ammonium sulfate, proteins show a sharp
drop in b2 with increasing salt concentration beyond a particular threshold. The experimental phase
behavior of the proteins corroborates these observations in that precipitation always follows the drop
in b2. When the proteins crystallize, they do so at slightly lower salt concentrations than seen for
precipitation. The b2 measurements were extended to other salts for ovalbumin and catalase. The trends
follow the Hofmeister series, and the effect of the salt can be interpreted as a water-mediated effect
between the protein and salt molecules. The b2 trends quantify protein–protein interactions and provide
some understanding of the corresponding phase behavior. The results explain both why ammonium
sulfate is among the best crystallization agents, as well as some of the difficulties that can be
encountered in protein crystallization.

Keywords: protein interactions; protein crystallization; osmotic second virial coefficient; self-interaction
chromatography

The relation between the molecular structure of a protein
and the interaction potential between two such molecules
is the foundation of a thermodynamic approach to under-
standing and predicting the behavior of protein solutions.

Ultimately, such a relation enables calculation of the
phase behavior and thus understanding of the formation
of different phases, such as crystals, dense liquid phases,
gels, and aggregates. In practice, the interactions between
proteins in solutions are modulated by additives such as
salts, hydrophilic polymers, or small organic molecules
that may be present in formulations or added to induce
crystallization. The focus of the present work is limited
to exploring the role of different salts in tuning protein
interactions.

The interactions between proteins include contribu-
tions from at least electrostatic and van der Waals forces,
hydration effects, hydrogen bonding, salt bridging, and
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ion binding. This inherent complexity of the potential
of mean force (PMF) between protein molecules adds to
the difficulty of understanding the effects of salts on
the PMF. Experimentally, it is important to obtain an un-
ambiguous measurement of protein–protein interactions
under a variety of solution conditions. Among the differ-
ent approaches that have been explored to quantify
protein–protein interactions, measurement of protein
solubilities was probably the first thermodynamic varia-
ble explored as a function of the concentrations of dif-
ferent additives. Unfortunately, protein solubility depends
on the solid phase formed (Arakawa and Timasheff 1985),
and consequently its theoretical interpretation is not
straightforward. The second osmotic virial coefficient
(B2), on the other hand, depends only on the PMF, and
for this reason it has become the variable of choice for
investigating the effects of different additives.

B2 is defined by the virial equation of state, which
describes the nonideality of the osmotic pressure, and it is
related to the PMF U(r,V1,V2) via (McQuarrie 2000)
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Here, r is the protein center-to-center separation distance,
and V1 and V2 are the solid angles that describe the
orientations of the two protein molecules. This expression
indicates that, in general, positive (repulsive) values of U
give rise to positive B2 values, while negative (attractive)
values of U produce negative B2 values. Measurements at
very low salt concentrations may be dominated by an
additional Donnan contribution (Asthagiri et al. 2005),
but this is negligible at the higher salt concentrations that
are of primary interest here.

B2 can be measured using any of several different
experimental techniques, including membrane osmome-
try (Vilker et al. 1981; Haynes et al. 1992; Wu and
Prausnitz 1999), static light scattering (SLS) (Curtis et al.
1998; Velev et al. 1998; Guo et al. 1999; Piazza and
Pierno 2000), ultracentrifugation (Behlke and Ristau
1999), small-angle X-ray scattering (SAXS) (Bonneté
et al. 1999; Vivarès and Bonneté 2002), small-angle neu-
tron scattering (SANS) (Gripon et al. 1996, 1997; Velev
et al. 1998), size-exclusion chromatography (Bloustine
et al. 2003), and self-interaction chromatography (SIC)
(Tessier et al. 2002a). The latter technique is the most
efficient in terms of time and protein consumption (Patro
and Przybycien 1996; Tessier et al. 2002a), and for this
reason it was used in the present investigation. With SIC,
the protein of interest is covalently immobilized on the
surface of chromatographic particles, and B2 is calculated
from the measured retention time of the same protein
through the SIC column.

As is apparent from Equation 1, B2 has units of volume,
and its value therefore depends on the size of the protein.
The B2 values published in the literature are often
expressed in units of mol.mL/g2, for which the notation
B22 is adopted. However, instead of B22, which depends
on the molecular weight, it is more appropriate to
compare B2 values for different proteins in terms of the
dimensionless second osmotic virial coefficient (b2), for
which B2 is normalized by the excluded volume contri-
bution of a sphere of equal volume (B2

HS), which is simply
four times the molecular volume. This yields (Bonneté
and Vivarès 2002)
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Here, s is the protein equivalent diameter, Mw the
molecular weight, and Na Avogadro’s number. The results
obtained for different proteins are presented here as b2,
but these values can easily be converted to B22 using the
molecular weights (Table 1).

Both osmotic pressure and B2 measurements have long
been used in studies of the thermodynamic properties of
protein solutions (Kupke 1960; Adams et al. 1978), but it
is only in about the last decade that a renewed interest
in these approaches has been stimulated by interest in
developing rational methods to crystallize proteins.
George and Wilson (1994) made an important contribu-
tion in recognizing a correlation between slightly neg-
ative values of B22 and solution conditions favorable for
protein crystallization. Their results may seem intuitive in
retrospect because of the association of negative B2

values with attractive interactions, but their observations
led to the quantitative concept of a ‘‘crystallization slot,’’
a window of B22 values between �1 and �8 mol.mL/g2

for which proteins are likely to crystallize (George and

Table 1. Isoelectric point, molecular weight, global charge
at pH 7, and equivalent diameter of the proteins studied

Protein pI MW
Net charge

at pH 7 s (nm)

Myoglobin 6.99 17,000 +1.0 3.3

Ribonuclease A 9.6 13,700 +4.4 3.1

a-Lactalbumin 3.5–4 14,200 �6.7 3.2

BSA 4.2–4.9 66,000 �11.4 5.4

Ovalbumin 4.9 45,000 �11.3 4.6

Cytochrome c 10.1 13,000 +9.3 3.0

Catalase 5.4 250,000 �16.2 7.9

pI and MW are literature values (Theorell and Akesson 1941; Kendrew
1950; Tanford and Hauenstein 1956; Samejima et al. 1962; Gottschalk and
Graham 1966; Kronman 1989), the protein net charge at pH 7 was
calculated from the online server http://vitalonic.narod.ru/biochem/index_
en.html, and the protein equivalent diameter was calculated from the
correlation with the molecular weight (Neal and Lenhoff 1995).
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Wilson 1994; George et al. 1997). This concept greatly
contributed to the development of a rational approach to
crystallize proteins because it permits quantification of
the interactions between proteins.

Using this methodology, the effects of different salts
(Curtis et al. 1998, 2002; Piazza 1999; Tessier et al.
2002b), surfactants (Jia et al. 2005; Velev et al. 2005),
polymers (Kulkarni et al. 2000; Vivarès and Bonneté
2002), alcohols (Farnum and Zukoski 1999; Liu et al.
2004; Berger et al. 2005), and sugar additives (Chi et al.
2003; Valente et al. 2005) on protein–protein interactions
have been investigated. However, B2 measurements
remain difficult, and many reports present limited data
that offer only a snapshot of the effects studied. Many of
those studies are also limited to frequently studied
proteins such as lysozyme, and they are consequently
not representative of the interaction trends that can be
observed for other proteins. For this reason, particular
emphasis is given here to comparison of the b2 trends for
different proteins. The two salts that were investigated in
depth, ammonium sulfate and sodium chloride, represent
two qualitatively different forms of behavior, and they
are consequently good candidates to study the effects of
salt on protein interactions. Ammonium sulfate is a good
salting-out agent and is among the most successful
additives in driving protein crystallization (Gilliland and
Davies 1984; Gilliland 1988). On the other hand, sodium
chloride is a poor salting-out agent that has had only
limited success in protein crystallization (McPherson
2001). These differences have often been described in
terms of the Hofmeister series, which describes the effect
of salts on a wide variety of phenomena (Collins and
Washabaugh 1985; Cacace et al. 1997). The choice of
ammonium sulfate also enables comparison of the b2 mea-
surements with the crystallization behavior previously
reported with ammonium sulfate for some of the proteins
investigated, such as ovalbumin (Miller et al. 1983; Stein
et al. 1991; Judge et al. 1995), ribonuclease A (Kunitz
1939), a-lactalbumin (Chrysina et al. 2000), horse heart
myoglobin (Kendrew 1950; Lawrie 1951), and catalase
(Sumner and Dounce 1937).

In the present work, the b2 measurements are intended
to provide a global perspective on the effects of the salt
on protein–protein interactions. For this reason, b2 has
been measured for ovalbumin, ribonuclease A, bovine
serum albumin, a-lactalbumin, myoglobin, cytochrome c,
and catalase at pH 7 in different salts. The seven proteins
that were studied were selected to have different sizes and
isoelectric points in order to give a broad and representa-
tive picture of the interactions between proteins (Table 1).
However, the conditions under which those proteins
crystallize were not a criterion of selection, and, as
always, the results can be biased by the selection of
proteins.

Results

Figures 1 and 2 present the b2 values for ovalbumin,
ribonuclease A, cytochrome c, catalase, a-lactalbumin,
myoglobin, and BSA for various concentrations of
ammonium sulfate and sodium chloride at pH 7. The
error in the measurements based on the reproducibility
of Vr values is smaller than the size of the symbols.
However, uncertainties in quantities used in SIC calcu-
lations such as protein immobilization density, protein
radius, and V0 may introduce additional errors in b2 on
the order of 0.5–1, but these errors are systematic and
would not change the trends observed, which represent
the principal focus of this work.

The experimental trends can be divided into two
classes based on the salt concentration. Below ;0.25–
0.5 M, electrostatic interactions must play an important
role in the PMF, whereas at higher salt concentrations
they are almost completely screened, so other contribu-
tions govern protein interactions. Figures 1 and 2 illus-
trate how protein interactions can be either repulsive or
attractive in the low-salt region (<0.25–0.5 M). For
myoglobin and cytochrome c, positive b2 values indicate
that protein interactions are repulsive, whereas for cata-
lase and a-lactalbumin, the negative b2 values reflect
attractive interactions. The same trends are observed at
low salt concentration for both sodium chloride and am-
monium sulfate.

However, in the high-salt region the trends with sodium
chloride and ammonium sulfate are drastically different.
For sodium chloride, b2 is constant even up to 4 M salt,
with the exception of catalase, for which it becomes
slightly negative. In ammonium sulfate, b2 is initially

Figure 1. Values of b2 for ovalbumin (s), ribonuclease A (4), cyto-

chrome c (u), catalase (P), and a-lactalbumin (.) in ammonium sulfate

at pH 7, myoglobin (d) at pH 6 (Tessier et al. 2002b), and bovine serum

albumin (m) at pH 6.2 (Tessier et al. 2002b).

Patterns of protein interactions
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constant, but with increasing salt concentration it drops,
indicating the onset of attractive interactions. The thresh-
old concentration corresponding to the b2 decrease is
different for the seven proteins studied. Among these,
catalase shows the earliest decrease, around 1 M ammo-
nium sulfate, whereas for myoglobin and cytochrome c,
the b2 decline occurs well above 2 M ammonium sulfate.
For the other proteins, the b2 decreases occur between
1 and 2 M. The trends in b2 reflect the effects of the salt
on protein–protein interactions, and in this respect ammo-
nium sulfate and sodium chloride behave very differently.
Whereas ammonium sulfate is observed systematically to
cause b2 to decrease to negative values, sodium chloride
is observed to have very little or no effect on protein
interactions.

The connection between b2 and phase behavior has
practical implications for protein crystallization, and for
this reason batch crystallization experiments were per-
formed on myoglobin and catalase in ammonium sulfate
at pH 7. Myoglobin was observed to crystallize into
clusters of thin needles (Fig. 3) within 1–2 wk for pH
values of 6–8 and ammonium sulfate concentrations of
2–2.4 M. At higher salt concentrations, however, myoglo-
bin forms only aggregates. In comparison, myoglobin
remains soluble in sodium chloride at up to 4 M concen-
tration. The crystallization experiments were restricted to
a range of pH values of 6–8 because myoglobin irrevers-
ibly denatures below pH 5, probably due to the loss of the
heme group (Yang and Phillips 1996; Chi and Asher
1998). The upper limit was determined by the acid–base
properties of the ammonium ion (pKa ¼ 9.2), which
causes the release of ammonia above pH 8.

The second protein to be studied by batch crystalliza-
tion was catalase, for which crystals were obtained for

pH values of 4–8 and ammonium sulfate concentrations
of 0.25–1 M. Depending on the salt concentration, either
needles, plates, clusters of sheets, or single crystals were
obtained, but, as observed for myoglobin, only aggregates
were obtained for salt concentrations above those induc-
ing protein crystallization. Catalase was also observed
to form hexagonal crystals at 4°C in 5 mM bis-tris,
pH 7 in a region where b2 is highly negative at room
temperature.

For both proteins, the b2 decrease in concentrated
ammonium sulfate solutions coincides with protein crys-
tallization and is followed by the formation of aggregates.
In comparison, high sodium chloride concentrations have
very little or no effect on protein interactions and phase
behavior for the seven different proteins investigated.

The comparison between ammonium sulfate and
sodium chloride was extended to different salts in order
to generalize the present observations. Values of b2 were
measured at pH 7 for ovalbumin and catalase in potas-
sium thiocyanate, potassium chloride, sodium formate,
sodium acetate, sodium malonate, and potassium phos-
phate (Figs. 4, 5).

At low salt concentrations, the trends are the same as
previously observed for ammonium sulfate and sodium
chloride, and catalase interactions are clearly attractive.

At high salt concentrations, the different salts follow
the same order in inducing attractive interactions for
ovalbumin and catalase, but catalase was found to be
much more sensitive to the salts than was ovalbumin. The
concentration at which the b2 decline begins follows the
order potassium phosphate < ammonium sulfate < sodium
malonate < sodium formate ; sodium acetate < sodium

Figure 2. Values of b2 for ovalbumin (s), ribonuclease A (4), cyto-

chrome c (u), catalase (P), a-lactalbumin (.), myoglobin (d), and

bovine serum albumin (m) in sodium chloride at pH 7.

Figure 3. (A,B) Crystals of catalase formed in ammonium sulfate at pH 7,

5 mM bis-tris. (C,D) Crystals of myoglobin formed in ammonium sulfate

at pH 7, 5 mM bis-tris. The scale bar represents 50 mm.
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chloride ; potassium chloride < potassium thiocyanate.
This series corresponds closely to the order observed in
the Hofmeister series (Hofmeister 1888).

According to Figure 4, potassium phosphate and
ammonium sulfate are the only two effective salting-out
agents for ovalbumin, whereas in sodium formate, sodium
acetate, and potassium chloride, b2 does not vary with salt
concentration, similar to the results for sodium chloride.
In potassium thiocyanate, the b2 values are flat but show a
slight increase above 2 M salt. Unlike the case for
ovalbumin, all the salts cause b2 to drop for catalase
(Fig. 5), and sodium malonate, sodium acetate, and
sodium formate have an effect intermediate to those of
ammonium sulfate and sodium chloride.

Discussion

The seven proteins studied here provide a global
perspective on the effects of salt on protein interactions
that allow different interaction patterns to be identified.
These include the existence of attractive interactions at
low salt concentrations, the flat b2 profiles in sodium
chloride, and the b2 drops in concentrated ammonium
sulfate solutions (Figs. 1, 2). However, b2 does not
provide any information about the physical origins of
the changes in interactions observed experimentally.
Protein–protein interactions are complex and, despite
recent progress in computational methods, there are no
molecularly based models able to describe the effects of
the salt on protein–protein interactions in their full
complexity. As a result, it can be difficult to identify
with certainty the physical origins of the trends observed
experimentally, but what is generally known about the

physical chemistry of protein interactions allows the
changes in the b2 trends to be attributed to one or another
particular aspect of protein interactions.

Lysozyme has been the subject of numerous inves-
tigations, and, in particular, its b2 values in sodium chlo-
ride have been used as standard measurements to assess
the accuracy of different experimental techniques
(Rosenbaum and Zukoski 1996; Gripon et al. 1997; Velev
et al. 1998; Bonneté et al. 1999; Moon et al. 2000; Piazza
and Pierno 2000; Curtis et al. 2002; Tessier et al. 2002b;
Bloustine et al. 2003; Teske et al. 2004). The b2 values
for lysozyme are positive at low salt concentrations and
decrease progressively with increasing salt concentration.
The commonly accepted approach considers lysozyme
interactions as a balance between repulsive electrostatic
and attractive van der Waals interactions (Vilker et al.
1981; Haynes et al. 1992; Coen et al. 1995), even if this
does not explain all the trends observed experimentally
(Retailleau et al. 1997; Piazza and Pierno 2000). In this
picture, which emanates from the Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory of colloidal interac-
tions (Israelachvili 1992; Verwey and Overbeek 1999),
the change in interactions is attributed to the screening
effect of the salt on electrostatic interactions between
proteins. A few proteins, e.g., ribonuclease A, a-chymo-
trypsinogen, subtilisin properase, and purafect subtilisin,
show the same b2 trends as lysozyme as a function of
increasing salt concentration over a restricted range of
solution conditions (Velev et al. 1998; Pjura et al. 2000;
Pan and Glatz 2003). However, even among those
proteins, ribonuclease A and a-chymotrypsinogen show
inconsistencies with the DLVO picture of protein stability
under certain solution conditions, and in this perspective
lysozyme seems to exhibit a relatively unusual form of

Figure 4. Values of b2 for ovalbumin in sodium chloride (d), potassium

chloride (P), potassium thiocyanate (s), sodium acetate (u), sodium

formate (4), ammonium sulfate (j), and potassium phosphate (.), all at

pH 7.

Figure 5. Values of b2 for catalase in sodium chloride (d), potassium

chloride (P), sodium formate (4), sodium acetate (u), sodium malonate

(m), and ammonium sulfate (j), all at pH 7.

Patterns of protein interactions
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behavior. These observations are confirmed by the pres-
ent results, which show that none of the seven proteins
studied behaves like lysozyme.

In particular, Figures 1 and 2 show two characteristic
trends that are noteworthy in their difference to lysozyme.
The first distinctive feature is the existence of attractive
interactions at low salt concentrations. This trend, which
was observed previously under certain solution conditions
for ribonuclease A, a-chymotrypsinogen, and b-lactoglo-
bulin A (Velev et al. 1998; Pjura et al. 2000; Piazza et al.
2002; Tessier et al. 2003), can be interpreted as resulting
from attractive electrostatic interactions due in a complex
way to the anisotropy of the protein charge distribution.
Several aspects of the b2 trends support this interpreta-
tion. The attraction is screened at lower salt concentra-
tions in ammonium sulfate than in sodium chloride and it
almost disappears above 0.25 M salt concentration, two
characteristic signatures of an electrostatic phenomenon
as predicted by the Debye–Hückel theory (Israelachvili
1992; Hiemenz and Rajagopalan 1997). The anisotropy of
the charge distribution for some proteins was postulated
in early experimental work on proteins (Cohn and Edsall
1943; Kirkwood 1967), and it became obvious once the
structures of proteins were determined by X-ray diffrac-
tion and their electrostatic potential could be calculated
using now widely available computational techniques
(Honig and Nicholls 1995). Using a Poisson-Boltzmann
approach, ribonuclease A, a-chymotrypsinogen, and
b-lactoglobulin have been investigated computationally
(McClurg and Zukoski 1998; Neal et al. 1998; Fogolari
et al. 2000), and the results show for all three proteins that
pairwise electrostatic interactions can be attractive in
individual configurations.

The second distinctive feature in Figures 1 and 2 is the
stability of most protein solutions in sodium chloride
even at high salt concentrations, resulting in a flat b2

profile, as noted previously (Tessier and Lenhoff 2003).
Of the seven proteins studied, only catalase shows more
attractive interactions with increasing sodium chloride
concentration. This trend is not unexpected, as sodium
chloride is known to be a weak salting-out agent, but it
strongly contradicts the DLVO picture of protein stability,
and shows that proteins can be stable in solution even
when electrostatic interactions are screened.

In some cases, ion binding has been suggested to be the
cause of repulsive interactions between proteins and as a
result to increase protein solubility. The b2 values for
ovalbumin in MgCl2 and lysozyme in MgBr2 are increas-
ingly repulsive with salt concentration (Guo et al. 1999;
Grigsby et al. 2000; Tessier et al. 2002a). The solubility
of xylose isomerase shows a minimum and then increases
with magnesium sulfate concentration (Vuolanto et al.
2003). To explain this behavior, it was postulated that
magnesium ions bind to and stabilize those proteins in

solution (Grigsby et al. 2000). Preferential interaction
measurements showing that lysozyme interacts preferen-
tially with magnesium ions (Arakawa and Timasheff
1982, 1984; Arakawa et al. 1990), and the ability of
hydrated magnesium ions to form stronger hydrogen
bonds than water itself (Brown 2002), are consistent with
this hypothesis.

However, not all ions have a strong propensity to bind
to proteins (Collins 1995, 1997), and ion binding cannot
explain, for example, protein solubility in concentrated
electrolyte solutions when the salt is known to be
preferentially excluded from the surface of the protein.
This occurs, for example, in sulfate and phosphate salts
(Arakawa and Timasheff 1982, 1984), in which proteins
can nonetheless be soluble up to relatively high salt
concentrations before salting out. Preferential interaction
measurements show that both sulfate and phosphate ions
are preferentially excluded from the surface of proteins,
and this is consistent with the analysis of crystal struc-
tures, which reveals only a few ions binding proteins with
great specificity (Quiocho et al. 1987, 1989; Chakrabarti
1993), even when proteins crystallize in concentrated salt
solutions. For example, ovalbumin (1OVA) and myoglo-
bin (1WLA), which crystallize in ;2 M and 2.2 M
ammonium sulfate, respectively, have only one sulfate
ion each in their PDB files, which is insufficient to sug-
gest that their high solubilities are due to salt binding.

The hydration of proteins is another phenomenon that
has often been invoked to explain protein stability (Cohn
and Edsall 1943; Edsall and McKenzie 1983; Rupley and
Careri 1991). Since the development of computational
methods able to calculate the hydration free energy,
mainly in the context of the protein docking problem
(Sitkoff et al. 1994; Janin 1999; Orozco and Luque 2000;
Wong and McCammon 2003), its contributions have
become more widely appreciated. When a contact forms
between two proteins, the water molecules must be
removed from the interface, and this gives rise to hydra-
tion effects. On average, the surfaces of proteins are 57%
nonpolar, 24% polar, and 19% charged (Miller et al.
1987). Protein hydration is consequently the sum of
contributions from residues of different types. The dehy-
dration of nonpolar groups generally favors contact
formation, but the dehydration of the polar and charged
groups has an enthalpic cost that must be compensated
(Janin 1999; Elcock et al. 2001; Paliwal et al. 2005). This
contribution can therefore contribute to protein solubility
in concentrated electrolyte solutions even if electrostatic
interactions are fully screened.

From the point of view of protein crystallization, the
sharp drop in b2 observed in ammonium sulfate solutions
with increasing salt concentration is important, as it
begins the region corresponding to slightly negative
values of b2, where crystallization is possible. Protein
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salting out in concentrated electrolyte solutions is one of
the oldest known characteristics of protein phase behav-
ior, and it has commonly been attributed to a water-
mediated effect between protein and salt molecules
(Hofmeister 1888; Cohn and Edsall 1943). This explana-
tion, which is consistent with the previous arguments
about the protein solubility in concentrated salt solutions,
is based on experimental observations. First, effective
salting-out agents are strongly hydrated; e.g., small ions
with a high charge density are better salting-out agents
than are larger ions with a lower charge density (Collins
1997, 2004). Second, preferential hydration measure-
ments suggest that strongly hydrated salts such as sulfate
and phosphate are preferentially excluded from the sur-
face of proteins (Arakawa and Timasheff 1982, 1984).
These two arguments are mutually consistent, but they are
both global arguments, and, as noted earlier, there is no
molecularly based model able to describe the effect of the
salt on protein interactions.

Because the drop in b2 is associated experimentally
with protein salting out, it implies that the b2 drop at high
salt concentrations is due to a water-mediated effect, and
consequently so is the relative efficiency of the different
salts in changing the value of b2 for ovalbumin and
catalase (Figs. 4, 5). For ovalbumin, the agreement be-
tween the present b2 measurements and the Hofmeister
series is unsurprising, as the Hofmeister series was
originally established based on the salting out of egg
white (Hofmeister 1888; Kunz et al. 2004), which is
50%–60% ovalbumin and has a pH close to 7.4.

The interpretation of the b2 drop in ammonium sulfate
in terms of a water-mediated effect explains qualitatively
the relative efficiency of different salts on proteins such
as ovalbumin and catalase. However, the effect of the salt
can be much more complex. Ion binding, for example,
follows the inverse Hofmeister series (Klotz and Urquhart
1949; Scatchard and Black 1949). As a result, weak
salting-out agents have a stronger tendency to bind pro-
teins (Collins 1995, 1997), which can also affect protein
interactions. For example, the b2 trend observed for
ovalbumin with increasing potassium thiocyanate con-
centration (Fig. 4) is consistent with thiocyanate ions
binding to ovalbumin, as previously observed for other
proteins (Scatchard et al. 1950, 1959).

From a practical point of view, protein crystallization is
accomplished by starting from a soluble protein solution
and progressively reducing protein solubility. In terms of
interactions, it corresponds to finding solution conditions
for which protein–protein interactions are weakly attrac-
tive. The experimental investigation of ovalbumin and
catalase crystallization in ammonium sulfate shows that
these conditions correspond to the drop in b2 values in
concentrated salt solutions. The seven proteins investi-
gated here all show a sharp drop in the values of b2 at

different salt concentrations. Although attractive interac-
tions are necessary to drive protein crystallization, the
steepness of the drop in b2 values can be a disadvantage,
as it indicates that there is only a narrow range of salt
concentrations for which b2 is slightly negative. There-
fore, finding the exact domain of salt concentrations
favorable to the formation of crystals can be one of the
difficulties encountered when proteins are crystallized by
empirical screening.

The trends for catalase show that moderate salting-out
agents have a wider range of concentrations correspond-
ing to slightly negative values of b2 (Fig. 5). Therefore
malonate, formate, and acetate salts, which have a
behavior intermediate between ammonium sulfate and
sodium chloride, can be interesting alternatives to induce
protein crystallization. However, ovalbumin, which is
more soluble, simply does not salt out with a weaker
precipitant than ammonium sulfate or potassium phos-
phate. These elements seem to explain the efficiency of
sodium malonate previously suggested based on empiri-
cal screening (McPherson 2001). The b2 values obtained
for catalase show that the effect of sodium malonate is
only slightly weaker than that of ammonium sulfate. The
key to its success seems to be a good balance between the
range of concentrations over which it induces protein
crystallization and its strength as a salting-out agent.

The results in Figure 1 also suggest that the solubility
of the salt can be an issue when proteins require
extremely high salt concentrations before salting out.
For example, sodium sulfate, which is soluble up to only
1.3 M at 20°C, cannot salt-out ovalbumin or BSA,
whereas ammonium sulfate, which is soluble up to 4.03
M at 20°C, does (Söhnel and Novotny 1985). The differ-
ence in solubility between sulfate salts that is observed
experimentally is consequently one of the features that
explain their efficiency as crystallization agents. Thus,
it is not surprising that ammonium sulfate, which is
highly soluble and a strong salting-out agent, is among
the most successful additives for protein crystallization
(McPherson 2001).

The b2 trends also explain why the formation of
aggregates is commonly interpreted as a positive indica-
tor of the proximity of solution conditions favorable to
crystal growth in crystallization screens (Gilliland and
Davies 1984). The results show that the appearance of
precipitates generally follows the b2 decrease, and that
crystallization by salting-out occurs in the presence of
aggregates or at salt concentrations slightly below where
aggregates form. This is clearly illustrated by the phase
behavior experiments with myoglobin and catalase. As a
consequence, the formation of aggregates indicates the
domain of salt concentrations corresponding to slightly
negative b2 values, providing basically the same informa-
tion as obtained from b2 measurements. In terms of

Patterns of protein interactions

www.proteinscience.org 1873



protein consumption, even the most economical methods
to measure b2 cannot match simple crystallization
screens. However, because the range of the crystallization
slot also depends on the slope of the b2 curve, b2 mea-
surements also provide information about the range of
salt concentrations over which there are slightly negative
b2 values, which cannot be obtained otherwise.

Conclusions

The present measurements are among the most extensive
sets of b2 values that describe the effects of salt on
protein–protein interactions. Three trends are noteworthy.
First, at low salt concentrations, the interactions can be
either attractive or repulsive. This behavior has an
electrostatic origin, and it is probably due to the aniso-
tropy of the charge distribution on the protein and its
correlation with high-complementarity nonelectrostatic
interactions. Second, most proteins have a flat b2 profile
with increasing sodium chloride concentration, which
explains the high solubility of most proteins in highly
concentrated solutions of sodium chloride. Third, the b2

drop in solutions of ammonium sulfate and other strongly
hydrated salts occurs over a narrow range of concen-
trations, and the effects of different salts follow the
Hofmeister series with few exceptions. Those trends coin-
cide with protein salting-out, which according to the
classical interpretation corresponds to a water-mediated
effect between protein and salt molecules.

From these three features, it is possible to define
different classes of behavior for the proteins studied,
but all differ from that of lysozyme, which appears to be
anomalous. From a practical point of view, the drop in b2

values coincides with the formation of amorphous aggre-
gates, and when a protein crystallizes, it typically does so
at slightly lower salt concentrations than that at which
aggregates appear. The sharp b2 drop in ammonium
sulfate results in a narrow window of salt concentrations
favorable to the formation of crystals, and this explains
some of the difficulties in crystallizing proteins using
empirical screening procedures.

Materials and Methods

Proteins and solutions

Myoglobin from horse skeletal muscle (M-0630); bovine serum
albumin (A-7638); ovalbumin from chicken eggs, crystallized
and lyophilized (A-2512); catalase from bovine liver (C-40);
ribonuclease A from bovine pancreas, salt-fractionated and
chromatographically purified (R-5503); a-lactalbumin, calcium
depleted, from bovine milk (L-6010); and cytochrome c from
bovine heart (C-2037) were obtained from Sigma. The proteins
were used without further purification with the exception of
a-lactalbumin, which was dialyzed overnight against a 1 mM

CaCl2 solution using a Slide-A-Lyzer 10,000 MW cut-off
(66410) (Pierce Biotechnology).

The chemicals used for protein immobilization, namely
N-ethyl-N9-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) (E-6383), N-hydroxysuccinimide (NHS) (H-7377),
glutaraldehyde (G-5882), and ethanolamine (E-9508), were
purchased from Sigma. The different salts and buffers, ammo-
nium sulfate (A-2939), potassium thiocyanate (P-2713), bis-tris
(B-7535), calcium chloride (C-3881), sodium malonate
(M-4795), sodium formate (S-2140), citric acid (C-1909), and
MES (M-8250) were also purchased from Sigma. Sodium
chloride (S-271), sodium hydroxide (S-318), sodium phosphate
dibasic (S-374), potassium phosphate monobasic (P-285), potas-
sium chloride (P-217), sodium acetate (S-205), and hydrochloric
acid (A144–212) were purchased from Fisher Scientific. Tris
(819,620) was purchased from INC.

All solutions were prepared with deionized water that was
further purified using a Milli-Q Plus deionization system
(Millipore). The pH was adjusted with concentrated solutions
of sodium hydroxide and hydrochloric acid.

Protein concentrations were measured using a Lambda 4B
spectrophotometer (Perkin-Elmer). The absorbance was mea-
sured at 280 nm using E1cm

1% ¼ 7.35 for ovalbumin, 7.14 for
ribonuclease A, 6.6 for bovine serum albumin, 20.9 for
a-lactalbumin, 17.0 for myoglobin, 23.9 for cytochrome c, and
13.5 for catalase (Sober 1970).

Immobilization

Myoglobin, ribonuclease A, bovine serum albumin, and cyto-
chrome c were immobilized using glutaraldehyde following a
protocol similar to that described previously (Tessier et al.
2002b). Ovalbumin, catalase, and a-lactalbumin were immobi-
lized using EDC/NHS (Carraway and Koshland 1972; Bau-
minger and Wilchek 1980; Grabarek and Gergely 1990; Sehgal
and Vijay 1994). Between 60 and 100 mg of protein were
dissolved in 10 mL of 5 mM MES, pH 6.5 buffer containing
0.1 M NaCl. Two milliliters of Toyopearl AF-Amino 650 (8002)
chromatographic particles (Tosoh Bioscience) were washed with
1 L of deionized water on a glass frit with a Supor 200
membrane disc filter (60301) (Pall) and resuspended in an
18-mL glass vial with the protein solution. One hundred fifty
milligrams of EDC and 10 mg of NHS were introduced and set
up to react overnight on a rotary mixer. Once the reaction was
complete, the particles were extensively washed with deionized
water and stored in the immobilization buffer. The immobiliza-
tion density was determined using the Micro BCA protein assay
(23235) (Pierce Biotechnology).

Chromatographic procedures and b2 calculation

The particles with immobilized protein were packed into a
3 mm 3 50 mm microbore glass chromatography column
(993301) (Colbert Associates) using a Pharmacia FPLC system
at a flow rate of 5 mL/min. The retention time was measured
using an ÄKTA Purifier equipped with an autosampler (GE
Healthcare). The injection volumes were 20 mL at protein
concentrations of 1–5 mg/mL, and all the measurements were
made in triplicate. The buffer flow rates were 0.1 mL/min for
the measurements and 0.5 mL/min during equilibration.

Values of b2 were calculated from the retention volume. The
retention factor was calculated from (Tessier et al. 2002a)
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k0 =
Vr � V0

V0
(3)

where Vr is the retention volume and V0 the dead volume, which
was determined using a column without immobilized protein
(Tessier et al. 2002a). The excluded volume contribution to the
second osmotic virial coefficient was obtained as four times the
protein volume, which implicitly assumes the protein to be a
sphere. The protein volume was calculated from its correlation
with the molecular weight (Neal and Lenhoff 1995). The value
of b2 was then found from (Tessier et al. 2002a)

b2 = 1� k0

BHSrSf
(4)

where rs is the immobilization density and f is the phase ratio,
defined as f ¼ As/V0. The protein-accessible surface area As was
obtained from the literature (DePhillips and Lenhoff 2000).

Batch crystallization experiments

Myoglobin and catalase were dissolved in deionized water to
obtain concentrated protein solutions of ;40 mg/mL. The
buffers were sodium citrate at pH 3, sodium acetate at pH 4
and 5, MES at pH 6, bis-tris at pH 7, and Tris at pH 8. Batch
experiments were prepared on a 96-well plate (21–377–203)
(Fisher Scientific). The salt concentrations were investigated in
the ranges 0–3.2 M ammonium sulfate from pH 6–8 for
myoglobin and 0–2 M ammonium sulfate from pH 3–8 for
catalase. Each well was covered with microbatch paraffin oil
(HR3–421) (Hampton Research). The protein concentration in
all the experiments was 10 mg/mL. The evolution of the phase
behavior was recorded every day during the first week and
subsequently every 2 wk up to the point that no further change
was observed.
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