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ABSTRACT We have studied the structure of the protein species and the protein–protein interactions in solutions containing
two apoferritin molecular forms, monomers and dimers, in the presence of Na1 and Cd21 ions. We used chromatographic,
and static and dynamic light scattering techniques, and atomic force microscopy (AFM). Size-exclusion chromatography was
used to isolate these two protein fractions. The sizes and shapes of the monomers and dimers were determined by dynamic
light scattering and AFM. Although the monomer is an apparent sphere with a diameter corresponding to previous x-ray
crystallography determinations, the dimer shape corresponds to two, bound monomer spheres. Static light scattering was
applied to characterize the interactions between solute molecules of monomers and dimers in terms of the second osmotic
virial coefficients. The results for the monomers indicate that Na1 ions cause strong intermolecular repulsion even at
concentrations higher than 0.15 M, contrary to the predictions of the commonly applied Derjaguin–Landau–Verwey–Overbeek
theory. We argue that the reason for such behavior is hydration force due to the formation of a water shell around the protein
molecules with the help of the sodium ions. The addition of even small amounts of Cd21 changes the repulsive interactions
to attractive but does not lead to oligomer formation, at least at the protein concentrations used. Thus, the two ions provide
examples of strong specificity of their interactions with the protein molecules. In solutions of the apoferritin dimer, the
molecules attract even in the presence of Na1 only, indicating a change in the surface of the apoferritin molecule. In view of
the strong repulsion between the monomers, this indicates that the dimers and higher oligomers form only after partial
denaturation of some of the apoferritin monomers. These observations suggest that aggregation and self-assembly of protein
molecules or molecular subunits may be driven by forces other than those responsible for crystallization and other phase
transitions in the protein solution.

INTRODUCTION

An important aspect of the solution behavior of proteins is
that of their stability against formation of oligomers
(dimers, trimers, etc.). This stability is determined by the
interactions between the protein molecules. Furthermore,
the biological functions of the proteins, such as enzyme–
ligand binding, metabolic interactions, etc., are strongly
affected by their immediate environment in the solution that
may contain structured water, hydrated cations or anions,
organic molecules, polymers, and amphiphilic molecules.
The interactions between same molecules are a sensitive
probe of this immediate solution environment. Data about
the interactions are also needed for control over the crys-
tallization pathways. Protein crystallization is a necessary
step in the studies of the molecular structure by diffraction
methods, and recent evidence suggests that there is a direct
correlation between the pair interactions and crystallization
behavior of proteins (George and Wilson, 1994; Rosenbaum
and Zukoski, 1996; Velev et al., 1998). Another aspect of
crystallization is related to protein aggregation. Should the
proteins in a solution aggregate, the formed oligomers are

often the main impurity (Thomas et al., 1998) that has
undesired effects on the crystallization processes, the qual-
ity of the grown crystals, and hence on their suitability for
x-ray structure determinations (Vekilov et al., submitted for
publication).

Investigations of protein solution behavior have relied on
the strong similarities of protein’s molecular size and prop-
erties to those of colloidal dispersions. Within this ap-
proach, the macroscopic properties (osmotic pressure, light
scattering), solution dynamics (diffusion) and stability of
protein solutions have been described within the framework
of the methods and approaches relevant to colloid science
(Derjaguin et al., 1987; Verwey and Overbeek, 1948), usu-
ally referred to as Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory.

Convenient methods to study the interactions and aggre-
gation of polymer solutions and colloidal dispersions are
based on light scattering [e.g., Schmitz, 1990]. Static light
scattering (SLS) measures the time-averaged intensity of the
scattered light and relates it to the osmotic compressibility
and the second virial coefficient of the interacting particles.
Dynamic light scattering (DLS), on the other hand, mea-
sures the time auto-correlation function of the scattered
light, which yields the solute diffusion coefficient. The
diffusion coefficient is related to the size of the dissolved
molecules, in terms of hydrodynamic diameter, and thus
provides important complementary information, inaccessi-
ble to SLS only. The diffusivity also depends on the ther-
modynamic interactions (second osmotic virial coefficient),
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but this dependence is shadowed by the hydrodynamic
interactions between the particles. Thus, DLS is a less
sensitive probe of the pair molecular energy than SLS.

In this paper, we study solutions of apoferritin, the hollow
shell of the iron-storage protein ferritin. Apoferritin readily
forms crystals in sodium acetate buffer containing certain
amounts of CdSO4 (Thomas et al., 1998). Using samples,
pretreated by size-exclusion chromatography, we investi-
gate the solution properties of monomers (single apoferritin
molecules) and molecular dimers in the presence of Na1

and Cd21 ions. The size of the monomers and dimers is
determined using DLS, and, independently, by atomic force
microscopy carried out in situ, during crystallization of the
protein. The results on the dimers’ shape and interactions
suggest that the protein aggregation and self-assembly path-
ways may differ from those leading to crystal formation.

The results for the monomer interactions suggest strong
repulsion of non-DLVO type at high solution ionic strength.
We speculate that this is due to hydration forces. These
forces have generally been attributed to water structuring in
the vicinity of the interacting surfaces (Marcelja and Radic,
1976; Besseling, 1997; Forsman et al., 1997). Other expla-
nations are based on entropic repulsion associated with the
constrained thermal mobility of the surface groups (Is-
raelachvili and Wennerstrom, 1996), excluded volume of
the hydrated counterions (Israelachvili, 1991; Pashley,
1981a,b, 1982; Pashley and Israelachvili, 1984), or local
variation of the dielectric constant (Basu and Sharma, 1994;
Henderson and Lozada-Cassou, 1986, 1994). More elabo-
rate theories, considering combinations of some of the
above factors, were also developed (Paunov et al., 1996;
Paunov and Binks, 1999; Trokhymchuk et al., 1999). Re-
cent studies of the coagulation kinetics of protein-stabilized
colloidal particles implicate hydration repulsion as a factor
for increased stability at high ionic strength (Molina-Bolivar
et al., 1996, 1997, 1998; Molina-Bolivar, 1999; Molina-
Bolivar and Ortega-Vinuesa, 1999). Thus, despite the the-
oretical ambiguity surrounding hydration forces, they are
often encountered in experiments.

Finally, we present results on the influence of CdSO4 on
the molecular interactions and show that even small
amounts of Cd21 ions suffice to convert significant repul-
sion into attractive interaction.

MATERIALS

The apoferritin and electrolytes used in the experiments were obtained
from Sigma Chemical Co. (St. Louis, MO). It was dissolved in sodium
acetate buffer (NaAc) at pH5 5.0. The buffer was prepared by dissolving
sodium acetate in water and subsequent titration with acetic acid. Hence,
the concentration of NaOOCCH3 (NaAc) equals [Na1]. A MilliRO/Q
grade water (Millipore, Bedford, MA) was used for all solution prepara-
tions. In some cases, CdSO4 was added to the sample.

METHODS

Fast protein liquid chromatography

The commercial apoferritin solutions were characterized using size-exclu-
sion fast protein liquid chromatography (FPLC). A Pharmacia Biotech
(Uppsala, Sweden) Superose 6 HR 10/30 column was used. The mobile
phase was 0.2 M NaAc solution flowing at 0.5 ml/min rate. In addition to
the UV detector of the FPLC device, a Mini-Dawn light scattering detector
(Wyatt Technologies, Santa Barbara, CA) was included. The combination
of the two detectors allows identification of low amounts of the high
molecular-weight components, and direct determinations of the molecular
masses of the eluding fractions.

The signal traces from the two detectors of a typical FPLC separation of
commercial apoferritin are shown in Fig. 1. Using this method, we sepa-
rated the fractions of monomers, dimers, trimers, and higher oligomers. Gel
electrophoresis analyses of the various fractions indicate that the fractions
labeled Monomer and Dimer contain single species. Both methods show
that the molecular masses of the fractions are, respectively, equal or double
that of apoferritin. The fraction labeled “Trimer” is a mixture of oligomers
containing species with molecular mass about three times that of apofer-
ritin. Details of the analysis and separation are given in Thomas et al.
(1996).

Dynamic light scattering

The dynamic light scattering measurements were performed on a
Brookhaven 200 SM goniometer with HeNe laser (Spectra Physics 127/V,
35 mV, Mountain View, CA), operating at 632.8 nm wavelength. The
method is based on the collected auto-correlation function of the scattered
field amplitudeES (Pusey and Tough, 1985; Schmitz, 1990)

g~1!~t! 5
^ES~t!E*S~t 1 t!&

^uESu2&
. (1)

For relatively monodisperse samples, a cumulant expansion of the auto-
correlation function can be applied

ln g~1!~t! 5 O
n

Kn

~2t!n

n!
, (2)

FIGURE 1 Size-exclusion FPLC analysis of commercial apoferritin so-
lution using UV and Mini-Dawn detection at the column exit. HMW and
VV, high molecular weight and void-volume components, respectively
(Thomas et al. 1998).
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where the coefficientsKn can be calculated as

Kn 5 ~21!n lim
t30

dn

dtn ln g~1!~t!. (3)

Then, the diffusion coefficient of the molecules is then given by

D 5
K1

q2 , (4)

where, withl is the used wavelength,n is the solution refractive index, and
u is the angle of data collection measured from the direction of the beam
passing through the sample,

q 5
4pn

l
sinSu

2D . (5)

The diffusion coefficient, determined from Eq. 4 can be related to the
molecular size using the Stokes–Einstein expression (Pusey and Tough,
1985; Schmitz, 1990),

D 5
kT

3phdh
, (6)

wheredh is the hydrodynamic diameter of the molecule,h is the solvent
viscosity andkT is the thermal energy.

If the cumulant method is inapplicable, e.g., for broad, irregularly
shaped distributions, or if multiple peaks in the distribution are found, more
sophisticated methods have to be used. The most popular method for
treatment of such systems is called CONTIN (Provencher, 1979, 1982a,b).
For monodisperse samples, both methods yield close values.

Eq. 6 relates the diameter of spherical particle to their experimentally
measurable diffusivity. Yet, data about the geometric parameters of non-
spherical particles can still be extracted from diffusivity determinations if
one makes an assumption about their shape. Thus, for a prolate spheroid,
i.e., the envelope around two touching spheres, we could use the hydro-
dynamic mobility expressions derived by Brenner (1974). This yields for
the parallel and perpendicular friction modes, respectively,

fi 5
8phL

r2~2b 1 ai!
, (7)

f' 5
8phL

2r2b 1 a'

, (8)

whereL is the length of the spheroid andr 5 L/d, d is its diameter, and

ai 5
2~r2b 2 1!

~r2 2 1!
, ai 5

r2~1 2 b!

~r2 2 1!
, (9)

with

b 5
cosh21~r!

r~r2 2 1!1/2 .

Because

D' 5
kT

f'

and Di 5
kT

fi
, (10)

the effective diffusion coefficient could be written as

D 5 1
3
~2D' 1 Di!. (11)

By equating the measured diffusion coefficient, Eq. 4, to the right-hand
side of Eq. 11, one gets an equation relating a measured quantity to the
geometrical parameters of the spheroid. Then,dh in Eq. 6 has the meaning
of effective size.

Static light scattering

The static light scattering experiments were performed on the same equip-
ment as was DLS. The refractive index increment (dn/dCp) necessary to
interpret those data was measured using an Optilab (Wyatt Technologies,
Santa Barbara, CA) device, operating at the same wavelength as the laser
used for light scattering. Static light scattering is based on determinations
of the concentration dependence of the scattered light intensity. The results
are then plotted as (Zimm, 1948)

KCp

Ru
5

1

Mw
~1 1 2A2MwCp!, (12)

whereMw is the molecular mass of the protein,Cp is the protein concen-
tration in g/ml, Ru is the Rayleigh ratio, andK is an optical constant
calculated from

K 5
1

NA
S2pn0

l2 D2S dn

dCp
D2

. (13)

In Eq. 13,NA is Avogadro’s number,l the wavelength,n0 the refractive
index of the solution sans protein, and dn/dCp is the refractive index
increment with protein concentration. The quantityA2 in Eq. 12 is the
second osmotic virial coefficient in ml M/g2 units. If the protein concen-
tration is expressed in volume fraction units, the virial coefficient adopts a
convenient dimensionless form

B2 5 12E
0

` H1 2 expF 2
U~r!

kT GJr2 dr. (14)

For the particular case of hard sphere-type interactionU(r) (note that this
is notU(r) 5 0), B2 5 4 (McQuarrie, 1973) and is due to the finite size of
the molecules. Thus, values of the second osmotic virial coefficient lower
than four indicate an overall attractive interaction energy between finite-
size particles. At the same time, values greater than 4 evidence stronger
(than the one due to finite size) repulsion. The most common reason for
such repulsion, in the case of colloids, is electrostatics, but other interac-
tions could also be responsible.

It is convenient to rewrite Eq. 12 in the form,

KCpMw

Ru
5 1 1 2B2f, (15)

wheref is the protein volume fraction. Comparing Eqs. 12 and 15, we get
an expression relating the dimensional viral coefficient,A2, to the dimen-
sionlessB2:

B2 5
6A2Mw

2

pNAdh
3 . (16)

Atomic force microscopy

Adsorption of the dimer at the crystal face and its incorporation into the
crystals were studied by atomic force microscopy (AFM) using a Nano-
scope IIIa from Digital Instruments (Santa Barbara, CA). Crystallization
took place from a 1-mg/ml solution on a glass substrate at room temper-
ature stabilized to 23.06 0.3°C. The equilibrium solution concentrations
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Ce 5 23 mg/ml was determined asC at which steps (i.e., the edges of the
uncompleted crystal layers) stopped advancing, before dissolution retreat at
C , Ce. AFM images of the growing crystal surface were collected in situ
in the AFM fluid cell during the growth of the crystals using the tapping
imaging mode of the device. When chromatographically purified material
is used, apoferritin crystals are faceted by (111) faces with a typical
beehive arrangement of the molecules. The crystals grow by the spreading
of layers generated by surface nucleation. The layer thickness is 10.5 nm,
and the distance between the centers of the quasi-spherical ferritin mono-
mers is 13 nm, in agreement with the respective crystallographic values:
10.6 and 13.0 nm.

RESULTS AND DISCUSSION

The structure of apoferritin
monomers and dimers

The dynamic light scattering results for apoferritin mono-
mer, dimer, and trimer fractions are presented in Fig. 2 and

Table 1. The size-distributions shown in Fig. 2 are obtained
using the CONTIN algorithm (Provencher, 1979; 1982a,b).
No concentration dependence of the measured diffusion
coefficient was observed for the range of protein and salt
concentrations we used. We see that all three fractions are
relatively monodisperse. The variance of the distribution is
0.167 for the monomers and 0.119 and 0.140 for dimers and
trimers, respectively. Accordingly, the average hydrody-
namic radii in Table 1 obtained by CONTIN and the cumu-
lant expansion methods are close. The difference in the sizes
resulting from the two methods is;10% for the monomers
and even less for dimers and trimers. The sizes of the
monomers are also in agreement with data available in the
literature (Hempstead et al., 1997), which claim that the
apoferritin diameter is about 12 nm.

Direct comparisons of the sizes with published data are
not possible for the dimer and trimer because the DLS
yields an effective size (diameter) that can be directly cor-
related to the geometry of the molecule only for spherical
objects. When two monomers collide to form a dimer, they
can either stick without destroying their separate spherical
shapes, or coalesce into a single sphere with a double
volume as illustrated in Fig. 3. The second option would
require a substantial change in the arrangement of the mo-
lecular subunits.

For both cases, based on the diffusion coefficient for the
monomer, we can estimate the expected diffusion coeffi-
cient of the dimer. For the first case, we assume an aniso-
tropic molecular shape (prolate spheroid) with diameter,d,
equal to that of a single molecule, and length,L, equal to
two monomer diameters (Fig. 2B). Using Eqs. 6–11, we get
D 5 2.303 1027 cm2/s. For the case of coalescing mole-
cules, we use Eq. 6 with diameter

deff 5 dÎ32 (17)

and getD 5 2.543 1027 cm2/s. The two diffusivities are
close, but a comparison with the two values in Table 1
resulting from cumulant and CONTIN analyses of the ex-
perimental data, indicates that the anisotropic option is more
likely.

For a direct test of the above conclusion as to the shape
of the dimer, we viewed the surface of growing apoferritin
crystals with AFM (Yau and Vekilov, manuscript in prep-
aration). The observations reveal clusters adsorbed on the

FIGURE 2 CONTIN results for the size distribution of the apoferritin
fractions after separation by FPLC.

TABLE 1 Diffusion coefficients, D, and hydrodynamic
diameters, dh, for the apoferritin fractions: monomers, dimers,
and trimers in the absence of CdSO4.

Aggregate
Type

Deff 3 107, cm2/s
(second

cumulant)
Deff 3 107, cm2/s

(CONTIN)

dh, nm
(second

cumulant)
dh, nm

(CONTIN)

Monomers 3.19 3.57 12.70 11.40
Dimers 2.21 2.37 18.40 17.10
“Trimers” 1.48 1.43 26.75 30.00
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terraces between the growth steps, such as the one in Fig.
4 A. The image of a cluster is a convolution of the cluster
shape and its molecular vibrations, with effects due to
multiple AFM tips. Monitoring a step that approaches and
incorporates the cluster in Fig. 4,B–D removed these ob-
scuring effects: Fig. 4,B andC show that the clusters are
apoferritin dimers shaped as two bound monomer spheres.
The dimers occupy three, rather than two, monomer lattice
sites, which suggests that the arrangement of the two mono-
mers in the dimer may be different from that between two
monomers in the lattice (Vekilov et al., submitted for
publication).

Note that the dimers were not generated by addition of
Cd21 ions to the solution to induce crystal formation. They
are present in the initial solution before the chromatography

separation. Hence, these aggregates are not a preliminary
step in apoferritin crystal nucleation or growth. This con-
clusion is supported by the AFM observation of monomers
attaching to the growth sites at the crystal surface and thus
becoming part of the crystal (Yau and Vekilov, manuscript
in preparation). On the contrary, dimers, trimers, etc. act as
impurities and their presence is known to compromise the
crystallization process (Thomas et al., 1998). A legitimate
question is what are the reasons for such noncrystallo-
graphic aggregation, especially in view of the overall repul-
sive interactions between apoferritin monomers in the pres-
ence of NaAc? We speculate that only apoferritin
monomers that have undergone a partial denaturation (e.g.,
slight rearrangement of the 24 subunits, or opening of the
loop regions in the peptide chain to reveal the hydrophobic
regions of the helices) can partake into the formation of
dimers, trimers, and higher-order aggregates. This denatur-
ation obviously does not significantly change the shape and
size of the individual monomers, but exposes groups that
locally decrease the repulsion and increase the attraction
between them. Because such nonspecific forces constitute
the bonds within the dimers, it is understandable why they
never incorporate in the apoferritin crystal lattice as an
integral component, but always cause defects (Thomas et
al., 1998; Vekilov et al., submitted for publication; Yau and
Vekilov, manuscript in preparation).

If our speculation about the partial denaturation is correct,
we would expect it to affect not only the formation of the
dimer, but also the dimer–dimer interactions in the solution.
Indeed, see below, dimers exhibit attraction under condi-
tions where the monomers strongly repel. Furthermore, the
exposed attractive contact sites should affect the interaction
of the dimers with a monomer crystal surface and cause the
preferential adsorption of the dimers on the crystal surface.
Again, AFM observations similar to those in Fig. 4, which

FIGURE 3 (A) Two options for apoferritin dimerization. (B) Structure
and parameters of two stuck apoferritin molecules.

FIGURE 4 In-situ AFM images of the growing crystal surface. (A) Growth steps with adsorbed impurity clusters and related point defects on the terraces
between the steps. (B–D) Incorporation of a cluster, indicated by arrows by a step.C andD Deconvolution of cluster shape from vibration and multiple
tips effects allows identification as a ferritin dimer. (E) Shifts of the molecules indicated by arrows around point defects from their crystallographic
positions.
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indicate concentrations of the dimers in the surface layer
100–1000 timeshigher than in thesolution bulk (Vekilov et
al., submitted for publication).

Interactions between apoferritin monomers

Influence of the sodium acetate buffer concentration

The interactions between apoferritin monomers were char-
acterized by static light scattering experiments with apofer-
ritin monomer solutions, performed in thepresenceof NaAc
buffer. The buffer concentration was varied so that [Na1]
could change between 0.01 and 0.25 M. The respective
Debye plots are shown in Fig. 5. The refractive index
increment dn/Cp at the salt concentrations used is shown in
Table 2. The molecular masses obtained from the intercept
of the straight lines through the data with the ordinate axis
(seeEq. 12) is;450 kD for all casesexcept for 0.2 and 0.25
M NaAc where it is alittl e higher, ;475 kD. The slope of
the lines decreases initially with the addition of electrolyte,
but, above ;0.15 M, starts to increase again. These trends
are shown in Fig. 6, in terms of a dependence of the
dimensionless virial coefficient, B2, on the concentration of
Na1 ions. The decrease in the repulsion between 0.01 and
0.15 M Na1 is readily explained in terms of the general
DLVO theory: as the concentration of electrolyte increases,
the electrostatic repulsion between the molecules is
screened (Verwey and Overbeek, 1948; Derjaguin et al.,
1987) and the virial coefficient decreases. The further in-
creases in the repulsion (above 0.15 M Na1), however,

cannot be explained in the framework of the DLVO theory,
because it always predicts weaker electrostatic repulsion at
higher electrolyte concentrations. Hence, we hypothesize
that different types of interactions dominate the low and
high salt concentration regions. Accordingly, we interpret
the experimental results at low and high buffer concentra-
tions separately.

The low-concentration region is dominated by electro-
statics and the respective energy component, Uel(r), is (Be-
resford-Smith et al., 1985)

Uel~r! 5
~z0e!2

«

exp~2ka!

~1 1 ka!2

exp~2kr!

r
. (18)

This leads to the following expression for the second os-
motic virial coefficient (Petsev and Denkov, 1992)

B2 5 4 1
3~z0e!2

2«kTa

~1 1 2ka!

~1 1 ka!2~ka!2 . (19)

In Eq. 19, z0 is the number of charges per molecule, e is the
elementary charge, « is thedielectric constant of thesolvent
and k is the charge-screening parameter (inverse Debye
length) defined by

k2 5
4pe2

«kTaO
i

nizi
2, (20)

FIGURE 5 Debye plots for apoferritin monomer in NaAc buffer solu-
tion. Sodium cation [Na1] concentrations are indicated in the plots and are
in (A) between 0.01 and 0.15 M and in (B) between 0.15 and 0.25 M.

TABLE 2 Refractive index increment dn/dCp for apoferritin
solutions at various salt concentrations.

Salt type and concentration
dn/dCP

(ml/g)

NaAc, 0.01 M 0.229
NaAc, 0.05 M 0.216
NaAc, 0.10 M 0.179
NaAc, 0.15 M 0.160
NaAc, 0.20 M 0.159
NaAc, 0.20 M and CdSO4, 0.01 M 0.162

FIGURE 6 Dimensionless second osmotic virial coefficient B2 for the
apoferritin monomer as a function of the sodium cation concentration
[Na1]. Solid line is just a guide for the eye.
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whereni andzi are number ionic concentration and charge,
respectively. The first term in Eq. 19 accounts for the hard
sphere interactions of the molecules with a finite size,
whereas the second one accounts for the electrostatic repul-
sion, due to the molecular charge. Eqs. 19 and 20 predict
that the second virial coefficient should decrease with in-
creasing electrolyte concentration, and this is what we ob-
serve between 0.01 and 0.15 M NaAc. The value ofB2

changes from;15 to ;4 (lower values could be a mani-
festation of weak attraction, e.g., of van der Waals origin).
This decrease in B2 in the range 0.01–0.15 M corresponds
to the one predicted by Eq. 19 with z0 5 24 (negative).
Apoferritin has 624 acidic and 576 basic aminoacid residues
on its surface. Dissociation of the acidic groups leads to
negative charges, whereas protonation of the basic ones
leads to positive charges. Comparing all these numbers
cannot result in a strict quantitative conclusion, but clearly
shows that z0 5 24 is a reasonable value for pH5 5.0,
slightly above the isoelectric point of;4.0.

The above considerations based on Eq. 19 are only valid
in the limiting case when the molecular chargez0 remains
constant with the addition of electrolyte. The other limiting
case is when the surface charge varies but the surface
potential,C0, remains constant. Using the simple relation-
ship (valid for low surface charges and potentials) (Beres-
ford-Smith et al., 1985)

C0 5
z0e

«a

1

~1 1 ka!
, (21)

we obtain the constant potential version of the second
osmotic virial coefficient (Petsev and Denkov 1992)

B2 5 4 1
3C0

2«a

2kT

~1 1 2ka!

~ka!2 . (22)

Eq. 22 can be fitted to the data in the low electrolyte region
(below 0.15 M) using, this time, the surface potential as a
free parameter. The value obtained from the fit iseC0/kT 5
0.54, orC0 5 14.5 mV. We are not aware of any other
experimental data for the surface charges or potentials of
apoferritin. The orders of magnitude of our results, how-
ever, seem reasonable for protein systems (see e.g., Ander-
son et al., 1978).

Note that the constant charge and potential cases repre-
sent limiting situations and that, in some cases, none of
them may be realized. If both the charge and potential vary
with increasing electrolyte concentration, a more elaborate
model may be required.

As pointed out above, the experimental results at Na1

concentrations above 0.15 M cannot be explained in terms
of electrostatic arguments. We argue that the origin of the
high salt repulsion is in the hydration interaction (Petsev
and Vekilov, submitted for publication). The nature of these
interactions has not been uniquely identified yet. Hence,
there is no straightforward expression relating the hydration

force to the salt concentration, and we are unable to perform
analysis similar to that in the electrostatic case. We restrict
ourselves to approximate estimations that show that our
observations are compatible with other empirical observa-
tion of this type of forces in the literature. According to a
formula, derived by fitting surface force experimental data,
the hydration energyUhyd depends on the distance from the
molecular centerr as (Pashley, 1982; Israelachvili, 1991;
Somasundaran et al., 1997)

Uhyd~r! 5 paLf0 expF2~r 2 2a!

L G . (23)

Here, f0 and L are empirically determined surface energy
density and decay length. Surface force measurements (Pa-
shley, 1982; Israelachvili, 1991) have yielded results for
f0 ' 3–30 mJ/m andL ' 0.6–1.1 nm. The limits for the
decay length,L, could be even wider (Trokhymchuk et al.,
1999). To test the feasibility of our data, we choose decay
lengthL 5 2 3 0.72 nm5 1.44 nm, i.e., twice the diameter
of the hydrated sodium ion (Israelachvili, 1991). This cor-
responds to each apoferritin molecule having a layer of
hydrated sodium ions in its immediate vicinity. Because
apoferritin bears a negative charge at pH5 5.0, Na1 are the
counterions that accumulate in the vicinity of the molecular
surface. Introducing Eq. 23 into Eq. 14, and also taking into
account the hard sphere contribution, we obtainB2 ' 13 for
0.25 M NaAc. This corresponds tof0 5 12.5 mJ/m, which
is in the middle of the empirical range for this parameter
(Pashley, 1982; Israelachvili, 1991).

The repulsion between the apoferritin molecules at high
ionic strengths suggests that small ions are an important
factor for protein stability. This is in accordance with other
experimental (Israelachvili, 1991; Molina-Bolivar et al.,
1996, 1997, 1998; Molina-Bolivar, 1999; Molina-Bolivar
and Ortega-Vinuesa, 1999; Pashley, 1981a,b, 1982; Pashley
and Israelachvili, 1984) and theoretical (Paunov et al., 1996;
Paunov and Binks, 1999; Trokhymchuk et al., 1999) studies
of hydration interactions. An appropriate example are the
kinetic studies of protein-stabilized latex particles. They
show that, for negatively charged protein-covered particles
in the presence of NaCl, there exists a hydration repulsion
that disappears when the charge is converted to positive
(Molina-Bolivar et al., 1996, 1997, 1998; Molina-Bolivar,
1999; Molina-Bolivar and Ortega-Vinuesa, 1999). In other
words, Na1 ions induce hydration repulsion, whereas C12

ions do not. This fact can be related to the greater hydration
affinity of Na1 compared to C12 (Marcus, 1988; Israelach-
vili, 1991). Furthermore, note that studies of the interactions
between lysozyme molecules in an NaAc buffer (Muschol
and Rosenberger, 1995) show no evidence for increased
repulsion at high ionic strengths. However, in contrast to
apoferritin, at pH;5, lysozyme has a positive charge, Na1

are co-ions and are expelled from the vicinity of the protein
surface.
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From a colloidal viewpoint, proteins are weakly charged
particles, whereas thephysiological ionic strength at 0.15 M
is relatively high. This means that electrostatic stabilization
is hardly the most likely candidate to explain protein sta-
bility in living organisms. Hydration repulsion is a better
option, and its sensitivity toward the nature of the particular
ions allows for precise regulation of their biological func-
tions. A very important example is related to hemoglobin S,
mutant human hemoglobin whose aggregation in the red
blood cells causes sickle cell anemia. The solubility of this
protein increases with the increase of the concentration of
Naor K monovalent salts from 0 to 0.3 M, i.e., immediately
below and abovethephysiological ionic strength (Eaton and
Hofrichter, 1990). This indicates increase in the intermolec-
ular repulsion (George and Wilson, 1994; Rosenbaum and
Zukoski, 1996; Velev et al., 1998) with higher ionic
strength, similar to the apoferritin behavior attributed above
to hydration forces.

Influence of CdSO4

Apoferritin crystallizes readily when CdSO4 is added to the
solution (Lawson et al., 1991; Hempstead et al., 1997;
Thomas et al., 1998). X-ray crystallography has shown that
Cd21 partake in covalent bonds between the protein mole-
cules (Lawson et al., 1991). To characterize the effects of
the Cd21 ions on the intermolecular interactions in the
solution, we performed DLS determinations of the molec-
ular sizedistributionsand SLSdeterminationsof theprotein
molecular massand thesecond osmotic virial coefficientsof
apoferritin monomers in the presence of NaAc buffer and
CdSO4. Theused buffer concentrationswere0.10, 0.15, and
0.20 M, whereas the concentration of CdSO4 was 0.2%
(w/w) or ;0.01 M (;10 times lower than typically used in
crystallization) in all experiments. The size distribution in
Fig. 7 indicates a monodisperse sample with an average
hydrodynamic diameter of ;13.5 nm. This isslightly higher

than theresult for theapoferritin monomer in theabsenceof
Cd21 in Table 1. The respective molecular masses, deter-
mined by SLS, are between 560 and 580 kD, also higher
than in theabsenceof Cd21, indicating weak aggregation of
the monomer. This should not affect the relevance of the
results for the dimensionless virial coefficients. As evi-
denced by Eq. 16, the slight increase of the molecular mass
and radius are taken into account explicitly. The values for
B2 in the presence of 0.01 M CdSO4 extracted from the
straight lines in Fig. 8 are: 23.01 for 0.10 M buffer con-
centration, 0.406 for 0.15 M, and 20.985 for 0.20 M.
Because all values for the dimensionless virial coefficient
below 4 (hard sphere) indicate attraction, we can conclude
that the addition of 0.01 M CdSO4 is sufficient to overcome
the repulsion induced by the available concentration of
Na1. This is arather remarkable result: the Na1 and Cd21

ions have similar hydration ability; their average coordina-
tion numbers for water molecules are ;6 and ;5.2, respec-
tively (Marcus, 1988). Apparently, the covalent intermolec-
ular binding, mediated by the Cd21 ions, overpowers any
other effects that the two counterions may have.

Interactions between dimer molecules in
Na1- and Cd21-containing solutions

As-received apoferritin and solution contain about 50% of
thedry protein massof dimersand higher oligomers(Thom-
as et al., 1998). These commercial preparations represent
solutions in 0.1 M NaCl or NaAc. Because we found, see
above, strong repulsion between the monomer molecules at
Na1 concentrations that straddle those in the as-received
solution, a legitimate question is why are there any dimers
present in the solution at all? To elucidate this issue, we
studied by static light scattering the molecular interactions
in dimer solutions at 0.2 M Na1, at which concentration the
repulsive forces between the monomers are even stronger
than at 0.1 M Na1. The Debye plot in Fig. 9 indicates that,
contrary to the monomers in Figs. 5 B and 6, the dimers do

FIGURE 7 CONTIN results for thesizedistribution of apoferritin mono-
mers in the presence of 0.01 M CdSO4: (A) buffer concentration 0.10 M,
(B) buffer concentration 0.15 M, and (C) buffer concentration 0.20 M.

FIGURE 8 Debyeplots for apoferritin monomer in NaAc buffer solution
in the presence of 0.01 M Cd21. Sodium cation [Na1] concentrations are
indicated in the plots. Note that, in the presence of Cd21, there is no
correlation between [Na1] and the slope of the Debye plots.
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not repel but rather attract. These observations support the
hypothesis, discussed above in relation to the dimer struc-
ture and their incorporation into the crystals as defect-
causing impurities in Fig. 4, that the dimer formation is
caused by the partial denaturation of the monomer. This
denaturation exposes groups that locally decrease the repul-
sion and increase the attraction between them, such as
hydrophobic groups that are tucked inside the native pro-
tein. The formation of the dimer does not saturate all pos-
sible hydrophobic patches on the molecular surface, and this
leads to attraction even between the dimers.

The addition of Cd21 increases the attraction between the
dimer molecules even further, see Debye second plot in Fig.
9. The slope of the straight line, i.e., the second osmotic
virial coefficient, is similar to that for the monomer under
identical conditions in Fig. 8. On the basis of this similarity,
one would expect the dimer to compete with the monomer
for adsorption on the crystal surface and incorporation into
the crystal. This corresponds to the actual observations in
Fig. 4.

CONCLUSIONS

The overall interactions between the monomer apoferritin
molecules in NaAc are repulsive with a minimum around
[Na1] of 0.10–0.15 M. Below these values, the second
osmotic virial coefficient decreases with the increasing
buffer concentration in conformity to the charge-screening
concept of the DLVO theory of colloid stability. Above 0.15
M, however, the virial coefficient increases with the buffer
concentration, which is beyond the predictions of this the-
ory. We argue that this repulsion is due to hydration inter-
action, related to counterion-assisted structuring of the wa-
ter in the vicinity of the protein molecules. The addition of
CdSO4, a crystallization-inducing agent, has a powerful
effect on the system, overwhelming the repulsion and shift-
ing the virial coefficient values into the attractive range
below four.

The diffusion coefficient of the dimers, the most common
impurity in apoferritin solutions, agrees with estimates for a
prolate spheroid shape. This shape is confirmed by a direct
AFM observation.

The formation of dimers and higher aggregates in the
commercial product occurs in the absence of CdSO4 and is
surprising, considering the overall repulsion between the
monomers. We present evidence suggesting that this type of
oligomerization may be induced by partial denaturation of
the apoferritin monomers that expose hydrophobic parts of
the molecule to the water environment and make oligomer-
ization a favored option. When a dimer adsorbs on a crystal
surface and is then trapped into the growing crystal, it
displaces three, rather then two, monomer molecules. This
suggests that the binding sites within the dimer differ from
the Cd21 mediated bonds in the crystal lattice and the
arrangement of the monomers in the dimer is different from
that of a pair of monomers in the crystals.

In solutions containing dimers only, the molecular inter-
actions are attractive even in the absence of Cd21, and the
addition of Cd21 only makes these interactions more attrac-
tive. The strong attraction even in the absence of Cd21 may
be another effect of the partial denaturation of the constit-
uent monomers. As a consequence, the dimers exhibit a
higher propensity for aggregation and other transitions to a
solid state than the monomers. These observations and
considerations likely underlie the preferential adsorption of
the dimers on the surface of the growing crystal, leading to
a concentration of the dimers in the surface layer 100–1000
times higher than in the solution bulk.
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