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ABSTRACT: Interactions and phase behavior of y-globulins T e
are of fundamental interest in biophysical and pharmaceutical ~_ 10° Attenuance &
research, as these are among the most abundant proteins in = L 10-50 mg/mL |
blood plasma. In this work, we report the characterization of & .} i i [
the oligomeric state of bovine y-globulin, the effective \510 E ! '
protein—protein interactions, and the colloidal stability in >X <, .
aqueous solution as a function of protein concentration and \_g102 '; i

ionic strength. Classical biochemical techniques, such as size éf E
exclusion chromatography (SEC) and gel electrophoresis, 107 é’\ Y
together with small-angle X-ray and neutron scattering ==
(SAXS/SANS), were employed for this study. The results 0 0.4 0.8
show that bovine y-globulin solutions are dominated by Na,SO, (M)

monomer and idiotype anti-idiotype dimer. Despite the

flexibility and highly nonspherical shape of the protein, a simple model with a disk-type form factor and a structure factor of
a square-well potential provide a satisfying description of the scattering data. The overall interactions are attractive and the
strength decreases with increasing protein concentration, or adding buffer or salts. For higher protein volume fraction (>7%), the
model would imply a strong particle—particle correlation which does not appear in the experimental data. This mismatch is most
likely due to the smearing effect of the conformation change of proteins in solution. The stability of y-globulin solutions is highly
sensitive to protein concentration, ionic strength, and the type of added salts, such as NaCl, Na,SO,, and NaSCN. For solutions
below 50 mg/mL and at low ionic strengths (<0.1 M), protein aggregation is most likely due to subpopulations of IgG molecules
with attractive patches of complementary surface charge. This effect is reduced for higher protein concentration due to self-
buffering effects. For high ionic strength (>1 M), typical salting-in (with NaSCN) and salting-out effects (with NaCl and
Na,SO,) are observed. Results are further discussed in comparison with current studies in the literature on monoclonal
antibodies.

1. INTRODUCTION

. . . N
such as Parkinson’s and Alzheimer’s diseases,
. 6-8 s -9 5,10
anemia,” ~ cryoglobulinemia,” and cataract.

sickle cell

An accurate biophysical description of protein—protein
interactions is important for a more complete understanding
of in vivo and in vitro systems. Such interactions determine the
phase behavior of protein solutions. Biochemical, medical, and
pharmaceutical applications often rely on the knowledge of the
factors controlling protein stability and aggregation."” Another
example of the importance of understanding the interactions
governing the solubility of proteins is the production of
diffraction quality single crystals for macromolecular structural
determination by X-ray or neutron diffraction.”* Furthermore,
pathological protein aggregation in vivo is linked to conditions
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Small angle X-ray and neutron scattering (SAXS and SANS)
techniques are particularly suitable for the study of protein—
protein interactions in solution usin$ theoretical models
developed initially for simple liquids.' ™" In many cases
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory,
widely used in colloid science, describes the effective
protein—protein interactions in the presence of salts by
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considering the proteins as charged particles."”"> When the
predominant interactions are short-range attractive, simple
models such as the square well or the sticky hard sphere pair
potential'*'” can be employed. These potentials allow for a
straightforward extraction of thermodynamic parameters such
as the second virial coefficient, and for the characterization of
the phase behavior of the solution.'® When both long-range
electrostatic repulsion and short-range attraction are present
simultaneously, a two-Yukawa potential can be employed to
describe the effective interactions.'” This approach relying on
liquid state theory has been rather successful in describing the
effective interactions in globular protein solutions. In addition,
it was also applied to proteins featuring relevant flexibility and
highly nonspherical shape, such as antibodies, and to
polydisperse systems.”””' Nevertheless, the limitations inherent
to this approach, such as the influence of the conformational
heterogeneity of proteins on the precise calculation of structure
factors, need also to be taken into account.”***

Antibodies (immunoglobulins) are widely used in research
and biotechnology, as well as in medical and pharmaceutical
applications. In many cases, concentrated solutions of specific
antibodies are required, for example, to achieve the therapeutic
dose in a small volume. In particular, Immunoglobulins G
(IgG) received much attention due to the crucial role in the
human immune system as well as various applications as very
specific therapeutic and diagnostic tools.”**> The total
concentration of IgG in blood is normally within 10—25 mg/
mL. The concentration of a particular IgG during immune
response and in some pathological conditions can reach several
tens of mg/mL.*

The phase transitions of several monoclonal IgGs have been
studied under various conditions.”**” The effects of pH, ionic
strength, as well as the nature of the added salts have been
found important for the stability of IgG solutions.”*™** Under
physiological conditions, liquid—liquid phase separation
(LLPS) boundaries of IgGs lie below the solution freezing
point. However, the addition of inert polymers such as PEG can
induce supplementary “depletion” interactions and alter the
phase diagram. It has been found that PEG-induced attraction
increases the transition temperatures for LLPS above the
freezing point.”® Wang et al. systematically studied eight
different human IgGs*® and demonstrated experimentally that
the identical geometry of different IgG molecules indeed
translates into broadly similar coexistence curves describing
LLPS for different antibodies. These studies show that
extensive knowledge of the phase diagram of antibody solutions
is essential for understanding the pathological condensation of
IgG in the human body as well as the colloidal stability”” of
antibodies as drugs.

While monoclonal antibodies have been the focus of recent
biophysical studies, few studies on polyvalent mixtures of
antibodies have been reported.”®™** Polyvalent in this context
means containing antibodies directed against different antigens.
Antibodies circulating in the blood belong to different classes
and subclasses, and moreover they present a repertoire of
antigen specificity. Bovine y-globulin, the protein product used
in the present study, is a polyvalent (thus non-monoclonal)
antibody mixture extracted from pooled bovine plasma,
consisting of IgG, IgM, and IgA. The main component, IgG,
is a highly nonspherical protein with four peptide chains (two
identical heavy chains of about S5 kDa and two identical light
chains of about 20 kDa) linked by disulfide bonds. The

quaternary structure results in a three-lobed overall shape. A
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considerable structural flexibility has been reported for
IgG.43_46 A polyvalent product such as bovine y-globulin
contains a mixture of Immunoglobulins G differing mainly in
the molecular details (residue composition) in the two lobes
containing the antigen binding regions. These differences in
residue composition lead to a distribution of isoelectric points
for y-globulin in the range 5.2 < pI < 9.2 with predominant pIs
being 5.8 and 8.5."

Bovine p-globulin finds various uses in biochemical and
biophysical research as standard for molecular weight and
protein concentration,”* ™" in studies on the immune
response,”’ as an analog of serum antibodies for different
applications,”” ™ and as a model protein in studies of protein
diffusion.**°

It is worth mentioning that a human-derived blood product
analogous to bovine y-globulin, consisting of higher purity
polyvalent immunoglobulins G is designated as intravenous
immunoglobulin (IVIG). It is used at high doses and
sometimes formulated at high concentrations®” to treat
immunodeficiencies, autoimmune diseases, and other con-
ditions.>®

Our group has recently studied the global diffusion and
internal dynamics of bovine y-globulin in crowded aqueous
solutions using quasi-elastic neutron scattering.39 It is
interesting to see that the global short-time diffusion (on the
order of nanoseconds) is consistent with predictions for
effective spheres even though the branched molecular shape
differs considerably from a colloidal sphere. In addition, while it
is known that antibodies can form dimers in solution, the
neutron backscattering spectroscopy measurements are con-
sistent with the proteins being predominantly monomeric in
the concentration range from 100 to 500 mg/mL due to the
absence of any component in the quasi-elastic spectrum which
may be associated with dimers.

In this work, we first address the composition and
oligomerization state of bovine y-globulin using size exclusion
chromatography. The purified monomer and dimer are
subsequently characterized by SAXS. We further characterize
the effective interactions in the original (or unpurified) protein
solutions using SAXS and SANS over a large range of
concentrations. The stability of y-globulin solutions in the
presence of typical salts (NaCl, Na,SO,, and NaSCN) is then
interpreted in terms of changes in the effective interactions.

2. EXPERIMENTAL SECTION

2.1. Materials. Bovine y-globulin (No. GS009) was
purchased from Sigma-Aldrich. The purity evaluated by agarose
gel electrophoresis is higher than 99% and the NaCl content is
below 4%. The protein product consists of the following classes
of immunoglobulins: IgG (80%), IgM (10%), and IgA (<10%).
Stock solutions of NaCl (Merck, min. purity 99.5%), Na,SO,
(Merck, anhydrous, min. purity 99%), and NaSCN (Merck,
min. purity 98.5%) were prepared at concentrations of 4 M, 1
and S M, respectively. Water of Milli-Q_grade was used for all
solutions. Bovine y-globulin stock solutions in the range 100—
380 mg/mL were prepared in water or in a buffer consisting of
20 mM HEPES pH 7.0, 150 mM NaCl, and 2 mM NaNj; the
protein concentration was assessed after complete dissolution.
Protein solutions for further UV—visible spectroscopy and X-
ray scattering experiments were prepared by diluting the stock
solutions, either in a buffer consisting of 20 mM HEPES pH
7.0, 150 mM NaCl, water, or aqueous salt solutions. For
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neutron scattering experiments, both proteins and salts were
dissolved in D,0.

2.2. UV—visible Spectroscopy. UV—visible spectroscopy
was used both to assess y-globulin concentration and to
characterize the stability of y-globulin solutions, using a Cary 50
UV—vis spectrophotometer. Protein concentrations were
determined by measuring UV absorption at 280 nm after
baseline correction, using as absorption coeflicient E,gy = 1.4
mg 'mL-cm™.°" The stability of protein solutions as a
function of NaCl and Na,SO, concentration was monitored
by collecting spectra in the wavelength range of 300 to 800 nm
with a scan speed of 2 X 10* nm-s~' and using pure water as
background.

2.3. Size Exclusion Chromatography. Size exclusion
chromatography (SEC) was used to evaluate the purity and
oligomerization state of y-globulin in solution, and to purify the
sample prior to the SAXS characterization of its major
constituents. An analytical SD200 3.2/30 SEC column was
used to separate 20 L of a 30 mg/mL sample using a flow rate
of 50 pL/min, collecting 50 uL fractions, and monitoring
absorption at 280 nm. An aqueous 150 mM NaCl solution was
used both as eluent and as solvent for the y-globulin sample.
Separation was carried out at 8 °C. The composition of relevant
fractions was checked by gel electrophoresis (SDS-PAGE).
Three dilutions of representative fractions were heated 10 min
at 95 °C in a loading dye containing #-mercaptoethanol, loaded
on a 12% acrylamide/bis-acrylamide denaturing gel at 40 mA
for 90 min. PageRuler Unstained Protein Ladder (Thermo
Scientific) was used as molecular weight marker. The gel was
stained with Instant Blue Coomassie stain (Expedeon). The
relative mass amount corresponding to the elution peaks was
evaluated by the integral of the chromatogram and verified by
Gaussian peak fitting. Preparative SEC was performed at 4 °C
loading S mL of an approximately 100 mg/mL solution on a
SD200 26/60 column and eluting at 3 mL/min flow rate with a
buffer containing S0 mM HEPES pH = 7.5 and 150 mM NaCl
Absorbance at 280 nm was monitored and 6 mL fractions were
collected. Purified monomer and dimer solutions for SAXS
were obtained by pooling three representative fractions from
the monomer and dimer peaks. The fractions were concen-
trated using 10 kDa MWCO Amicon centrifugal concentrators
to about 32 mg/mL. Concentrated solutions were used to
prepare dilution series for SAXS characterization of y-globulin
monomer and dimer, employing the same buffer used for SEC.

2.4. Small-Angle X-ray Scattering. SEC-purified y-
globulin monomer and dimer solutions were characterized by
SAXS at the cSAXS beamline at the Swiss Light Source (Paul
Scherrer Institut, Villigen, CH) at room temperature. Samples
were measured in 1 mm capillaries using an X-ray energy of
112 keV (4 = 1.11 A) with a sample-to-detector distance of 2
m, resulting in a q range of 0.005—0.5 A™', with the scattering
vector q = 47 sin 6/, where 20 is the scattering angle. The
scattered intensity was collected with a PILATUS 2 M detector.

In order to characterize protein—protein interactions in y-
globulin as a mixture, SAXS measurements were performed on
solutions without prior purification at the ID02 beamline® of
the ESRF (Grenoble, France). Two sets of samples, the first
consisting of a broad concentration range (5—200 mg/mL) of
7-globulin in 20 mM HEPES bufter pH 7.0 with 150 mM NaCl
and the second consisting of highly concentrated (93—309 mg/
mL) y-globulin in pure water, were measured using a flow
capillary. X-ray energy of 12.5 keV was employed (4 = 0.995 A)
using a sample-to-detector distance of 2 m. The scattered
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intensity was collected with a 170 mm X 170 mm Rayonix MX-
170HS CCD detector. The resulting q range was 0.004 A™" to
0.387 A7,

Additional data from y-globulin solutions in the presence of
NaCl, Na,SO,, and NaSCN were collected at station 6.2 of the
Synchrotron Radiation Source (SRS) at the Daresbury
Laboratory, (Warrington, UK). The beam energy was 8.8 keV
(4 =1.51 A). The scattered intensity was registered with a 200-
mm-radius quadrant detector located 3.3 m from the sample.
The accessible g range was thus from 0.008 A™' to 0.25 A™".
The detailed data correction and calibration has been described
in a previous publication."’

2.5. Small-Angle Neutron Scattering. Concentrated p-
globulin solutions in pure heavy water and semidilute -
globulin solutions containing electrolytes (NaCl and Na,SO,)
near the critical salt concentration were characterized using
SANS at two instruments, i.e., instrument D11 at the ILL
(Grenoble, France) and instrument KWS-2°" (Forschungszen-
trum Jiilich) located at FRMII (Garching, Germany). Details of
measurements performed with KWS2 and data analysis were
described in a previous publication.’”

Proteins and salts were dissolved in D,0O and mixed or
diluted to the desired concentration. Protein solutions were
filled into quartz cells. Absolute scattering cross section was
calibrated using H,O in a 1 mm quartz cell.

For D11 (ILL) the wavelength of the neutrons was fixed at 6
A with 9% AZ/4 and data from sample-to-detector distances of
1.5, 8, and 20 m (corresponding collimation lengths 5.5, 8, and
20.5 m) were merged to yield an accessible g range from 0.003
or 0.01 A™' to 0431 A™'. Samples were measured in 2 mm
quartz cells and H,O in a 1 mm quartz cell has been used as a
secondary calibration standard for absolute intensity calibration,
cross-calibrated against H/D polymer blends. The differential
scattering cross section for D11 at 6 A is 0.983 cm™.

For KWS-2, the neutron beam has a wavelength of 4.5 A.
Two configurations of sample-to-detector distance of 2 and 8 m
allow measurements of the scattered intensity in a g range
between 0.008 and 0.30 A™'. Detector sensitivity corrections
and transformation to absolute scattering cross section were
made with a secondary Plexiglas standard.

2.6. Data Analysis. The scattering intensity I(q) for a
polydisperse or nonspherical system, such as a protein solution,
can be expressed as

I(q) = N,(Ap)*V;3P(q)S(q)

In this expression, Np is the number of protein molecules per
unit volume in the solution, Vp is the volume of a single
protein, and Ap = (pp — ps) is the scattering contrast between
the protein and the solvent. P(q) is the form factor of a given
protein. The effective structure factor S(q) is calculated based
on the average structure factor approximation.63 However,
effects such as protein conformational changes, flexibility, and
anisometry can complicate the interpretation of small-angle
scattering data.”>*’

In the present work, we aim for an understanding of the
broad features of the protein—protein interactions in solutions
of bovine y-globulin. While bovine y-globulin is a mixture of
different variants of antibodies, its major constituents are IgG-
type antibodies with similar molecular weights and overall
shapes. This justifies the use of a single form factor in the
description of the scattering intensity. We use the form factor of
a monodisperse disk to model the IgGs of y-globulin. A short
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and constant-range protein—protein interaction of variable
strength is assumed and modeled as a square well (SW) pair
potential, Ugy(r)

0 r < 2R
UL 127A
sw(") =Qugy, = n(#) 2R<r<?2R+ A
kyT 2R+ A

0 r>2R+ A

Here, kg is the Boltzmann constant, T is the absolute
temperature, A is the range of the interaction, and ugy is the
depth of the potential well. The parameter 7 (“stickiness”) is
related to ugy by™*

Leusw/ka
12¢

T =

Here, ¢ is the perturbation parameter, and is the relative range
of the potential defined as € = A/(2R+A).

To account for effects of nonsphericity, the effective radius R
is chosen such that a hard sphere of this radius has the same
second virial coefficient as the hard disk corresponding to the
form factor.

The structure factor is then derived analytically using the
perturbative solution of the Percus—Yevick closure relation as
described by Menon® and as implemented in the NCNR
SANS analysis package of the IGOR pro suite.”” The
assumption of an interaction potential with constant range
(on the order of 10% of the effective sphere diameter) is
included by keeping the perturbation parameter € = 0.1 during
the fit. The volume fraction is calculated from the y-globulin
concentration using a specific volume of 0.739 mL/g.*” The
disk size is also kept constant. Three fit parameters are allowed
to vary: a background term, the solvent scattering length
density, and the stickiness parameter 7. The fitted value of 7 is
then used to calculate the potential well depth. The oligomeric
state of bovine y-globulin is not explicitly considered in the fit
procedure.

3. RESULTS AND DISCUSSION

3.1. Composition of y-Globulin and SAXS Character-
ization of Monomer and Dimer. The SEC elution profile of
7-globulin features two major peaks, as shown in Figure la. A
(reducing) SDS-PAGE was run on two chromatographic
fractions representative of the peaks, each loaded onto the gel
in triplicates with decreasing amounts of protein (Figure 1b).
Both fractions showed bands corresponding to the molecular
weight of the heavy and light chains of IgG. The lower
molecular weight SEC peak corresponds to the IgG monomer.
The higher molecular weight SEC peak (ca. 40% of the protein
mixture) can be attributed to idiotype anti-idiotype dimeriza-
tion of y-globulin mediated by the antigen binding fragments
(Fab) of the IgG. This kind of dimerization is a characteristic of
polyvalent antibodies obtained from pooled sera,*>®” which has
been reported in both human and bovine®® IgG mixtures and
has been studied by electron microscopy”®® and X-ray
crystallography.”® Tt has also been considered in a recent
scattering study by Stingaciu et al. focusing on the internal
dynamics of human IgGs."” Idiotype anti-idiotype dimerization
is understood as arising from a large number of different
complementary idiotype anti-idiotype IgG pairs contained in
the y-globulin preparation. Such preparations are produced
from pooled sera of multiple animals, each producing a limited
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Figure 1. (a) Size exclusion chromatography elution profile of y-
globulin, with sketches of the IgG monomer and idiotype anti-idiotype
dimer. (b) SDS-PAGE of monomer (three lanes on the left) and dimer
(three lanes on the right) fractions, in three dilutions each. The
symbol + indicates the 20 kg/mol molecular weight marker, ++
indicates the S0 kg/mol marker.

repertoire of antigen binding regions in their population of
antibodies. The pooling of the sera results in the increased
probability that, by chance, a particular IgG is recognized by a
complementary one and dimerizes. The dimers in the final
product are therefore an ensemble of antibody pairs produced
from a number of different equilibria. The relative abundance of
dimers is known to increase with the number of starting sera,
and storage conditions of the preparation also play a role.”’
This kind of dimerization has also been suggested to play a role
in the therapeutic effect of IVIG in specific cases.”'~ "

In order to address the monomer and dimer shapes, SAXS
measurements were performed on solutions at 1, 2, 10, and 15
mg/mL monomer and at 2, 4, 20, and 30 mg/mL dimer, to
evaluate the small-angle scattering from approximately the same
molar amounts of monomeric and dimeric species. Comparing
the buffer-subtracted SAXS profiles in the monomer and dimer
concentration series, after normalization by protein mass
concentration, no significant discrepancies at low g are visible
for any sample except for the 15 mg/mL monomer (Figure S1
in the Supporting Information). This indicates that the
contribution of the structure factor and the concentration-
dependent shift of the dimerization equilibrium is indeed
negligible for diluted monomer and dimer samples over short
periods of time (up to a few days).

We assumed that the chromatographic step separates
sufficiently stable monomers and dimers, so that subsequent
dimer formation in the monomer solution and dissociation in
the dimer solution are negligible. Dimer dissociation has indeed
been reported, for an analo_gous human-derived product, to
occur over long times.”””*” From the overall parameters
extracted from SAXS measurements (see below), this
assumption is justified.

Figure 2a shows a double logarithmic plot of two
representative buffer-subtracted SAXS profiles for monomer
and dimer at 1 and 4 mg/mL, respectively. The monomer form
factor fit (Figure 2a) was evaluated with CRYSOL,”® using the
crystal structure of human IgG1 b12 antibody (1IHZH).”” The
good fit may reflect the similarity between the crystal structure
used and the most populated conformation of the major
subclass of bovine serum IgG, bovine IgGl.”® This crystal
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Figure 2. (a) SAXS profiles and model fitting for monomer (1 mg/
mL) and dimer (4 mg/mL). The monomer scattering curve is fitted
using CRYSOL and the crystal structure 1hzh.pdb. The dimer data are
fitted by the profile of a representative DAMMIF ab initio model.
Inset: monomer envelope visualized as mesh with MASSHA.”® (b)
Pair distance distribution functions, P(r), for monomer and dimer.
Inset: dimer model, with total spread region (mesh) and most
populated volume (beads) visualized and superimposed with UCSF
Chimera.”" The P(r) calculated from the monomer crystal structure
and scaled to the data is also shown as dashed line.

structure is the best fitting of the three complete IgG crystal
structures available in the Protein Data Bank (see Figure S2).

Overall parameters for monomer and dimer in solution are
shown in Table 1, calculated from scattering curves

Table 1. Overall Parameters for Monomer and Dimer”

R (A) Diax (B)  Vporoa (') MW (kDa)
Monomer 526 + 3.7 184 238 325 149
Dimer 76.1 + 1.7 223 621987 389

“Radius of gyration (R,) estimated with AUTORG®  maximum
intramolecular distance (D,,,.) was estimated with DATGNOM.**
Porod volume (Vp,,q) was estimated with DATPOROD.** V,,, 4 was
converted to MW multiplying V, by 0.625 Da-A=3%

extrapolated at infinite dilution using PRIMUS.”” Molecular
weights extracted from the Porod volume Vp,,q are consistent
with the expected values for IgG monomers and dimers, while
D, and R, monomer values are close to the ones reported in
the literature®”***" for monoclonal antibodies of human and
nonhuman origin. It must be stressed that in our case scattering
profiles originate from a relatively heterogeneous population,
and the overall parameters must be considered as reflecting a
weighted average from this population.

Typical pair distance distribution functions P(r), calculated
with GNOM®* and using Dy, and R, values evaluated as
described above, are shown for monomer and dimer in Figure
2b. Similar P(r) have been reported for monoclonal antibod-
ies.">*"%57% The shape of the P(r), asymmetric and featuring a
broadened or even twinned peak, is likely to arise from the
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coarse-grained details of the branched antibody structure. The
same shape can in fact also be seen in P(r) calculated from X-
ray crystal structures.”” However, the features of the P(r) have
also been interpreted as reflecting the conformational
heterogeneity of antibodies in solution.*”*"

In order to model the structure of the dimer, an ab initio
bead modeling approach employing DAMMIE® was used. P(r)
was calculated with GNOM for the scattering profile of a 4 mg/
mL dimer sample up to a maximum g of 0.176 A™", and used to
repeat 30 DAMMIF runs. The D, used (233 A) was
estimated with DATGNOM® from the scattering profile. D,
point group symmetry and prolate anisometry are expected for
a Fab-mediated IgG dimer, and were specified for the bead
modeling. The resulting output was further processed with
DAMAVER,* yielding an averaged and a filtered model (total
spread region and most populated volume, superimposed in
Figure 2b, inset). The averaged normalized spatial discrepancy
(NSD) of the 30 resulting models is 0.683 + 0.242. Three
models were rejected as outliers before averaging. Strikingly the
model features the ring-like structure reported for human
idiotype anti-idiotype IgG dimers in earlier electron microscopy
studies,” also featuring dimers of sizes in the 20—30 nm range.

This model may be regarded as the first solution structure of
an average idiotype anti-idiotype dimer. It must be stressed,
however, that the model is idealized due to the symmetry
constraints and it reflects the form factor arising from a
supposedly rather heterogeneous population of dimers. There-
fore, we abstain from speculations on the predominant
geometry (open hinge or closed hinge”) for the dimer. The
possible residual content in dimeric IgA, which has a distinctly
different “tail-to-tail” geometry, seems not to contribute
significantly to the scattering profile.

The monomer and dimer fractions present in bovine y-
globulin comprise different monoclonal antibodies and idiotype
anti-idiotype pairs. Nevertheless it was possible to relate the
monomer and dimer scattering curves to structural models, as
these different constituents share similar shape, size, and
molecular weight.

3.2. Effective Interactions in y-Globulin Solutions
Characterized by SAXS and SANS. In this section, we
address the effective interactions in y-globulin solutions as a
function of protein concentration employing SAXS and SANS.
The scattering profiles shown here are collected from y-globulin
dissolved “as received”, without prior purification, i.e.,
containing all monomeric and dimeric species. Samples in a
broad range of y-globulin concentrations were studied, both at
moderate ionic strengths and at low ionic strengths for higher
protein concentrations. A simplified model with a single disk
form factor is used to extract the effective protein—protein
interactions.

The size of the disk used to calculate the form factor was
optimized on the scattering profiles of dilute y-globulin in a
preliminary fitting step. Figure 3 shows that the disk form factor
reasonably describes the high-q portion of the data. A
comparison with the CRYSOL fit with the I1hzh crystal
structure is also shown. The disk used to fit the SAXS data has a
radius of 70 A and a length of 15 A, while the one used to fit
the SANS data has a radius of 60 A and a length of 12 A. The
diameters of the equivalent spheres with the same second virial
coeflicient as the disks are 105 A for SAXS and 89 A for SANS,
respectively. The disks are shown in the inset in Figure 3b
superimposed with the crystal structure. If additional short-
range attractive interactions are considered (Disk+SW
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Figure 3. (a) SAXS profiles of the SEC-purified monomer (“pure
monomer”) at 2 mg/mL, and of the original y-globulin at 5 mg/mL, in
the respective buffers. Superimposed are the CRYSOL fit with
1hzh.pdb and an appropriate background (dashed orange line), the fit
with a disk form factor alone (magenta solid line) and the fit with both
the disk form factor and a square well (SW) structure factor (green
solid line). (b) SANS profile of y-globulin $ mg/mL in D,0O with 200
mM NaCl. Superimposed are the CRYSON®* fit with 1hzh.pdb
assuming 90% H/D exchange and an appropriate background (dashed
orange line), the fit with a disk form factor alone (magenta solid line)
and the fit with both the disk form factor and the SW structure factor
(green solid line). The inset shows the disks in comparison with the
lhzh crystal structure. The disk used for subsequent SAXS fits is
shown as mesh; the inner magenta ring delimits the disk used for
subsequent SANS fits (image produced with UCSF Chimera”"). The
profiles in (a) and (b) were vertically shifted and only every third data
point is shown for clarity.

in Figure 3) the fit considerably improves at low q even for
these dilute samples.

In Figure 4 we show concentration-normalized SAXS profiles
of a series of y-globulin solutions in buffer (a) and in pure water
(b). While there is substantial superposition of the profiles at
high g, there is a clear trend of decreased intensity in the low g
region. This indicates a reduction in the protein—protein
attractive interactions which we ascribe to the repulsive
contribution of excluded volume effects. The same trend is
visible for even higher concentrations in SANS profiles of y-
globulin in pure D,O (Figure 4c). To quantify this trend, the
disk form factor was used to extract the effective structure
factors from the scattering curves.

SAXS data from y-globulin in buffer up to 200 mg/mL are
described well by the model (solid lines in Figure 4). For
samples with higher concentrations, while the overall fit is
reasonable, in particular in the low g region, an additional
correlation peak becomes visible in the fit curves at g ~ 0.08
A™! which is due to the correlation between the disk-like
particles (red arrows in Figure 4b,c). This mismatch indicates
that a hard-particle form factor cannot fully describe the
behavior of concentrated flexible proteins. Conformation
change due to the flexibility of the IgG may smear the
protein—protein correlations. Details of fitting parameters are
reported in the Supporting Information (Table S1).

Figure Sa shows the square well structure factors obtained
from data fitting. For low protein concentrations, the structure
factor shows a strong low q upturn, indicating the presence of
non-negligible attractive interactions. At higher protein
concentrations, the values of S(q) at low q decrease and
eventually fall below one. Figure Sb shows the depth of the
square well interaction potential as a function of protein
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Figure 4. Concentration-normalized scattering profiles for y-globulin
without prior purification. For all scattering profiles, one point in five is
shown for clarity. (a) SAXS profiles for a concentration series in 20
mM HEPES pH = 7.0 150 mM NaCl (b) SAXS profiles for a
concentration series of in H,O. (c) SANS profiles for a concentration
series in D,0. The curves fitted to the scattering profiles are shown as
solid lines. The arrows mark the correlation peak not present in the
data (see main text for details).
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Figure 5. (a) Structure factors calculated from the fit parameters for y-
globulin in buffer and pure water. The complete set of structure factors
from the SAXS data in buffer and light and heavy water are shown in
Figure S3. (b) Square well potential depth as a function of volume
fraction @, calculated from the known sample concentration using as
specific volume®® 0.739 mL/g. SANS profiles at low concentration in
D,0 in the presence of 200 mM NaCl (open symbols in b) are shown
in Figure S4.
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volume fraction. The overall trend is a reduction of the depth of
the potential well for increasing protein concentration.
Comparing y-globulin in H,O and D,0 with y-globulin in
buffer, the strength of interaction appears to be reduced when
increasing ionic strength.

Given that our modeling strategy neglects dimerization, the
effective potential should not be overinterpreted. The
corresponding value of 7 should not be taken as predictive of
phase separation, for a given volume fraction. Shift in the
dimerization equilibria toward dimer formation might interfere
with the structure factor for the concentrated solutions.
However, the reduction of the attractive interaction due to
steric exclusion is indeed likely to exist for the most
concentrated samples regardless of the exact weighted
contribution of monomer and dimer to the form factor. A
similar effect has been also observed in other studies on self-
crowded proteins.”> We interpret this as a sign that the
structure of concentrated protein solutions is more and more
influenced by excluded-volume effects due to the closer packing
rather than by the attractive features of the potential. In
addition, the ions released from the y-globulin Iyophile may
also contribute to the reduction of the attractive interaction.

3.3. Stability of y-Globulin Solutions as a Function of
lonic Strength and Salt Type. In this section, the stability of
7-globulin solutions, used without prior purification and in the
presence of salts as cosolutes, is addressed depending on salt
concentration and type.

Turbidity of y-globulin solutions can be monitored by the
apparent light absorption in the wavelength range 500 to 800
nm. In turbid solutions, suspended precipitate scatters visible
light and gives an apparent increase of absorbance, which is
denoted as attenuance, D.”* This quantity is defined in an
analogous way as an absorbance, as the logarithm of the ratio of
incoming to transmitted radiant power at a given wavelength.
Typical UV—vis attenuance spectra for y-globulin solutions
with increasing Na,SO, and NaCl concentrations are shown in
Figure 6a and Figure S5, respectively.

The stability of the protein solutions is better appreciated
plotting the attenuance at 600 nm as a function of salt
concentration (Figure 6b—d). Attenuance values larger than 0.1
correspond to visibly turbid, phase-separated solutions. With
both salts two transitions upon increasing concentration are
recognizable. The first one, from a turbid protein solution to a
clear solution; taking place at a salt concentration ¢; (25 mM
for Na,SO, and 20 mM for NaCl). The second, from a clear to
a turbid solution, taking place at a salt concentration ¢, (0.5—
0.7 M for Na,SO, and 3.2 M for NaCl). An increase in y-
globulin concentration up to 50 mg/mL does not change ¢,
significantly. Conversely, ¢, occurs at lower salt concentration
when the protein concentration is increased. In the presence of
NaSCN, up to 4 M, protein solutions are stable in all the high-
salt conditions, and no second transition is observed (data not
shown). This is consistent with the salting-in nature of the
thiocyanate anion, known to adsorb on hydrophobic moieties
of proteins, including monoclonal antibodies.”

To further explore the nature of ¢, the precipitate present at
low salt concentration (<c;) was pelleted by centrifugation (10
min at 6990 g at 23 °C) and the residual y-globulin
concentration in the supernatant was determined by UV
absorption at 280 nm. It is found that most of the protein is still
in solution (around 92% w/w for a 36 mg/mL dispersion of y-
globulin in pure H,0). The redispersed precipitate shows a
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Figure 6. Stability of y-globulin solutions by attenuance (D)
measurements. (a) Attenuance of 10 mg/mL y-globulin solutions for
increasing Na,SO, concentration in the range 300—800 nm. (b) Plots
of attenuance at 600 nm for 10, 20, and S0 mg/mL y-globulin
solutions with increasing Na,SO, concentration. (c) Plots of
attenuance at 600 nm for 10 mg/mL solution with increasing NaCl
concentration. Data for sample immediately after preparation and 20
min after preparation are shown. (d) Plot of attenuance at 600 nm of
low ionic strength insoluble fractions obtained from 36 mg/mL
dispersions of y-globulin in pure water, pelleted by centrifugation, and
resuspendend in NaCl aqueous solutions in the range 0—4 M, showing
a narrower window of ionic strength compatible with stable, clear
solutions. In (b) to (d) samples with salt concentrations below ¢; and
above ¢, are visibly turbid.

much narrower interval of ionic strengths which allows for a
clear solution (Figure 6d).

Therefore, the first transition must be due to a relatively
small subpopulation of the monoclonal components of y-
globulin. In fact, different monoclonal IgG antibodies have been
described as soluble or nonsoluble at low ionic strength.”® The
nonsoluble ones feature, at a given pH, electrostatic potential
surfaces with large compatible areas of opposite sign. An
analogous charge anisotropy driven aggregation has been
studied also in S-lactoglobulin® and found to affect viscosity
in another monoclonal antibody.”® This kind of charge
interaction favors self-association of the antibodies unless the
charge is screened by a sufficiently high ionic strength. In
bovine y-globulin we suppose that the vast majority of
monoclonal antibodies does not belong to this low-ionic-
strength-nonsoluble category, but a subpopulation with this
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characteristic is responsible for the observed first transition. In
such a polyclonal mixture as y-globulin, turbidity could also
arise from attraction between different monoclonal antibodies
in which the surface charges or charge patterns are
complementary. This subpopulation of antibodies with strong
attractive interactions due to complementary charge patterns is
also consistent with the higher ¢, and lower ¢, for the
redispersed precipitates.

We note that y-globulin, albeit insoluble in the absence of salt
at lower protein concentrations, results in clear, viscous
solutions in pure water above 70 mg/mL. Clear solutions are
then obtained in the presence of a low concentration of salt or
with a sufficient concentration of the antibodies. The
solubilization of the poorly soluble subpopulation at high
protein concentration might then also result from screening by
other antibodies, enhanced release of counterions, or as a side-
effect of self-buffering.

The solubilization of y-globulin across the first transition (c;)
is clearly seen in the SAXS scattering profiles for increasing salt
concentrations and constant protein concentration shown in
Figure 7a,b and Figure S6. A reduction of low ¢ intensity with
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Figure 7. SAXS profiles of y-globulin at 60 mg/mL showing its
solubilization by (a) NaCl and (b) NaSCN at low ionic strengths. The
solid lines are the fit to the data using the disk form factor with the
square well interaction. The profiles for Na,SO, and the fit are shown
in Figure S6. (c) Effect of the ionic strength of the three salts on the
depth of the SW potential well.

increasing salt concentration is observed for all three salts,
indicating an overall reduction of the attractive interactions.
Those interactions are screened at higher ionic strength and
stable, clear solutions are obtained.

Fitting the scattering profiles of y-globulin solutions at low
ionic strength using the model presented in the previous
section allowed the extraction of an effective attractive protein—
protein interaction potential (Figure 7c). The overall attraction
is reduced for increasing ionic strength. The effect of the three
salts considered in this work appears comparable, with a slightly
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higher efficiency of NaSCN in reducing the protein—protein
attraction.

As ¢, is approached, salting-out effects cause an increase of
the low-q intensity in SANS profiles. This behavior qualitatively
suggests an increase of attractive interactions (Figure S7). It
was not possible to obtain a satisfactory fit of the scattering
intensity using the disk and square well model to quantify the
effect of the salts, possibly due to effects related to the high salt
concentration.

4. CONCLUSIONS

The results discussed above lead to the following conclusions.
Bovine y-globulin is essentially a mixture of IgG monomers and
idiotype anti-idiotype dimers. The dimers represent at least
about 40% in mass of the proteins. The apparent discrepancy
with previous QENS studies of the short time diffusion of y-
globulin being consistent with monomer diffusion might arise
from the dynamics on short time scales in the crowded
solution, with a possible role played by IgG flexibility.

SAXS and SANS profiles of y-globulin can be described well
by a square well structure factor and a disk form factor. This
simple model indicates that the attractive interactions are
dominant in protein solutions, but the strength is reduced with
increasing concentration and adding buffer or salts.

The stability of bovine p-globulin solutions depends on
protein concentration and solution ionic strength. For solutions
below 50 mg/mL, two transitions are observed with increasing
ionic strength. Below ¢; and above ¢, (¢; < ¢,), solutions are
visibly turbid. Protein aggregation below ¢, is most likely due to
subpopulations of IgG molecules with attractive patches of
complementary surface charge. These molecules are unable to
dissolve in water in significant amounts unless the ionic
strength is high enough to screen this charge interaction. A
second transition is observed at high ionic strength which
causes the precipitation of the proteins with a dependence on
the salting-out character of the salt used. Concentrated protein
solutions (>70 mg/mL) are clear even at lower ionic strengths.
This is possibly due to the low-ionic-strength soluble antibodies
interacting with those which require salt for solubility, either
directly or through release of associated ions.

The recent findings by Godfrin et al.”” on solutions of a
monoclonal IgG in the presence of Na,SO, stress the role of
microstructure and dynamics for the rheological properties of
antibody formulations. The investigated IgGl was found to
form clusters of dimers based on a combination of SANS,
dynamic light scattering, and neutron spin echo. Although the
kind of dimerization found in p-globulin is qualitatively
different, as it derives from chemically specific Fab—Fab
interactions, it could possibly play a role in dynamic clustering
in concentrated y-globulin solutions.

Further dynamics studies are desirable to address the
intermediate time self-diffusion and the long-time collective
diffusion behavior of p-globulin solutions. Dynamic light
scattering and neutron spectroscopy (in particular, neutron
spin echo spectroscopy) would be the techniques of choice.
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