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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 Na*™ and Cd?* 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 Na™ 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 Cd®>* 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 Na™ 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 isoften the main impurity (Thomas et al., 1998) that has
that of their stability against formation of oligomers undesired effects on the crystallization processes, the qual-
(dimers, trimers, etc.). This stability is determined by theity of the grown crystals, and hence on their suitability for
interactions between the protein molecules. Furthermorex-ray structure determinations (Vekilov et al., submitted for
the biological functions of the proteins, such as enzyme-publication).

ligand binding, metabolic interactions, etc., are strongly Investigations of protein solution behavior have relied on
affected by their immediate environment in the solution thatthe strong similarities of protein’s molecular size and prop-
may contain structured water, hydrated cations or anionsrties to those of colloidal dispersions. Within this ap-
organic molecules, polymers, and amphiphilic moleculesproach, the macroscopic properties (osmotic pressure, light
The interactions between same molecules are a sensitiseattering), solution dynamics (diffusion) and stability of
probe of this immediate solution environment. Data aboufprotein solutions have been described within the framework
the interactions are also needed for control over the crysef the methods and approaches relevant to colloid science
tallization pathways. Protein crystallization is a necessaryDerjaguin et al., 1987; Verwey and Overbeek, 1948), usu-
step in the studies of the molecular structure by diffractionally referred to as Derjaguin—Landau—Verwey—Overbeek
methods, and recent evidence suggests that there is a dirdE€tLVO) theory.

correlation between the pair interactions and crystallization Convenient methods to study the interactions and aggre-
behavior of proteins (George and Wilson, 1994; Rosenbaurgation of polymer solutions and colloidal dispersions are
and Zukoski, 1996; Velev et al., 1998). Another aspect ofbased on light scattering [e.g., Schmitz, 1990]. Static light
crystallization is related to protein aggregation. Should thescattering (SLS) measures the time-averaged intensity of the
proteins in a solution aggregate, the formed oligomers arscattered 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-
Received for publication 27 September 1999 and in final form 7 Januarysures the time auto-correlation function of the scattered
2000. . . , _ light, which yields the solute diffusion coefficient. The
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but this dependence is shadowed by the hydrodynamiMETHODS
interactions between the particles. Thus, DLS is a les
sensitive probe of the pair molecular energy than SLS.

In this paper, we study solutions of apoferritin, the hollow T_he commerciql apof(_erritin solutions were characterized using_size_-exclu-
shell of the iron-storage protein ferritin. Apoferritin readily Sion fast protein liquid chromatography (FPLC). A Pharmacia Biotech
f Is i di buff . . (Uppsala, Sweden) Superose 6 HR 10/30 column was used. The mobile
orms crystals in sodium acetate buifer cont.alnlng Certalr'bhase was 0.2 M NaAc solution flowing at 0.5 ml/min rate. In addition to
amounts of CdSQ(Thomas et al., 1998). Using samples, the UV detector of the FPLC device, a Mini-Dawn light scattering detector
pretreated by size-exclusion chromatography, we investiéWyatt Technologies, Santa Barbara, CA) was included. The combination
gate the solution properties of monomers (single apoferritir?f the two detectors allows identification of low amounts of the high

| | d | lar di in th F N molecular-weight components, and direct determinations of the molecular
molecu ES) and mo ec_:u ar dimers in the presencc_e [0} gmasses of the eluding fractions.
and Cd" ions. The size of the monomers and dimers is The signal traces from the two detectors of a typical FPLC separation of
determined using DLS, and, independently, by atomic forcegommercial apoferritin are shown in Fig. 1. Using this method, we sepa-
microscopy carried out in situ during crystallization of the rated the fractions of monomers, dimers, trimers, and higher oligomers. Gel

in. Th | h d.’ ' sh di . __electrophoresis analyses of the various fractions indicate that the fractions

protein. e results O_n the 'me_rs Shape an 'nteracnonéabeled Monomer and Dimer contain single species. Both methods show
suggest that the protein aggregation and self-assembly patifrat the molecular masses of the fractions are, respectively, equal or double
ways may differ from those leading to crystal formation. that o_f i_apoferritip. Th(_e fraction labeled “Trimer” is a migture of oligomers

The results for the monomer interactions suggest Strongqntammg species with mglecular mass e_tbout thre'e tlm.es that of apofer-

Isi f DLVO t t high solution ionic strenath tin. Details of the analysis and separation are given in Thomas et al.

repuision or non . ){pe at nign solu O onic strengtn. (1996).
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,Dynamic light scattering

1976; Besseling, 1997; Forsman et al., 1997). Other explar

. . . . . The dynamic light scattering measurements were performed on a
nations are based on entropic repulsion associated with tIﬁlﬁookhaven 200 SM goniometer with HeNe laser (Spectra Physics 127/V,

constrained thermal mobility of the surface groups (Is-35 mv, Mountain View, CA), operating at 632.8 nm wavelength. The
raelachvili and Wennerstrom, 1996)' excluded volume ofmethod is based on the collected auto-correlation function of the scattered
the hydrated counterions (Israelachvili, 1991; Pashleyfi!d amplitudeEs (Pusey and Tough, 1985; Schmitz, 1990)
1981a,b, 1982; Pashley and Israelachvili, 1984), or local (ESDEXt + 7))
variation of the dielectric constant (Basu and Sharma, 1994; g¥(r) = TEp Q)
Henderson and Lozada-Cassou, 1986, 1994). More elabo- S
rate theories, considering combinations of some of thesor relatively monodisperse samples, a cumulant expansion of the auto-
above factors, were also developed (Paunov et al., 199@prrelation function can be applied
Paunov and Binks, 1999; Trokhymchuk et al., 1999). Re-
cent studies of the coagulation kinetics of protein-stabilized Ing®(1) = DK,
colloidal particles implicate hydration repulsion as a factor n
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 Cd®@
the molecular interactions and show that even small
amounts of C8&" ions suffice to convert significant repul-
sion into attractive interaction.

?—'ast protein liquid chromatography
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MATERIALS

The apoferritin and electrolytes used in the experiments were obtained 5 10 15 20 25

from Sigma Chemical Co. (St. Louis, MO). It was dissolved in sodium Elution Volume [mi]

acetate buffer (NaAc) at pH 5.0. The buffer was prepared by dissolving

sodium acetate in water and subsequent titration with acetic acid. Hencgs|GURE 1  Size-exclusion FPLC analysis of commercial apoferritin so-
the concentration of NaOOCGHNaAc) equals [N&]. A MilliRO/Q lution using UV and Mini-Dawn detection at the column exit. HMW and

grade water (Millipore, Bedford, MA) was used for all solution prepara- VV, high molecular weight and void-volume components, respectively
tions. In some cases, Cdg@as added to the sample. (Thomas et al. 1998).
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where the coefficient&,, can be calculated as 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

. d @ geometrical parameters of the spheroid. Thgrin Eq. 6 has the meaning
Kn=(—=1)"lim ar In g™(7). of effective size.

0

(©)

Then, the diffusion coefficient of the molecules is then given by Static light scattering

_ ﬁ The static light scattering experiments were performed on the same equip-
D=, (4) iments we
q ment as was DLS. The refractive index incremen/d@,) necessary to
interpret those data was measured using an Optilab (Wyatt Technologies,
where, withi is the used wavelength,is the solution refractive index, and Santa Barbara, CA) device, operating at the same wavelength as the laser
0 is the angle of data collection measured from the direction of the beanused for light scattering. Static light scattering is based on determinations
passing through the sample, of the concentration dependence of the scattered light intensity. The results

are then plotted as (Zimm, 1948)
B 4 [0
q= T Sin é .

KC, 1
W - NTW (1 + 2A2MWCp),
The diffusion coefficient, determined from Eqg. 4 can be related to the
molecular size using the Stokes—Einstein expression (Pusey and TougwhereM,, is the molecular mass of the proteid, is the protein concen-
1985; Schmitz, 1990), tration in g/ml, R, is the Rayleigh ratio, an& is an optical constant
calculated from

(5) 12)

kT

D=>—1, (6) 1 [2mn\%( dn\?
3mnd — (220 (L
) o

whered, is the hydrodynamic diameter of the moleculgis the solvent
Viscosity andkT is the thermal energy. In Eq. 13'NA is AVOgadrOYS number) the WaVeIengthno the refractive

If the cumulant method is inapplicable, e.g., for broad, irregularly index of the_ solution_ sans proteih, ana/dC, is the_ refractive_index
shaped distributions, or if multiple peaks in the distribution are found, moreincrement with protein concentration. The quanty in Eq. 12 is the
Sophisticated methods have to be used. The most popu|ar method f@econd osmotic virial coefficient in ml M?gmlts. If the protein concen-
treatment of such systems is called CONTIN (Provencher, 1979, 1982ayb;[ation is expressed in volume fraction units, the virial coefficient adopts a
For monodisperse samples, both methods yield close values. convenient dimensionless form

Eq. 6 relates the diameter of spherical particle to their experimentally

- umnn.,
B,=12 1—ex KT redr.

one makes an assumption about their shape. Thus, for a prolate spheroid, 0
i.e., the envelope around two touching spheres, we could use the hydro-

measurable diffusivity. Yet, data about the geometric parameters of non-
dynamic mobility expressions derived by Brenner (1974). This yields forFor the particular case of hard sphere-type interadtl(m (note that this

(14)

spherical particles can still be extracted from diffusivity determinations if
the parallel and perpendicular friction modes, respectively,

¢ = 8L @)
= rZ(ZB + O(”) ’

8wl
LT 2%t a, ®)

wherelL is the length of the spheroid amd= L/d, d is its diameter, and

2(r’g— 1) r’(1—-p)
M= 2oy 0 AT Eogy ©)
with
: cosh (r)
G
Because
kT kT
D, =+ and D”:7, (10)
f, fi
the effective diffusion coefficient could be written as
D =3(2D, + D). (12)
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is notU(r) = 0), B, = 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,

KCM,,

Ry

whered is the protein volume fraction. Comparing Egs. 12 and 15, we get
an expression relating the dimensional viral coefficiéqt, to the dimen-
sionlessB,:

1+ 2B, (15)

_ BAM?

2= ﬂNAdﬁ '

(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 llla 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.@ 0.3°C. The equilibrium solution concentrations
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C. = 23 ng/ml was determined &S at which steps (i.e., the edges of the

uncompleted crystal layers) stopped advancing, before dissolution retreat
C < C.. 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

2063

Table 1. The size-distributions shown in Fig. 2 are obtained
#sing the CONTIN algorithm (Provencher, 1979; 1982a,b).
No concentration dependence of the measured diffusion

imaging mode of the device. When chromatographically purified ma’[erialcoe}‘fICIent was observed for the range of protein and salt
is used, apoferritin crystals are faceted by (111) faces with a typicaconcentrations we used. We see that all three fractions are
beehive arrangement of the molecules. The crystals grow by the spreadinglatively monodisperse. The variance of the distribution is
of layers generated by surface nucleation. The layer thickness is 10.5 nnty 167 for the monomers and 0.119 and 0.140 for dimers and

and the distance between the centers of the quasi-spherical ferritin mon?~
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-

rimers, 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 is10% 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

mer, dimer, and trimer fractions are presented in Fig. 2 anghot possible for the dimer and trimer because the DLS

A
Monomers
8 . [f |
Dimelsé
-
[2]
c
£
L “Trimers”
1 5 50 500 5000

Diameter [nm]

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

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 diameder,
equal to that of a single molecule, and lendthequal to
two monomer diameters (Fig.B). Using Egs. 6-11, we get
D = 2.30x 10 cné/s. For the case of coalescing mole-
cules, we use Eq. 6 with diameter

e = d32 (17)

and getD = 2.54 X 10 ’ cn/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

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

Deg X 107, créls d,, nm
Aggregate (second Dy X 107, cné/s  (second  dp,, nm
Type cumulant) (CONTIN) cumulant) (CONTIN)
Monomers 3.19 3.57 12.70 11.40
Dimers 2.21 2.37 18.40 17.10
“Trimers” 1.48 143 26.75 30.00
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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.qg.,
slight rearrangement of the 24 subunits, or opening of the
loop regions in the peptide chain to reveal the hydrophobic
B 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

terraces between the growth steps, such as the one in Figetween them. Because such nonspecific forces constitute
4 A The image of a cluster is a convolution of the clusterthe bonds within the dimers, it is understandable why they
shape and its molecular vibrations, with effects due tonhever incorporate in the apoferritin crystal lattice as an
multiple AFM tips. Monitoring a step that approaches andintegral component, but always cause defects (Thomas et
incorporates the cluster in Fig. 8-D removed these ob- al., 1998; Vekilov et al., submitted for publication; Yau and
scuring effects: Fig. 4B and C show that the clusters are Vekilov, manuscript in preparation).
apoferritin dimers shaped as two bound monomer spheres. If our speculation about the partial denaturation is correct,
The dimers occupy three, rather than two, monomer lattic&ve would expect it to affect not only the formation of the
sites, which suggests that the arrangement of the two mongalimer, but also the dimer—dimer interactions in the solution.
mers in the dimer may be different from that between twolndeed, see below, dimers exhibit attraction under condi-
monomers in the lattice (Vekilov et al., submitted for tions where the monomers strongly repel. Furthermore, the
publication). exposed attractive contact sites should affect the interaction
Note that the dimers were not generated by addition obf the dimers with a monomer crystal surface and cause the
Cd?" ions to the solution to induce crystal formation. They preferential adsorption of the dimers on the crystal surface.
are present in the initial solution before the chromatographyAgain, AFM observations similar to those in Fig. 4, which

FIGURE 3 (@) Two options for apoferritin dimerizationBj Structure
and parameters of two stuck apoferritin molecules.

FIGURE 4 In-situ AFM images of the growing crystal surfac®). Growth steps with adsorbed impurity clusters and related point defects on the terraces
between the stepsB{D) Incorporation of a cluster, indicated by arrows by a sté@ndD Deconvolution of cluster shape from vibration and multiple
tips effects allows identification as a ferritin dimeg)(Shifts of the molecules indicated by arrows around point defects from their crystallographic
positions.
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indicake concentratios of the dimers in the surfa@ layer
100—-10®@ times highe than in the solution bulk (Vekilov et
al., submittel for publication).

Interactions between apoferritin monomers

Influence of the sodium acetate buffer concentration

The interactiors betwe@ apoferrith monomes were char-
acterizel by static light scatteriig experimens with apofer-
ritin monome solutions performel in the presene of NaAc
buffer. The buffer concentratia was varied so tha [Na™]
could chang betwea 0.01 and 0.25 M. The respective
Debye plots are shown in Fig. 5. The refractive index
incremen dr/C,, at the sat concentratios used is shown in
Table 2. The molecula masss obtainal from the intercept
of the straigh lines through the data with the ordinae axis
(se2Eq. 12) is~450 kD for all casesexcep for 0.2 and 0.25
M NaAc wher it is alittle higher, ~475 kD. The slope of
the lines decreaseinitially with the addition of electrolyte,
but, abowe ~0.15 M, stars to increag again The® trends
are shown in Fig. 6, in terns of a dependene of the
dimensionlesvirial coefficient B,, on the concentratia of
Na" ions The decreas in the repulsio betwea 0.01 and
0.15 M Na' is readily explaina in terms of the general
DLV O theory as the concentratia of electrolye increases,
the electrostatt repulsion betwe@ the molecules is
screend (Verwey and Overbeek 1948 Derjagun et al.,
1987 ard the virial coefficiert decreasesThe further in-
creass in the repulsim (abowe 0.15 M Na'), however,

1.4 T

mCD il 1 13 1 1 1
b
g1.4...,...,.......,...,‘..,...
X B
12} .
0.25 0.20
A 0.15
1.0 ) ——"* * -
PRI T AN TR WY TN [N T ST U N SO TR N N TOUY SO SR N SRS S T N T N
0.002 0.006 0.010 0.014
¢

FIGURE 5 Debye plots for apoferrith monome in NaAc buffer solu-
tion. Sodium cation [Na*] concentratios are indicated in the plots and are
in (A) betwea 0.01 and 0.15 M ard in (B) betwea 0.15 ard 0.25 M.
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TABLE 2 Refractive index increment dn/dC,, for apoferritin
solutions at various salt concentrations.

dn/dC,

Sat type ard concentration (ml/g)
NaAc, 0.01 M 0.229
NaAc, 0.06 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 ard CdSQ, 0.01 M 0.162

cannda be explaina in the framewok of the DLV O theory,
becaus it always predics weake electrostat: repulsian at
highe electrolye concentrationsHence we hypothesize
tha different types of interactiors dominag the low and
high sat concentratia regions Accordingly, we interpret
the experimenthresuls at low and high buffer concentra-
tions separately.

The low-concentratia region is dominatel by electro-
statics and the respectie eneryy componentU(r), is (Be-
resford-Smih et al., 1985)

(z€)? exp(2ka) exp(—«kr)
(1 + ka)? r

Ue|(r) = (18)

This leads to the following expressia for the secoml os-
motic virial coefficiert (Petse& and Denkoy, 1992)

3(ze)? (1+ 2ka)
2¢kTa (1 + ka)(ka)?”

B,=4+ (19)

In Eq. 19, 7z, isthe numbe of chargs per molecule eisthe
elementay charge ¢ isthe dielectrc constan of the solvent

and k is the charge-screening parameter (inverse Debye

length defined by

47re?

K2 = m}ll niz‘-z, (20)

16 LI | T 71 T 1 | T T T T | T 1 LI | T T T T
= )
3 ,
121
& 8f i
4_ —
- . i
0 PR T N S [N TN TS S T SN T SN T N (NN TN TN SN SN AN TN S A
0 0.05 0.10 0.15 0.20 0.25
[Na*], M

FIGURE 6 Dimensionles secom osmott virial coefficiert B, for the
apoferrith monome as a function of the sodium cation concentration
[Na*]. Solid line is just a guide for the eye.
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wheren, andz are number ionic concentration and charge,force to the salt concentration, and we are unable to perform
respectively. The first term in Eq. 19 accounts for the hardanalysis similar to that in the electrostatic case. We restrict
sphere interactions of the molecules with a finite size,ourselves to approximate estimations that show that our
whereas the second one accounts for the electrostatic repudbservations are compatible with other empirical observa-
sion, due to the molecular charge. Egs. 19 and 20 predidton of this type of forces in the literature. According to a
that the second virial coefficient should decrease with informula, derived by fitting surface force experimental data,
creasing electrolyte concentration, and this is what we obthe hydration energy,, 4 depends on the distance from the
serve between 0.01 and 0.15 M NaAc. The valueBgf molecular center as (Pashley, 1982; Israelachvili, 1991;
changes from~15 to ~4 (lower values could be a mani- Somasundaran et al., 1997)

festation of weak attraction, e.g., of van der Waals origin).

This decrease in Bin the range 0.01-0.15 M corresponds —(r — 2a)
to the one predicted by Eq. 19 with, z= 24 (negative). Unya(r) = malf exp[l_] '
Apoferritin has 624 acidic and 576 basic aminoacid residues

on its surface. Dissociation of the acidic groups leads tiHere, f, and L are empirically determined surface energy
negative charges, whereas protonation of the basic onefensity and decay length. Surface force measurements (Pa-
leads to positive charges. Comparing all these numbershley, 1982; Israelachvili, 1991) have yielded results for
cannot result in a strict quantitative conclusion, but clearlyf, ~ 3-30 mJ/m and. ~ 0.6-1.1 nm. The limits for the
shows that g = 24 is a reasonable value for pH 5.0, decay lengthL, could be even wider (Trokhymchuk et al.,
slightly above the isoelectric point 6f4.0. 1999). To test the feasibility of our data, we choose decay

The above considerations based on Eq. 19 are only valifengthL = 2 X 0.72 nm= 1.44 nm, i.e., twice the diameter
in the limiting case when the molecular chamgeremains  of the hydrated sodium ion (Israelachvili, 1991). This cor-
constant with the addition of electrolyte. The other limiting responds to each apoferritin molecule having a layer of
case is when the surface charge varies but the surfad®drated sodium ions in its immediate vicinity. Because
potential, ¥, remains constant. Using the simple relation-apoferritin bears a negative charge atp+5.0, Na~ are the
ship (valid for low surface charges and potentials) (Berescounterions that accumulate in the vicinity of the molecular
ford-Smith et al., 1985) surface. Introducing Eq. 23 into Eq. 14, and also taking into
account the hard sphere contribution, we ob&in= 13 for
0= — , (21) 0.25 M NaAc. This corresponds fg = 12.5 mJ/m, which

ga (1 + ka) is in the middle of the empirical range for this parameter
ashley, 1982; Israelachvili, 1991).
The repulsion between the apoferritin molecules at high
ionic strengths suggests that small ions are an important
3¥lsa (1 + 2«a) factor for protein stability. This is in accordance with other
KT (k@ (22)  experimental (Israelachvili, 1991; Molina-Bolivar et al.,

1996, 1997, 1998; Molina-Bolivar, 1999; Molina-Bolivar

Eq. 22 can be fitted to the data in the low electrolyte regionand Ortega-Vinuesa, 1999; Pashley, 1981a,b, 1982; Pashley
(below 0.15 M) using, this time, the surface potential as aand Israelachvili, 1984) and theoretical (Paunov et al., 1996;
free parameter. The value obtained from the fad&/kT = Paunov and Binks, 1999; Trokhymchuk et al., 1999) studies
0.54, or¥, = 14.5 mV. We are not aware of any other of hydration interactions. An appropriate example are the
experimental data for the surface charges or potentials dfinetic studies of protein-stabilized latex particles. They
apoferritin. The orders of magnitude of our results, how-show that, for negatively charged protein-covered particles
ever, seem reasonable for protein systems (see e.g., Andén-the presence of NacCl, there exists a hydration repulsion
son et al., 1978). that disappears when the charge is converted to positive

Note that the constant charge and potential cases repréMolina-Bolivar et al., 1996, 1997, 1998; Molina-Bolivar,
sent limiting situations and that, in some cases, none 01999; Molina-Bolivar and Ortega-Vinuesa, 1999). In other
them may be realized. If both the charge and potential varyords, N& ions induce hydration repulsion, whereas C1
with increasing electrolyte concentration, a more elaboraténs do not. This fact can be related to the greater hydration
model may be required. affinity of Na* compared to C1 (Marcus, 1988; Israelach-

As pointed out above, the experimental results at” Na vili, 1991). Furthermore, note that studies of the interactions
concentrations above 0.15 M cannot be explained in termbetween lysozyme molecules in an NaAc buffer (Muschol
of electrostatic arguments. We argue that the origin of theand Rosenberger, 1995) show no evidence for increased
high salt repulsion is in the hydration interaction (Petsewepulsion at high ionic strengths. However, in contrast to
and Vekilov, submitted for publication). The nature of theseapoferritin, at pH~5, lysozyme has a positive charge, Na
interactions has not been uniquely identified yet. Henceare co-ions and are expelled from the vicinity of the protein
there is no straightforward expression relating the hydratiorsurface.

(23)

ze 1

we obtain the constant potential version of the seconcﬁP
osmaoatic virial coefficient (Petsev and Denkov 1992)

82:4+
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Interactions in Apoferritin Solutions

From acolloidd viewpoint, proteirs are weakly charged
particles wherea the physiologicionic strengh at 0.15 M
is relatively high. This mears tha electrostat stabilization
is hardly the mog likely candidag¢ to explan proten sta-
bility in living organisms Hydration repulsio is a better
option and its sensitivily toward the natue of the particular
ions allows for preci® regulatio of their biologicd func-
tions A very importart exampeis relatal to hemoglobin S,
mutart human hemoglobin whose aggregatia in the red
bload cells causs sickle cel anemia The solubility of this
proten increass with the increa® of the concentratia of
Naor K monovalensals from 0to 0.3 M, i.e., immediately
below and abo\e the physiologicaionic strengh (Eatan and
Hofrichter, 1990) Thisindicatesincrea® in the intermolec-
ular repulsion (George ard Wilson, 1994 Rosenbam and
Zukoski, 1996 Velev et al., 1998 with highe ionic
strength similar to the apoferritn behavia attributed above
to hydratian forces.

Influence of CdSO,,

Apoferritin crystallizes readily when CdSQ, is addel to the
solution (Lawsm et al., 1991 Hempsted et al., 1997,
Thomas et al., 1998) X-ray crystallograpk has shown that
Cd?* partale in covalert bonds betwea the protein mole-
cules (Lawsm et al.,, 1991) To characterie the effects of
the Cd?* ions on the intermolecula interactiors in the
solution we performal DLS determinatios of the molec-
ular size distributiors and SLS determinatios of the protein
molecula mass ard the secoml osmott virial coefficiens of
apoferrith monomes in the presene of NaAc buffer and
CdSQ,. The useal buffer concentratioawere 0.10 0.15 and
0.20 M, wherea the concentratia of CdSQ, was 0.2%
(w/w) or ~0.01 M (~10 times lower than typically used in
crystallization in all experimentsThe size distribution in
Fig. 7 indicates a monodispers sampé with an average
hydrodynami diamete of ~135 nm. Thisisslightly higher

i Monomers

Intensity

50 500 5000
Diameter [nm]

FIGURE 7 CONTIN resulsfor the size distribution of apoferritn mono-
mers in the presene of 0.01 M CdSQ;: (A) buffer concentratia 0.10 M,
(B) buffer concentratia 0.15 M, and (C) buffer concentratia 0.20 M.

2067

than the resut for the apoferrith monome in the absene of
Cd?* in Tablke 1. The respectie molecula massesdeter-
mined by SLS are betwe@ 560 and 580 kD, also higher
than in the absene of Cd?", indicating wes aggregatia of
the monomer This shoull not affed the relevane of the
resuls for the dimensionles virial coefficients As evi-
denceal by Eq. 16, the slight increag of the molecula mass
ard radius are taken into accoun explicitly. The values for
B, in the presene of 0.0L M CdSQ, extractel from the
straigh lines in Fig. 8 are —3.01 for 0.10 M buffer con-
centration 0.406 for 0.15 M, and —0.98 for 0.20 M.
Becaus all values for the dimensionles virial coefficient
below 4 (hard spherg indicak attraction we can conclude
that the addition of 0.01 M CdSQ, is sufficiert to overcome
the repulsion inducel by the availabk concentratia of
Na'. Thisis arathe remarkabeé result the Na* ard Cd**
ions hawe similar hydratian ability; theirr averag@ coordina-
tion numbes for wate molecules are ~6 and ~5.2, respec-
tively (Marcus 1988) Apparently the covalen intermolec-
ular binding mediatel by the Cd?* ions, overpowes any
othe effect tha the two counteriors may have.

Interactions between dimer molecules in
Na*- and Cd?*-containing solutions

As-receivel apoferritn and solution contan abou 50% of
the dry proten mas of dimers ard highe oligomers (Thom-
as et al., 1998) Thes commercia preparation represent
solutiors in 0.1 M Nad or NaAc. Becaus we found, see
above strorg repulsia betwe& the monome molecules at
Na* concentratios tha stradde those in the as-received
solution a legitimate questia is why are there arny dimers
presen in the solution at all? To elucidag this issue we
studied by statc light scatteriig the molecula interactions
in dimer solutiors at 0.2 M Na*, at which concentratia the
repulsiwe forces betwe@ the monomes are even stronger
than at 0.1 M Na*. The Debye plot in Fig. 9 indicates that,
contray to the monomes in Figs 5 B ard 6, the dimers do

0.006 0.008 0.010

08L+ » v 1 vy

0 0.002 0.004

FIGURE 8 Debye plotsfor apoferritn monome in NaAc buffer solution
in the presene of 0.00 M Cd®*. Sodium cation [Na*] concentratios are
indicated in the plots Note that in the presene of Cd?*, ther is no
correlation betwea [Na*] and the slope of the Debye plots.
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12— 7T T T The diffusion coefficient of the dimers, the most common
- s impurity in apoferritin solutions, agrees with estimates for a
11E - prolate spheroid shape. This shape is confirmed by a direct
£ F [Cd?] =0.00 M . AFM observation.
; 1.0 2 2 o - The formation of dimers and higher aggregates in the
) L 2o ] commercial product occurs in the absence of Cgaa is
091 0.01M © 4 surprising, considering the overall repulsion between the
L i monomers. We present evidence suggesting that this type of
08l v 1 e oligomerization may be induced by partial denaturation of
0 0002 0004 R 0.006 0.008 0010 the apoferritin monomers that expose hydrophobic parts of

the molecule to the water environment and make oligomer-
FIGURE 9 Debye plots for apoferritin dimer in the presence of 0.2 M IZation a faVO'jed option. When a dimer adsorps ona nySt?.l
Na*, the [Na'] at which crystallization occurs. Cadmium cation concen- surface and is then trapped into the growing crystal, it
tration [Cd**] is indicated in the plots. displaces three, rather then two, monomer molecules. This

suggests that the binding sites within the dimer differ from

the Cd" mediated bonds in the crystal lattice and the
not repel but rather attract. These observations support th rangement of the monomers in the dimer is different from

hypothesis, discussed above in relation to the dimer struct— atof a paur of monomers In the crystals. .
In solutions containing dimers only, the molecular inter-

ture and their incorporation into the crystals as defect- i tracti in the ab F'Cand th
causing impurities in Fig. 4, that the dimer formation is actions are attractive even in the absence nd the

caused by the partial denaturation of the monomer Thi@ddition of Cd* only makes these interactions more attrac-
denaturation exposes groups that locally decrease the rep Jve. The strong attraction evenin the absg nce ot Qday .
sion and increase the attraction between them. such X€ another effect of the partial denatura'uon.of the cor?spt—
hydrophobic groups that are tucked inside the native proyent monomers. As a consequence, the dimers exhibit a

tein. The formation of the dimer does not saturate all pos—h'g.her propensity for aggregation and other transmpns toa
olid state than the monomers. These observations and

sible hydrophobic patches on the molecular surface, and thid derati likel derlie th ¢ tial ad i ¢
leads to attraction even between the dimers. considerations fikely underiie the preterential adsorption o

The addition of C8" increases the attraction between thethe dimers on the surface of the growing crystal, leading to

dimer molecules even further, see Debye second plot in Fi(f. conce_ntration of Fhe dimers .in the surface layer 100-1000
9. The slope of the straight line, i.e., the second osmoti imes higher than in the solution bulk.

virial coefficient, is similar to that for the monomer under

identical conditions in Fig. 8. On the basis of this similarity, We thank L. Carver for expert graphics preparation,

one would expect the dimer to compete with the monomerTh, i o by National Institutes of Health CNIH ROL
. . S is work was supported by National Institutes of Health gran
for adsorption on the crystal surface and incorporation Intc}-|L58038 and National Aeronautics and Space Administration grants

the crystal. This corresponds to the actual observations ifagg.1354 and 97 HEDS-02-50).
Fig. 4.
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