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and membrane osmometry experimentst
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Protein—protein interactions are essential for the understanding of biological processes. Specific protein
aggregation is an important aspect for many biological systems. In particular, electrostatic interactions
play the key role for protein—protein interactions, as many amino acids have pH-dependent charge
states. Moreover, protein dissociation is directly related to the solution pH, ionic strength, temperature
and protein concentration. The subtle interplay between different specific and non-specific interactions
is demonstrated for beta-lactoglobulin (BLG) with a focus on low salt concentrations, thus mimicking
technically relevant processing conditions. BLG is a well-characterized model system, proven to attain
its monomer—dimer equilibrium strongly dependent upon the pH of the solution. In this manuscript, we
present a unique combination of analytical ultracentrifugation and membrane osmometry experiments,
which quantifies specific and non-specific interactions, i.e. in terms of the dimer dissociation constants
and the second osmotic virial coefficient, at pH 3 and 7 and sodium chloride concentrations of 10 mM
and 100 mM. This provides direct insight to protein—protein interactions for a system with a
concentration-dependent monomer—dimer equilibrium. Moreover, using a coarse-grained extended
DLVO model in combination with molecular dynamics simulations, we quantify non-specific monomer—
monomer, monomer—dimer and dimer—dimer interactions as well as the binding free energy of BLG
dimerization from theoretical calculations. The experimentally determined interactions are shown to be
mainly governed by electrostatic interactions and further agree with free energy calculations. Our
experimental protocol aims to determine non-specific and specific interactions for a dynamically
interacting system and provides an understanding of protein—protein interactions for BLG at low salt
concentrations.
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Introduction

Understanding the nature of protein-protein interactions
(PPIs) is essential to explain biological systems and their
function in biological processes. PPIs determine the properties
of proteins, such as protein aggregation,’ assembly, gel for-
mation or stabilization,” * thus influencing their subsequent
biological function and commercial use. Moreover, an essential
aspect of the systems behavior is the statistical mechanics of
the system, which can be described through the chemical
potential of the system.>® Both, specific and non-specific
interactions are the driving force for the particular behavior
of macromolecules. On the one hand, specific interactions refer
to a directed oligomerization, ie. the formation of a new
species.” ' On the other hand, non-specific interactions refer
to van der Waals forces (vdW) and electrostatic interactions,
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where the latter originate from dipole-dipole and charge-
charge interactions. In particular, non-specific interactions
significantly affect transport properties such as sedimentation
and diffusion of proteins and its oligomers at finite particle
concentrations, which can be taken into account by respective
interaction parameters, ie. the Gralen coefficient and the
second virial coefficient.'* In this context, electrostatic interac-
tions are a central aspect of PPIs, as many amino acids have pH-
dependent charge states."” In aqueous solution, especially
upon changes of the ionic strength, controlled protein aggrega-
tion and oligomerization is significantly pronounced in the
proximity of the isoelectric point, hence for a protein net charge
of zero. Yet, protein aggregation and oligomerization also
occurs at pH values dissimilar to the isoelectric point for
changed solvent conditions or in different solvents such as
ethanol.” In this manuscript, we target the experimental
determination of both, association (specific PPIs) and concen-
tration non-ideality (non-specific PPIs) for dynamically inter-
acting systems, which remains a great challenge and requires
careful experimental protocols.'* The understanding of such
systems is especially relevant with respect to applications in
food technology, where controlled protein oligomerization can
be induced by mechanical stress and can be controlled or
prevented by adjusting the salt concentration.”® *® In particu-
lar, protein aggregation is a relevant mechanism in food
applications.™® Moreover, BLG is considered a protein relevant
for applications as recombinantly produced milk proteins.>’

In this context, beta-lactoglobulin (BLG) is one of the most
relevant proteins, which shows different oligomerization pat-
terns and aggregate contributions upon changes of the solution
pH.”' The targeted BLG aggregation was reported to result in
amyloid and amyloid-like aggregates, which is desired for
various applications.”> BLG is a well-characterized model sys-
tem, which has also been studied with respect to recombinant
modification within the amino-acid sequence.’® BLG mono-
mers, which carry a high charge apart from the isoelectric
point, are dominantly present for pH < 3 and for pH > 8,
otherwise, dimers and higher oligomers, such as octamers, are
present.’® BLG dimers are in equilibrium with monomers as a
function of salt concentration, temperature and protein
concentration. In case of a sufficient screening or absence of
electrostatic interactions, e.g. by the addition of ions which
suppresses the electrostatic interactions or a change in the
solution pH, the formation of hydrogen bonds is enabled,
which stabilize the dimer states."®*' The monomer-dimer
equilibrium of recombinant BLG with a modified N-terminus
is not affected by the small changes within the amino-acid
sequence since no significant changes of the quaternary struc-
ture of the protein were observed.>°

Monomer-dimer equilibria of BLG can be explained from
the PPIs at specific solution conditions. They are described by
the interaction potential between macromolecules in aqueous
dispersions, ie. by the potential of mean force (PMF).
Direct measurement of the PMF and the PPIs contributions is
limited. Information about the average effective interactions in
a two-body system is provided by the osmotic second virial

coefficient B,,.>*> *> When considering proteins as spherical

particles, B,, is related to a PMF as given in eqn (1):
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Here, a is the intermolecular center to center distance between
two proteins and M is the protein molar mass, Wy,(a) repre-
sents the PMF between two macromolecules. Eqn (1) holds true
for dilute systems in which higher order interactions are
negligible and higher order virial coefficients can be excluded.
Notably, it is possible to formulate a more generalized version
of eqn (1), which is introduced within our manuscript.>®

From a theoretical point of view, the free energy of the salt-
dependent binding of BLG can be investigated using molecular
dynamics (MD) simulations,?” but sampling of protein-protein
configurations in the total PMF, in eqn (1), beyond the BLG
dimer from the crystal structure, was not yet reported. Accord-
ing to the DLVO (Derjaguin, Landau, Verwey, and Overbeek)
theory,”® the PMF consists of the electric double-layer forces
and vdW interactions. DLVO theory enables the basic under-
standing of forces between charged interacting surfaces in
aqueous solutions. It has been reported to predict B,, in good
correlation with available experimental measurements,’ how-
ever, traditional DLVO is an approximate method with a set of
limitations.>® Better description of solution induction effects
on the PPIs between proteins was introduced by several post-
DLVO theories, e.g. reported by Herhut et al>® or Kastelic
et al.,> known as extended DLVO, ie. XDLVO. Recently, the
calculation of the PPIs beyond the spherical-shaped particles,
as commonly used in DLVO, was introduced within a xDLVO-
coarse-grained (CG) model.*® Beyond the DLVO theory and the
extended models, W,,(a) can be estimated using MD and Monte
Carlo simulations with both all-atom**** and CG** protein
representations. The results of these computationally intensive
methods have shown that even if the detailed structural and
charge characteristics of the protein is properly preserved,
other macroscopic features significantly affect the total PMF.
Therefore, all-atom simulations are limited for B,, predictions
and a rescale of the PMFs is necessary.>*

From an experimental point of view, analytical ultracentri-
fugation (AUC) is a well-established technique for the analysis
of individual macromolecules and (nano-)particles in solution,
also with respect to concentration-non-ideality.""***® From the
acquired sedimentation profiles, the sedimentation and diffu-
sion coefficients can be determined for each individual species.
From these parameters, the molar mass distribution of the
sample is typically retrieved. Moreover, the analysis of the
sedimentation profiles allows for a determination of associa-
tion and dissociation processes for dynamically interacting
systems, such as BLG.'*?” Furthermore, the determination of
non-ideality parameters and protein self-association from the
analysis of AUC data has already been addressed by the work of
Roark and Yphanties.*®?° Furthermore, recent software devel-
opments enabled the direct determination of non-ideality from
SV-AUC experiments via the software packages SEDANAL"'"*°
SEDPHAT.*'
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Membrane osmometry serves as a powerful experimental
tool for the determination of osmotic second virial coeffi-
cients. However, the reduced osmotic pressure, as measured
by membrane osmometry at varying protein loading
concentration,®” is directly affected by the association or
dissociation constant of a monomer-dimer system. Thus,
the dissociation process must be known in order to study
non-specific PPIs (by B,,). In this manuscript, we establish
a combination of AUC and membrane osmometry as a
powerful tool to concurrently characterize both non-
specific and specific PPIs for a dynamically interacting
system.

For the evaluation of the experimental protocol, the extent of
the non-specific PPIs on the BLG monomer-dimer equilibrium
as a function of pH and salt concentration is analyzed with a
focus on low salt concentration conditions in order to mimic
conditions, which are often associated with conditions in food
processing.”” In particular, we determine the extent of specific
PPIs in terms of the dimer dissociation constant for the system
BLG AB from AUC experiments, a relevant variant of BLG in
food technology.”® With the known dissociation constants of
BLG, membrane osmometry measurements enable the experi-
mental determination of the molecular weight-corrected osmo-
tic pressure, which provides the second virial coefficients for
the BLG monomer-dimer equilibrium. In this way, we establish
an experimental protocol for the determination of PPIs for a
system with a concentration-dependent monomer dimer
equilibrium.

In order to support the experimental study with theoretical
predictions, the osmotic second virial coefficients are calcu-
lated using the recently reported xDLVO-CG method, with CG
representation of the protein.*® XDLVO-CG calculations aim to
estimate the impact of non-specific interactions in BLG mono-
mer—dimer equilibria. Moreover, we relate the experimentally
measured dimer dissociation constant, which is directly con-
verted to the Gibbs free energy, to the extent of non-specific
PPIs, i.e. the extent of electrostatic interactions. This is further
supported by the free energy calculations of the BLG system
using MD simulations in combination with an umbrella sam-
pling approach. Finally, based on our results from the experi-
mental protocol, we aim to provide a qualitative prediction for
controlled protein oligomerization through the osmotic second
virial coefficient.

Theoretical background

Dimer dissociation

Dimer dissociation is usually described by a chemical reaction
of second order. Thus, a monomer-dimer equilibrium is mod-
elled according to:**”
ke
Ay — 24 (2)
kp
The dimer and monomer are denoted as A, and A. The reaction

constants for the forward and backward reaction are denoted
ke and k. These finally lead to the dimer dissociation constant

Kp, which is provided by the ratio of the reaction constants
and the concentrations of the monomer and dimer A and A,,
respectively, according to:
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Here, the monomer and dimer concentration [A] and [A,] are
provided in molar concentrations, Z.e. mol m °.

Fundamentals of analytical ultracentrifugation

The sedimentation coefficient is defined as the velocity u

acquired by a particle in a centrifugal field w’r and is given

by:35
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The mass of the sedimenting species is denoted as mp with its
partial specific volume ¥ and translational friction coefficient f.
The solvent density is denoted ps. The diffusion coefficient of a
protein or particle is described by the Stokes-Einstein relation.
For known hydrodynamic diameter xy, the diffusion coefficient
is given by:**
p—"BL _ kBT
S 3

(5)

The Boltzmann constant is denoted as kg, the temperature
as T and the solvent viscosity is #. The evolution of
particle concentration ¢ in a sector shaped-centrifugal cell
is described by Lamm’s equation, which is applied to
evaluate the measured sedimentation profiles, from which
the sedimentation coefficient and the diffusion coefficient
distribution are determined. Lamm’s equation is derived
from a mass conservation approach taking into account the
sedimentation flux and the local diffusive flux and is given

by:36
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The radial position within the centrifugal cell is denoted as r
and the angular rotor velocity is w.
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Concentration-dependent sedimentation and diffusion
coefficient

In the case of moderate and high molar concentrations, the
translation friction coefficient has shown to be concentration-
dependent.*** This directly translates into a concentration-
dependent sedimentation coefficient s(c), which is calculated
according to:*°

s0

1+ ke
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The sedimentation coefficient at infinite dilution is s°. The
Gralen coefficient kg is an empirically introduced constant.
Furthermore, the (protein) mass concentration is provided in
units of kg m >. Apart from hydrodynamic effects, the
thermodynamic contribution must be considered. In



particular, the virial expansion of the reduced osmotic pres-
sure is provided by:'!

Rin:%(l + ByuMc+ 0(c%)) (8)
M is the molar mass of the species with the osmotic pressure
II. The universal gas constant is R. The second virial coeffi-
cient is denoted as B,,, which accounts for concentration
non-ideality. In the context of our results, we apply the
second virial coefficient in order to account for non-specific
protein-protein interactions. It can be pointed out that the
entire protein—protein interactions in solution determine the
value of the second virial coefficient B,,, which has positive
values for globally repulsive protein-protein interactions and
negative values in the case of global attraction.*> Higher
order terms are referred to as O(c*) and take into account
non-linear effects including second order and higher terms.
These effects are typically observed at high molar
concentrations.* At higher protein molar concentrations,
higher-order terms are required in order to describe non-
linear effects such as particle agglomeration*”*® and cluster
sedimentation.*®> Moreover, the ideal contribution of the
osmotic pressure of the solution is proportional to the
number of molecules in solution, which is linked related to
the dimerization constant, which has been introduced in
eqn (3). The relationship between these two phenomena
describe a central aspect of this manuscript.

From eqn (8), a concentration-dependent diffusion coeffi-
cient D(c) can be derived:

Dol + 2By Mc — ve + 0(62)
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A detailed derivation of eqn (9) from eqn (8) is provided in
literature.® The diffusion coefficient at infinite dilution is D°.
Furthermore, there are thermodynamic approaches to account
for the presence of protein oligomers during SV-AUC experi-
ments for a defined number of species (e.g. dimeric and
trimeric oligomers of a protein) in solution.***° Correia et al.
showed the analysis of SV-AUC experiments with respect to
concentration-dependent sedimentation and diffusion coeffi-
cient and expressed the interactions constants as matrices, with
elements k;; and Bzz,ij.so The individual terms represent self-
interactions (diagonal matrix elements) and cross-correlations
(non-diagonal matrix elements) between the individual defined
species. In the case of two species in solution (i.e. monomers
and dimers), the concentration-dependent sedimentation coef-
ficient s,(c) of the first species is written as:*°

0
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The sedimentation coefficient at infinite dilution of the first
species is s;. The mass concentration of the two individual
species are denoted ¢; and c,, respectively. Furthermore, the
respective concentration-dependent diffusion coefficient D,(c)
is expressed as:*’

1+ 2By 11Mpci + 2By 12 Mp ¢
Di(c) = D?[ 22,11MP.1€1 22,12 Mp 2]
1+ ks,11C1 + ks,lzcz

(11)

The diffusion coefficient at infinite dilution of the first
species is D?. The molar masses of the two individual species
are denoted as Mp; and My ,, respectively.

Second virial coefficient from membrane osmometry
measurements

The molar mass in eqn (8) depends on the degree of dimeriza-
tion in a monomer-dimer equilibrium system like BLG, and
can be represented by:
1 LY
M My
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Here, wy and wp are the weight fractions and My, and Mp
represent the molecular mass of the monomer and the dimer,
with My = 0.5Mp and wy = 1 — wp. If the concentration is
sufficiently low and higher order interactions can be neglected,
the reduced osmotic pressure of a monomer-dimer system is
given by:**
nm 1
RTcw 14+ wpMp

+ By (13)
The weight concentration of the protein is denoted c,. Accord-
ing to Schaink and Smit (2000),>* the weight fraction wp, for an
ideal protein solution is given by:*"

wp =1+ 5 (14)
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By insertion of eqn (14) into eqn (13) and correcting for the
reduced osmotic pressure by subtracting the molecular weight-
dependent term in eqn (13), B,, can be determined in the case
of known osmotic pressure and dissociation constant Kp. When
the molecular weight corrected osmotic pressure is plotted
against the protein concentration, a straight line is obtained
with a y-intercept at zero protein concentration. The slope gives
By

As stated before, if there is more than a single species in the
solution, the second virial coefficient is associated with several
contributions, namely self-interaction as well as
correlations. This could already be seen in eqn (11) and links
this equation to eqn (8), (12) and (13). In the case of membrane
osmometry, a single value for the osmotic second virial coeffi-
cient B,, from a concentration-dependent and molecular
weight-corrected osmotic pressure is obtained from eqn (13),
which includes all contributions from monomer-monomer
interactions By and dimer—-dimer interactions Bpp as well as
monomer-dimer interactions Byp.2'**°° In the case of a
monomer-dimer system, the second virial coefficient consists
of all contributions according to:

Cross-
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Combining eqn (13) and (15) leads to an expression for the
reduced osmotic pressure in a monomer-dimer system accord-

ing to:>?
I 1—w w B B B
_ D, WD) MI\/21+2 MD_Ml\g o
RTCW MM MD MM MMMD MM
Byvim Bvip Bpp 2
+ <MM2 MMMD + W 2> WD | Cw
(16)

Interaction potential from xDLVO-CG calculations

In the present study, we use a recently reported extended DLVO
approach, i.e. XDLVO-CG,>® for the interaction potential W,,(a)
(see eqn (1)) between BLG monomers and dimers. The BLG
protein and protein oligomers are represented by the shape-
based CG model, which is visualized in Fig. 1, Wyy(a) is
calculated as a sum of electrostatic, We(a), dispersion, Wyisp(a),
osmotic, Wyem(@) and ion-protein W; po@), interactions
between the BLG monomers and dimers binary systems:

Waa(a) = Wei(@) + Waisp(@) + Wosm(@) + Wi pror(@)

(17)
Electrostatic interactions are calculated within DLVO
theory”®>* using Debye-Hiickel theory,>® to account for inter-
particle interactions in the presence of electrolytes:

Ny N
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Here, a is the center-of-mass (COM) distance between two
proteins, N; and N, are the total numbers of CG beads of each
protein, d; is the initial distance between beads i and j when
proteins are in starting position, a; is the current (variable)
distance between beads during pulling calculations, ¢ is the
length of water layer around a protein (0.1 nm), ¢, is the relative
permittivity, Z; and Z; are the charges of each bead and « is the
inverse Debye length, which is given by:

_ [2Nae
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I is the ionic strength. The dispersion potential Wy;sp(a), which
is used to describe the attraction forces between macroscopic
uncharged colloidal particles,’® is calculated as a result of the
summation of vdW interactions between CG beads represent-
ing BLG proteins, as can be seen in Fig. 1. Here, these interac-
tions are calculated using the Hamaker constant Ay estimated
experimentally (see in Materials and methods):

(19)
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In addition to the Hamaker-based approach, we calculated B,,

Fig. 1 Coarse-grained representation of BLG monomer (a) and dimer (b)
used to calculate the second osmotic virial coefficient B,, by means of
xDLVO-CG.

using the dispersion interactions based on the Lennard-Jones
potential between BLG molecules (see Fig. S1-1, ESIt).

The osmotic potential Wos,(r) between two proteins due to
salt ions exclusion from the protein interspace at short dis-
tances, which raises local osmotic pressure imbalance and
causes additional attractive interaction between proteins, was
calculated according to eqn (21):*’

Ny N» 1

4TCkB 3 361,7 [l,‘j3
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where D;; is defined by eqn (22) with R; as the mean hydrated
radius of the salt (taken as a sum of anion and cation radii) and
p3 as the salt density:

Dj=d;+R;+o (22)

The last term in the PMF (eqn (17), ie. the ion-protein
potential, describes the total dispersion interaction between
protein and all ions in its surrounding. In this model, the
protein is represented as an ideal sphere with the charge Z, while
ions are placed non-uniformly around the protein sphere according
to the Gouy—Chapman model. The total potential is calculated by
integrating the contributions of each ion according to:

Zanion (@)

Rp+d kgT
da
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where B,nion and Beagion represent the ion-macroion dispersion
coefficients taken from literature,”®* R,, is the protein radius, d
is the thickness of the spherical shell around a protein, in
which ions are placed, Zcation/Zanion are the charges of the
cation/anion, cpyy is the salt concentration and ¢(a) is the



electrostatic potential around a protein sphere with charge Z
calculated from:

72e2e(2R, a)

R\
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Notably, throughout our XDLVO calculations, salt specific ion—
macroion dispersion coefficients are taken in order to calculate
ion-protein dispersion interaction of ions around proteins as a
function of protein COM distance. This is in accordance with
approaches taken in literature.’®°

The second osmotic virial coefficient between the BLG
monomers and dimers was calculated for different sampled
configurations by the numerical integration of the average PMF
according to eqn (25):

1 NA 21 (27 27 (T OO
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Here, Euler angles o,  and y specify orientation and ¢ and 6
angles specify angular orientation of the second protein with
respect to the first protein, which is placed at the center of
coordinate system. M denotes molar mass of the protein, i.e.
of two BLG monomers, of one monomer and one dimer, and of
two dimers for By, Bvp and Bpp, respectively. According to the
reconstructed structure of the BLG (3ph5 code) as described in
the materials and methods, molar mass of BLG monomer of
18182 g mol ' and 18156 g mol " was used for BLG at pH 3
and pH 7, respectively.

Materials and methods
Coarse-grained molecular calculations

The original DLVO model accounts for electrostatic and vdwW
interactions between two charged spherical particles. To gain
an impact of other non-specific PPIs and to account for the
differences in the charge distribution over the protein, we used
a CG representation of monomeric BLG and its oligomers,
which is visualized in Fig. 1.

The all atom structure of BLG was taken from the protein
data bank with the 3ph5 code.®® The chosen structure contains
two BLG units placed in a crystallographic cell, which was taken
to represent the BLG dimer. Both protein units have several
missing residues (chain A: ILE 18, VAL 19, TYR 115, LYS 117,
chain B: VAL 19, THR 20, GLN 21, THR 22, ASP 49). They were
modeled by Swiss Model program.®® The reconstructed struc-
tures were protonated at pH = 3 and pH = 7 using PROPKA
method®” (version 3.3) and PDB2PQR online webserver.®® This
resulted in the charge of the BLG monomer of +18e and
—8e ° at pH 3 and pH 7, respectively (while experimentally
determined charges are +20e at pH 2.5 and —9¢ at pH 7.5).%°
The reconstructed and protonated all-atom structures
were used to map the BLG into the CG representation (Fig. 1;

variant BLG-A). One CG bead equals to approximately 500
atoms of a protein (6 and 12 beads for the BLG monomer
and dimer, respectively) with the center of the bead placed in
the COM of atoms, which constitute each bead, estimated by
the neural network algorithm’® within the shape-based CG
model, implemented in VMD program (version 1.9.3).”" Each
bead has a charge equal to the sum of atomic charges, therefore
depends on the specific protonation state of the BLG residues
represented by a bead. Eqn (20)-(25) were calculated by sum-
ming interactions between the corresponding bead pairs from
both CG-proteins. The PMF and the corresponding B,, were
calculated by the in-house code. Calculations were performed
for BLG monomers, dimers and mixtures at pH 3 and pH 7 with
salt concentrations of 10 mM and 100 mM sodium chloride. A
Hamaker constant of 5.1ksT was taken from experimental data
to calculate the dispersion potential.'”

B,, was calculated by numerical integration of the average
PMF according to eqn (25) and the procedure described by
Pusara et al.>® Conformational sampling of starting protein-
protein configurations was done performing 16 different rota-
tions at each of the 83 starting radial positions, resulting in
1328 starting configurations. Each of them was used for a
separate PMF calculation based on pulling one BLG protein
along a vector connecting the COM of the second BLG protein.
The PMF up to a COM distance of 30 nm was calculated.
Finally, B,, was calculated using an average of all PMFs, which
corresponds to averaging along all different configurations

(eqn (25)).

Umbrella sampling simulations

Umbrella sampling simulations (US) between BLG monomers
at studied experimental conditions were performed using the
CHARMM36m force field’”> and SPC water model”® as imple-
mented in the GROMACS package (version 2019.2).”* All calcu-
lations were performed using periodic boundary conditions
with a rectangular box of the size 18.0 x 9.5 x 9.5 nm®, where
the BLG monomers were aligned to the x-axis with respect to
their center to center distance vector. Structures of the recon-
structed and protonated BLG proteins, as discussed before,
were charge neutralized and used in all further simulations.
Hydrogen atoms at specific pH were added according to
PROPKA method®® (version 3.3) and PDB2PQR online webserver.
Protein protonation states at specific pH were assigned by
PROPKA method (version 3.3) and PDB2PQR online webserver.
Na' and Cl ions were added to fulfill salt concentrations of
10 mM and 100 mM, used in the experiments. All systems were
initially minimized by the steepest descent algorithm during
30.000 steps with position restraints applied to proteins heavy
atoms. Equilibration under canonical (NVT) and later under
constant-pressure (NPT) ensembles at 300 K and for 400 ps per
each were performed using Berendsen thermostat.”> The
Berendsen weak coupling method was also used to isotropically
maintain pressure at 1.0 bar. All simulations were performed
with the timestep of 2 fs. Short-range nonbonded interactions
were cut off at 1.2 nm. The full electrostatic interactions beyond



1.2 nm were evaluated by the particle mesh Ewald (PME
algorithm).”®

To optimize the US setup, pulling simulations along the
x-axis for 1.2 ns using the spring constant of 1000 kJ (mol nm?) *
and a pull rate of 0.005 nm ps ' were performed. This set-up
was applied for all BLG systems except for a solution pH of
3 and a salt concentration of 100 mM sodium chloride. Here,
the spring constant was 1500 kJ (mol nm?) . Proteins were
pulled from their starting position (COM distance of 3 nm) up
to a COM distance of 8.5 nm. The snapshots from the collected
pulling trajectories were used to generate starting configura-
tions for the respective US windows. An asymmetric distribu-
tion of sampling windows was used: the window spacing of
0.0625 nm (or smaller) and 0.125 nm was used for COM
distances shorter than 4.1 nm and longer than 4.2 nm, respec-
tively. In total, 61 US windows were generated. In each window,
the system was equilibrated using NPT ensemble at 300 K and
1 bar for 400 ps with the following 20 ns MD run using NPT
ensemble with Nosé-Hoover thermostat’” and Parrinello-Rah-
man barostat.”® Analysis of all US simulations was performed
with the weighted histogram analysis method (WHAM).”®

Beta-lactoglobulin

BLG AB was isolated from bovine whey protein isolate (Bipro,
Agropur Diary Cooperative Inc., Minnesota, USA). The protein
was isolated according to the method described by Keppler
et al® with slight modifications. The ultrafiltration was
replaced by dialysis against distilled water for 3 days using
BioDesignDialysis Tubing™ (Thermo Fischer Scientific, Waltham
Massachusetts, USA) with a molecular weight cut-off of 14 kDa.
Prior to freeze-drying, the solution was adjusted to a pH of 7
using 100 mM HCI and 100 mM NaOH (Carl Roth GmbH,
analytical-grade, Karlsruhe, Germany). The resulting protein
powder consisted of 97.6% native BLG, 2.0% denatured BLG
and 0.4% a-lactalbumin as measured by HPLC according to
Keppler et al.® According to the reconstructed structure of
the BLG (3ph5 code), the molar mass of BLG monomer is
18182 g mol " and 18156 g mol ' at pH 3 and pH 7, respectively.

Protein sample preparation for analytical ultracentrifugation
experiments

For the determination of the dissociation constant Kp, concen-
tration series of BLG were measured by analytical ultracentri-
fugation. BLG was investigated at a solution pH of 3 and 7 at
salt concentrations of 10 mM and 100 mM sodium chloride
(=99.8%, Carl Roth GmbH, Karlsruhe, Germany), respectively.
Prior to dilution, a highly concentrated BLG stock solution with
a protein concentration of 1000 pM was prepared at a fixed
solution pH and salt concentration and dialyzed against
600 mL of a solution with the same solution pH and salt
concentration to ensure constant ionic strength within each
protein concentration series. Following the protocol by Schuck
et al.,*" the dialysate was changed after 6 hours and dialysis was
continued overnight. Afterwards, the BLG stock solution was
filtered using syringe filters with 0.2 um pore size and a 1:20
dilution was prepared subsequently. The filtered stock solution

concentrations were determined via UV-Vis spectrometry using
a specific extinction coefficient of 17679 cm M *, which was
determined beforehand for a wavelength of 280 nm (see Fig. S2,
ESIt). Protein concentrations between 0.25 pM and 500 puM
were prepared via dilution and measured again with UV-Vis
spectrometry to confirm the protein concentration. In order to
ensure a constant ionic strength within the protein dilution
series, all protein samples were diluted with the respective
dialysate. The pH was adjusted to the desired value by adding
HCI (0.1 M Honeywell™ Fluka™, Thermo Fisher Scientific Inc.,
Schwerte Germany) or NaOH (0.1 M Merck KGaA, Darmstadt,
Germany). All solutions were prepared in deionized Millipore
water with a resistivity of at least 17 MQ cm.

Analytical ultracentrifugation experiments

For all sedimentation velocity (SV) experiments, a commercial
ultracentrifuge, type Optima™ AUC from Beckman Coulter
(Krefeld, Germany), was used. The samples were measured at
a fixed rotor speed of 40000 rpm or 50 000 rpm for 10 hours
until complete sedimentation of all species was observed. The
temperature was kept constant at 20 °C. Depending on the
sample and preparation, the wavelength was adjusted in order
to obtain the optimal signal during the SV experiment. SV
experiments were conducted using centerpieces with an optical
path length of 12 mm or 3 mm in order to adjust the optical
signal. When converting intensity data to absorbance data,
pseudo-absorption of each sample was calculated and analyzed
as described by Kar et al.** Following the protocol by Schuck
et al.,"»®" SV data was first analyzed with the continuous c(s)
model which is implemented in the SEDFIT software (Version
16-1¢).*® The sedimentation coefficient distributions and the
weight-averaged sedimentation coefficients for varying protein
concentrations were determined using the partial specific
volume of 0.751 mL g ' for BLG as calculated from
Sednterp.®® The solvent density and viscosity were set to the
values of the solution at the respective salt concentrations at
20 °C. Determination of the dimer dissociation constant was
subsequently conducted via fitting the isotherms, i.e. weight-
averaged sedimentation coefficient for varying protein concen-
tration at a fixed pH value and salt concentration, using the
software SEDPHAT and following the protocol of Zhao et al.'*®*

Protein sample preparation for membrane osmometry
experiments

For membrane osmometry measurements, BLG stock solutions
with a protein powder content of 40 g L. ' were prepared in
10 mM and 100 mM sodium chloride solution at pH 3 and
pH 7. The stock solutions were stirred for 1 h and stored in a
refrigerator overnight. The samples were diafiltered (AKTA-
Crossflow™, GE Healthcare, Uppsala, Sweden) for precise
adjustment of the ionic strength and the pH value. The volume
of the stock solution was exchanged 10 times with the corres-
ponding, pH adjusted sodium chloride solution. The diafiltra-
tion was performed according to Hundschell et al.>" To remove
any potential protein aggregates, the diafiltered samples were
centrifuged for 30 min at 4 °C and 10000g. The residue was



discarded and the protein concentration of the supernatant was
determined by measuring the absorbance at 278 nm with a
Helios Omega UV-vis spectrophotometer (Thermo Fisher Scien-
tific, Waltham Massachusetts, USA) using a specific extinction
coefficient of 0.96 L (g cm) .

Membrane osmometry experiments

Osmotic pressure measurements were performed at various
protein concentrations as previously described by Hundschell
et al.”* The osmotic second virial coefficient was determined
using eqn (12)-(14).

Results and discussion

Coarse-grained molecular B,, calculations

PPIs between the BLG (BLG-A) monomers and dimers are
highly modulated by the solution pH, resulting in the total
charge per monomer (PROPKA method) of +18e and —8e at
PH 3 and pH 7, respectively. The dimer binding site of BLG,
stabilized by several H-bonds (often five),>" is schematically
depicted in Fig. 2. It is seen that this part of BLG is highly
positively charged at pH 3, therefore, an assembly into dimers
without any salt addition is not possible. This is changed after
an increase of the salt concentration, which is analyzed subse-
quently. The interaction potential (see eqn (17), which we
calculated to derive B,,, consists of several potentials. Fig. 3
depicts the contribution of the electrostatic and the dispersion
interactions at different pH values and salt concentrations to
the overall interaction potential. We see the highest contribu-
tion of the electrostatic repulsion, which drops down signifi-
cantly when increasing the salt concentration from 10 mM to
100 mM sodium chloride, especially at pH 3. Strong reduction
of the repulsion occurs at higher salt concentration and upon
increasing the solution pH. At the same time, the strength of
the dispersion interactions, calculated using the Hamaker
constant (see eqn (20) and the Lennard-Jones potential (see
Fig. S1-1, ESI}) is one order of magnitude lower, suggesting the

Fig. 2 Graphical representation of the charge state of the BLG monomer
and dimer as a function of the solution pH. The dimer binding site is
indicated. The electrostatic potential was calculated using an Adaptive
Poisson—Boltzmann Solver (APBS)®* with a default grid dimension, as
implemented in the APBS software.
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Fig. 3 Interaction potential W>,(a) as a function of the protein—protein
COM distance. The electrostatic interaction potential (We) is shown for a
salt concentration of 10 mM sodium chloride (solid lines) and 100 mM
sodium chloride (dashed lines) at pH 3 (in green) and pH 7 (in blue)
alongside the contribution from dispersion interactions (marked in red).

dominant role of the non-specific electrostatic interactions
between the BLG proteins.

Similar trends were also observed in the case of the mono-
mer-dimer and dimer-dimer interactions. This observation is
in line with the reported change of the PMF upon increase of
the salt concentration, which was shown by MD simulations in
combination with a Reference Interaction Site Model three-
dimensional (3D-RISM) solvent model.””

The contribution of the ion-protein interactions and the
osmotic-pressure imbalance, i.e. osmotic potential, to the PMF
at low salt concentrations, as are used in the present study, are
negligible. The strength of these potentials is in the range of
~10 ** J and 10 %2 J at salt concentrations of 10 mM and
100 mM sodium chloride, respectively. The local density distribu-
tion and binding of Cl anions by charged residues, responsible for
the charge screening of the positive charge of BLG at pH 3, was
shown by Srivastava et al.”’” Finally, upon an increase of the solution
pH and the ionic strength, the surface charge of the BLG protein
changes (see Fig. 2), which causes different PPI patterns and the
interplay between non-specific and specific interactions. Moreover,
there is a further change of the ratio between electrostatic repulsion
and attractive vdW forces. The theoretically calculated values for B,,
can be seen in Fig. 4.

The dependence of B,, on the salt concentration within the
BLG system is slightly different for monomer-monomer,
monomer-dimer and dimer-dimer interaction (with a larger
difference at pH 3). However, all B,, values at salt concentra-
tions of 10 mM and 100 mM sodium chloride are rather similar,
indicating an equilibrium state. Notably, both monomers and
dimers tend to bind Cl ions by the charged residues with the
same affinity,”” resulting in the similar mechanism of the
screening the electrostatic repulsion. The values for B,, are
listed in Table S1 (ESIt). In Fig. 4(a and b), we observe the
typical decrease of B,, upon increase of the salt concentration,
as the electrostatic repulsion is screened and the attraction
between BLG monomers drives the dimer formation. However,
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Fig. 4 Osmotic second virial coefficient B,, as calculated using xDLVO-
CG for BLG monomer—monomer, monomer—dimer and dimer—dimer
interactions as a function of the salt concentration at pH 3 (a) and at
pH 7 (b).

all B22 values at salt concentrations of 10 mM and 100 mM
sodium chloride are rather similar, indicating similar strength
of non-specific interactions between monomers and dimers.
Moreover, the decrease of B,, as a function of the ionic strength
is significantly steeper at pH 7, promoting protein assembly.
This is caused by the differently charged states of BLG with a
lower contribution from repulsion. Due to the lower BLG
charge at pH 7, hence reduced repulsion screening, we further
observe B,, values ~0 mol (mL g?) ' at higher sodium chloride
concentrations at pH 7. This does not occur at pH 3 due to the
lower BLG charge at pH 7 and, hence reduced repulsion screen-
ing. Values of B,, for BLG monomers, dimers and mixtures are
rather similar at pH 7 and pH 3.

A traditional DLVO approach lacks the adequate charge
distribution over a spherical particle (one protein-one particle
with a point charge). It should be noted that the traditional
DLVO approach overestimates the second virial coefficients of
all species considered by a factor of ca. 1.5-2.5 at pH 3 and even
by a factor of 3 at pH 7 (see Fig. S1-2, ESIt) due to the lack of
adequate charge distribution and anisotropy over a spherical
particle (one protein—one particle with a point charge) that is

accounted for in XDLVO-CG calculations (see Fig. S1-3, ESIT).
All-atom and coarse-grained MD simulations overestimate
protein-protein binding affinities.*” Finally, within this manu-
script, we provide a detailed insight into the nature of PPI
interactions and develop a methodology to quantify non-
specific interactions as well as their impact on the specific
PPIs. So far, the extent of non-specific interactions was theore-
tically quantified using an XDLVO-CG approach. Our simula-
tions revealed a strong dependence of the non-specific
interactions on the electrostatic properties, as has been demon-
strated in Fig. 3 and 4. Moreover, the chemical nature of the
dimer binding site was demonstrated.

Dimer dissociation constant from analytical
ultracentrifugation experiments

For the determination of the dimer dissociation constant via
AUC experiments, a BLG concentration series was prepared
for each solution pH (pH 3 and pH 7) and salt concentration
(10 mM and 100 mM sodium chloride). For each combination
of solution pH and buffer concentration, the sedimentation
and diffusion properties were determined from SV-AUC
experiments.

Sedimentation profiles for a solution pH of 7 and a salt
concentration of 100 mM sodium chloride with a BLG concen-
tration of 55 umol L " are provided in Fig. 5(a). Sedimentation
coefficient distributions for the BLG system for a solution pH of
7 at different protein loading concentrations are shown in
Fig. 5(b). The presence of sedimentation non-ideality® is
already visible in the data and indicated by minor shifts in
the sedimentation coefficient distribution at different BLG
concentration, as can be seen in Fig. 5(b). Moreover, a shift
of the ratio of BLG monomers to dimers becomes obvious from
the plot in Fig. 5(b), depending on the BLG loading concen-
tration. Notably, sedimentation coefficient distributions for the
BLG system for a solution pH 3 and 7 at different salt concen-
trations are shown in the left panel of Fig. S3 (ESI) in order to
illustrate the pH and salt concentration dependence of the
dimer dissociation.

Following the protocol by Schuck et al,*" all SV-AUC data
sets were analyzed with respect to the weight-averaged sedi-
mentation coefficient. For a fixed solution pH and salt concen-
tration, the weight-averaged sedimentation coefficient as a
function of the BLG loading concentration provides the monomer—
dimer equilibrium. Each isotherm, i.e. weight-averaged sedimenta-
tion coefficient for various protein concentrations,®* contains
information about the dissociation of the dynamically interacting
system. Determination of the dimer dissociation constant K, was
subsequently conducted via fitting the isotherms using the software
SEDPHAT." Notably, the dissociation constant is directly linked to
the dissociation energy, which will be discussed in a later section of
this manuscript. Notably, during the data analysis in SEDPHAT, we
kept the value of k, constant at a value of 10 mL g *, which reflects
the excluded volume for globular proteins.®' Moreover, in order to
test the influence of hydrodynamic interactions on the retrieval of
the dimer dissociation constant Kp,, we treated the Gralen coeffi-
cient ks as a floating parameter during the analysis in SEDPHAT.
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Fig. 5 (a) Exemplarily measured sedimentation profiles as obtained from

AUC experiments for a solution pH of 7 and a salt concentration of
100 mM sodium chloride and a protein concentration of 18 pmol L2
Data acquisition was carried out at a wavelength of 280 nm. The color
code indicates the course of the sedimentation profile over time.8®
(b) Retrieved sedimentation coefficient distributions for BLG in water at
pH 7 and a salt concentration of 100 mM sodium chloride at various
protein loading concentrations. The sedimentation data was analyzed
using the c(s) model.** The plot was created using GUSSI.8°

We found for the concentration range within the isotherms no
significant difference from the value reflecting the excluded
volume.®* Almost identical values for the dissociation constant Ky,
were retrieved from the analysis with floating and constant ;.
Therefore, we continued the determination of the dissociation
constant with a constant value for the Gralen coefficient.
Moreover, the influence of hydrodynamic non-ideality
further explain the minor difference between the fitted iso-
therm and the measured data at elevated protein concentra-
tions, as the influence of hydrodynamic non-ideality increases
at higher protein concentrations. Finally, our experimentally
determined isotherms are graphically shown in Fig. 6 for a
solution pH of 3 and 7 at a salt concentration of 100 mM
sodium chloride and a solution pH of 7 at a salt concentration
of 10 mM sodium chloride. Notably, the measured isotherm at
a solution pH of 3 and a salt concentration of 10 mM sodium
chloride did not follow the expected trend (see right panel of

Fig. S3, ESIT). Consequently, we were not able to analyze this
isotherm with respect to Kp. This observation is attributed to a
significant influence of the primary charge effect throughout
the AUC experiments, which can be explained as follows. The
difference in sedimentation velocity of charged particles and
their respective counter ions is the origin of the primary charge
effect. This effect is more important for technical conditions at
a low ionic strength, which is the case for our system at a salt
concentration of 10 mM sodium chloride."**° In the context of
our results, the total number of charges in the system are
determined by the BLG loading concentration as the charge
screening is significantly reduced at the salt concentration of
10 mM sodium chloride. Thus, the influence of the primary
charge effect scales with the BLG loading concentration, which
makes analysis of the weight-averaged sedimentation coeffi-
cient for varying protein loading concentration with respect to
dimer dissociation impossible at a solution pH of 3 and a salt
concentration of 10 mM sodium chloride, as can be seen in the
right panel of Fig. S3 (ESIt).

The dimer dissociation constants for the three other
solution conditions were analyzed and the retrieved values
are provided in Table 1. Notably, the confidence intervals for
the calculation of the error bars were set to 68%: the statistical
errors were calculated using Monte Carlo simulations based on
the provided confidence interval. From the plot, it can be taken
that the dimer dissociation depends on the solution pH, which is
directly in line with a previous AUC study on genetically modified
BLG systems.”® While dimers predominantly form at pH 7, dimer
dissociation is stronger at pH 3. This is further in agreement with
the results from Mercadante et al.®” In this work, it was shown how
the BLG dimerization is significantly influenced by the buffer type
and concentration over a broad range of solution pH values. As
already pointed out, the dimer dissociation is further influenced by
the ionic strength, which is caused by the strong modulation of
PPIs, necessary for subsequent dimerization, and by the charge
state of the protein. This can further be related to the protein CG
model in Fig. 2, which indicated a high charge density at the dimer
binding site. In this context, Gottschalk et al.'® studied the salt-
dependent monomer-dimer equilibrium and revealed a significant
difference between no addition of salt and a 1 M sodium chloride
solution. The authors show an essentially monomeric state in the
absence of salt and a solution pH of 2.5 while dimerization is
observed at a salt concentration of 1 M sodium chloride.'®

Notably, it was not possible for the investigated range of
concentrations by AUC to retrieve the osmotic second virial
coefficient directly from experimental data, hence we restrict
our AUC analysis of the BLG system to the retrieval of the dimer
dissociation constant and exclude the determination of the
second osmotic virial coefficient with respective self and cross-
term interactions (see e.g. eqn (10) and (11)). This is attributed
to the fact that we experimentally investigate a mixture of two
BLG variants (A and B), since BLG is considered a relevant
protein in food technology as a milk protein.?°

Therefore, while the number of self-interaction terms
significantly increases (e.g. A-A, AA-AA, B-B, AB-AB, etc.), the
cross-term interactions in eqn (10) and (11) would involve at
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Fig. 6 Weight-averaged sedimentation coefficients as measured by AUC experiments versus BLG loading concentration. The isotherms are determined
for different solution conditions: (a) pH 3 with a salt concentration of 100 mM, (b) pH 7 with a sodium chloride concentration of 100 mM and (c) pH 7 at a
salt concentration of 10 mM sodium chloride. Each isotherm is fitted using the software SEDPHAT in order to determine the dimer dissociation constant.
Notably, beyond protein concentrations of 107 M, the influence of non-ideality phenomena is strongly increased,®! thus extrapolation of the

isotherms is not possible and cannot be interpreted in a physical manner.

Table1 The dimer dissociation constant as obtained from fitting of the isotherms, which are determined from AUC experiments. The dimer dissociation

constants are provided as a function of solution pH and salt concentration.

At a solution pH of 3 and a salt concentration of 10 mM sodium chloride, the

AUC experiments are influenced by charge effects. The values for the dimer dissociation constant based on a confidence interval of 68% are provided

pH 3 pH 7
NaCl concentration 10 mM 100 mM 10 mM 100 mM
Dimer dissociation/pM Strong charge effects 29.2 19.3 2.1
Confidence intervals 68%/uM NA/NA 27.6/31.2 18.1/20.6 2.1/2.3

least eight terms (e.g. A-AA, A-AB, etc.). Therefore, it is not
possible to analyze these interactions from SV-AUC data when a
high number of unknowns are included in additional terms in
eqn (10) and (11). Moreover, we point out that the heterogeneity
of the species contribute to the broadening of the sedimenta-
tion boundary, which directly influences the sedimentation
analysis with respect to the second virial coefficient. Notably,
the hydrodynamic non-ideality constant k; remains an effective
constant representing the hydrodynamic non-ideality of both,
the BLG monomer and the dimer as well as their cross-terms.
Furthermore, a recent analysis of self-interaction and cross-
term interactions for therapeutic antibodies in a highly con-
centrated environment via SV-AUC experiments by Correia et al.
has shown that the absolute values of the retrieved individual
cross-terms do not show significant variations in direct com-
parison (variation by 5-10%)."%® Such small differences can-
not be resolved from our SV-AUC data. In this context, it was
further shown that an extensive systematic study via SV-AUC
over a broad range of protein loading concentrations with
different detection systems, such as the Aviv AU-FDS optical
system, is required to study the wide range of protein interac-
tions, which eventually provides insight into self and cross-
term interactions."”

We rely on the determination of the second osmotic virial
coefficient from membrane osmometry measurements, which
relies on the determination of the dimer dissociation constant
from AUC. Our approach aims to establish an experimental

protocol for the determination of PPIs for dynamically inter-
acting systems such as the complex system with BLG mono-
mers and dimers. The measured dissociation constant Kp by
AUC thus represents the equilibrium of BLG monomers and
dimers as defined in eqn (3).

Determination of the osmotic second virial coefficients from
membrane osmometry experiments

Following the results from AUC experiments for each combi-
nation of solution pH and salt concentration, the reduced
osmotic pressure was determined from membrane osmometry
measurements for various BLG loading concentrations. Our
results are presented in Fig. 7(a). Evidently, the extent of the
concentration-dependency varies with the combination of
solution pH and salt concentration, thus the nature of the
electrostatic properties. The extent of the non-specific interac-
tions was quantified by fitting eqn (13) to the molecular weight
corrected reduced osmotic pressure for various BLG loading
concentrations, which is only possible in case the dimer
dissociation constant is known. For each solution pH and salt
concentration, the dimer dissociation constant was taken from
Table 1 as measured by AUC. For a solution pH of 3 and a salt
concentration of 10 mM sodium chloride, the dimer dissocia-
tion constant was taken from literature.>® Notably, the dimer
dissociation constant K can be estimated to be in the order of
250 pM from our plot in Fig. S3 (ESIT). Assuming values for the
dimer dissociation constant Ky between 50 uM and 1000 uM
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Fig. 7 (a) Experimentally determined molecular weight-corrected osmo-

tic pressure for concentration-dependent molecular weight for BLG in
sodium chloride solutions as a function of protein loading concentration.
Results are shown for different pH values and salt concentrations. (b) The
osmotic second virial coefficient B, for different pH values and sodium
chloride concentrations. The coarse-grained xDLVO calculations provide
values for monomer—-monomer (M—-M), monomer—dimer (M-D) and
dimer—dimer interactions (D-D). Experimental values are retrieved from
a combination of the results from AUC and membrane osmometry (green
bars). For a solution pH of 3 and a salt concentration of 10 mM sodium
chloride, the dimer dissociation constant for the calculation of the osmotic
second virial coefficient was taken from literature.

has only little impact on the evaluation of B,, from membrane
osmometry data, since the impact of B,, on the reduced osmotic
pressure is strong in comparison to the dimer dissociation constant
Kp in the evaluated protein concentration range.

The influence of non-specific interactions and dimerization
due to specific interactions on the reduced osmotic pressure
can be seen in Fig. S4-1 (ESIt). Non-aggregating macromole-
cules with absent or balanced repulsive and attractive interac-
tions yield a straight line with a slope of zero. In the case of
pronounced attractive or repulsive intermolecular interactions,
a negative or a positive slope is observed, respectively. This is
true if the protein concentration is sufficiently low and higher
order interactions can be neglected. If, additionally, protein
oligomerization occurs, the concentration dependence of the

osmotic pressure can no longer be described as a linear
function, even at low protein concentrations. For the case of
BLG, the decrease of the osmotic pressure due the increase of
the dimerization at higher protein loading concentration is
superimposed with the influence of binary intermolecular
interactions. Since the number of dimers asymptotically
approaches a maximum (100%), the number of particles
changes less with increasing concentration. Therefore, dimer
dissociation directly affects the molecular weight-corrected
reduced osmotic pressure at low protein concentrations. This
can be observed especially in systems with less pronounced
PPIs (see Fig. 7(a) for pH 3, 100 mM; pH 7, 10 mM and
100 mM). Here, dimerization induces an initial decrease in
the reduced osmotic pressure. Since the monomer-dimer ratio
is less dependent on the protein concentration at higher
protein concentrations, an approximately linear dependence
of the reduced osmotic pressure is observed, which is largely
determined by the extent of non-specific PPIs. To account for
the influence of dimerization, the reduced osmotic pressure
needs to be corrected in terms of the concentration-dependent
molecular weight. Since the osmotic pressure is corrected for
specific interactions, a linear fit is obtained as shown in
Fig. 7(a). Here, the slope corresponds to B,,. The measured
B,, from membrane osmometry are presented in Fig. 7(b).
Moreover, we see that the theoretically calculated values using
XDLVO-CG and the experimentally measured osmotic second
virial coefficients correlate well. Evidently, B,, significantly
depends on the charge state of the system, hence higher B,,
values are obtained at pH 3 than at pH 7. As stated before, the
charge screening reduces the extent of the non-specific inter-
actions, which is controlled through the salt concentration.
These findings are directly in line with literature.'*>*

In addition, the measured values for B,, from membrane
osmometry reveal a strong contribution from dimer-dimer
interactions, when comparing with the theoretical predictions.
This observation is in line with the fact that the monomer-
dimer equilibrium is predominantly shifted towards dimers at
protein concentrations above 2.5 g L ', which has been
revealed by our AUC measurements. This is further visualized
in Fig. S5 (ESIT), which shows the theoretical weight fraction of
BLG monomers and dimers for an equilibrium constant of
39.7 uM. Therefore, considering eqn (15), the slope from
molecular weight-corrected osmotic pressure in Fig. 7(a) is
strongly influenced by dimer-dimer interactions, which is
directly reflected by our results.

We have further supported our argument by theoretical
calculations of the osmotic second virial coefficient for various
protein concentrations based on eqn (15), which is presented in
the left panel of Fig. S4-2 (ESIT). For the calculations, the values
for the self-interactions By, Bpp as well as the cross-term
interactions Byp were taken from the XDLVO-CG calculations,
which are presented in Fig. 7(a). The results from Fig. S4-2
(ESIY) reveal a strong decrease of the second virial coefficient at
small protein loading concentrations (below 2 g L ') and a
further minor decrease of the second virial coefficient with
increasing protein loading concentration. These observations



support the argument that our reported experimentally deter-
mined second virial coefficients are strongly influenced by
dimer-dimer interactions.

Moreover, XDLVO-CG calculations reveal a similar extent of
the intermolecular interactions between BLG monomers and
dimers as well as their cross-correlation. Notably, this result is
in line with our argumentation of the similarity of the indivi-
dual terms of cross-term interactions and findings in literature
from AUC experiments.”® Furthermore, B,, for monomer-
monomer interactions is the highest for a solution pH of 3,
which is attributed to the strongest repulsion PPIs due to the
charged state of the protein and less pronounced dimer for-
mation via the dimer binding site, as can be seen in Fig. 2.
Similarity of the osmotic second virial coefficients for BLG may
be attributed to the fact that interactions between monomer-
monomer, monomer-dimer and dimer-dimer are in the same
order of magnitude, thus cross-correlations influence the
experimental methods only to a minor extent. Moreover, either
BLG monomers or BLG dimers are predominantly present, thus
a small contribution from higher oligomers does not influence
the experiments.

Finally, we have calculated the molecular-weight reduced
osmotic pressure for various protein concentrations based on
eqn (16), which is presented in the right panel of Fig. S4-2
(ESIT). While minor experimental uncertainties prevent a direct
comparison of the theoretical and experimental data, the slope
of the theoretical curves are in line with our experimental
results from Fig. 7(a). Notably, all protein concentrations in
Fig. 7(a) are provided as weight concentration. This is due to
the fact that the data must be in accordance with eqn (13) for
the evaluation, which requires c, as protein weight concen-
tration. Moreover, a direct determination of self-interaction
terms By and Bpp and cross-term interactions Byyp from the
experimental data was not possible as fitting of the data is
associated with too many fitting parameters and minor experi-
mental uncertainties in the measured osmotic pressure.

Following our results from Table 1 and Fig. 7, we believe to
have provided a comprehensive tool to determine the extent of
PPIs for the dynamically interacting system BLG with a
concentration-dependent monomer-dimer equilibrium by a
combination of AUC and membrane osmometry measure-
ments. We show the determination of the osmotic second virial
coefficient based on a molecular weight-corrected reduced
osmotic pressure as a function of the protein loading concen-
tration. In this context, our experimental protocol allows the
quantification of the effect of self-dissociation, charge-charge
interactions and vdW interactions at the same time. Notably,
the measured second virial coefficients show positive values,
which indicates global repulsive protein-protein interactions.*?

Relationship between the osmotic second virial coefficient and
the dimer dissociation energy

In the final part of this manuscript, we aim towards relating
non-specific protein interactions and dimer dissociation from
an experimental as well as theoretical point of view. The extent
of specific interactions for the BLG system was retrieved from

free energy calculations using the US technique. The Gibbs free
energy AG is directly related to the dimer dissociation constant
through the following relationship:*®

AG = RTIn(Kp) (26)
From eqn (26), it is evident that the dissociation energy directly
scales with the thermal energy kz7T. The free energy of the BLG
monomers is significantly promoted at pH 7 and the BLG
binding energy is —8.3 kcal mol ' and —6.9 kcal mol " at salt
concentrations of 10 mM and 100 mM sodium chloride,
respectively, as can be seen in Fig. 8(a). These values correlate
well with the available experimental data.®* The binding free
energy of the BLG dimer at pH 3 is less favorable, approximately
—4.2 kecal mol ' at a salt concentration of 100 mM sodium
chloride and shows less pronounced dimerization. It is worth
noting that at this buffer condition, the binding of the BLG still
has an attractive character, therefore, both forms of BLG are
present.
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Fig. 8 (a) Free energy of BLG dimerization at different studied solution

conditions obtained from umbrella sampling simulations at 300 K and
atmospheric pressure. (b) Second virial coefficient from membrane osmo-
metry as a function of the dissociation energy as determined from SV-AUC
(red circles). The experimental results are compared with the theoretical
results from xDLVO-CG (B;,) for monomer—monomer interactions and
MD/US simulations for the Gibbs free energy (black circles).



Notably, this is in accordance with results from AUC experi-
ments, as can be seen in Fig. 5. Contrary to that, if the salt
concentration is lower (green curve in Fig. 8(a), ie. 10 mM
sodium chloride, dimerization of the BLG is suppressed and
higher amounts of BLG monomers are present. The binding
energy of the BLG dimer in this case is positive (+1.2 keal mol ),
therefore, the formation of the BLG dimer is thermodynami-
cally unstable. Finally, we summarize our theoretical predic-
tions from xDLVO-CG (B,, coefficients) and MD simulations
with US free energy calculations (AG) in Fig. 8(b). Notably, all
umbrella sampling histograms and calculated PMF are pro-
vided in Fig. S6 and S7 (ESIt).

For a comparison of theoretical and experimental results,
our measured dissociation constants (Table 1) were converted
to Gibbs free energy using eqn (26). To establish the relation-
ship between B,, and dissociation constant of BLG system, we
combined the experimental data for the non-specific interac-
tions from membrane osmometry, which are represented by
the second virial coefficient and the measured dimer Gibbs free
energy, which is provided in Fig. 8(b). Notably, we did not
consider the data point for a solution pH of 3 and a salt
concentration of 10 mM sodium chloride for two reasons. First,
we could not directly measure the dissociation constants by
AUC due to a significant influence of charge effects. Second,
this data point is within the thermodynamically unstable
region, as shown by our free energy calculations.

Finally, our results depicted in Fig. 8(b) can be interpreted as
follows. On the one hand, the osmotic second virial coefficient
relates to the dissociation energy and significantly decreases
with an increase of dissociation energies (i.e. higher binding
energy). Conclusively, the osmotic second virial coefficient can
be qualitatively used as a predictor for protein dissociation.
Notably, a similar relationship for the second osmotic virial
coefficient is established in the context of protein solubility.
Moreover, as the supersaturation is directly related to the
crystallization, the second osmotic virial coefficient serves as
a measure for protein crystallization.>*°° °> In our manuscript,
we point towards establishing a relationship to controlled
protein oligomerization.

Furthermore, our experimentally determined values for the
Gibbs free energy lie within the thermodynamically stable
region for the dimerization. However, the theoretically calcu-
lated binding free energies quantitatively match our experi-
mental results only at specific experimental conditions, i.e. pH
of 7 and 100 mM sodium chloride. Discrepancies between other
values of binding energy are attributed to the limited accuracy
of density fluctuations of salt ions around protein macromole-
cules during in silico free energy calculation. Moreover, while
our experimental results are based on a mixture of two BLG
variants (A and B), our simulation were conducted for a single
variant A. Minor differences are further attributed to a small
difference in temperature during experiments, which directly
affects the solution density, hence the sedimentation properties
through the product of the partial specific volume of the
proteins and the solution density (see eqn (4)). Therefore, the
final conclusions can only be drawn in a qualitative manner.

Conclusions

In this manuscript, we studied the dynamic monomer-dimer
equilibrium of BLG with two variants (A and B) with respect to
PPIs based on a unique combination of AUC and membrane
osmometry measurements. While the dimer dissociation constant
is provided from AUC experiments, the molecular weight-corrected
osmotic pressure from membrane osmometry provides the second
osmotic virial coefficient for the dynamically interacting system
BLG. With this protocol at hand, both specific and non-specific
PPIs between BLG species were investigated at a solution pH of 3
and 7 and two salt concentrations in order to mimic technical
conditions, namely 10 mM and 100 mM of sodium chloride. While
specific interactions were accounted for by the dissociation con-
stant as measured by SV-AUC, we determined the extent of non-
specific interactions with the osmotic second virial coefficient by
means of membrane osmometry. Data analysis revealed a strong
dependence of the dimer dissociation on the charge state of the
protein, which is controlled by the solution pH. These findings are
in line with literature. Our measured values agree well with
predictions from an extended XDLVO-CG approach, which was
applied to calculate PPIs between BLG at different solution condi-
tions and charge states from B,, coefficients. With this unique
combination of the two techniques, we provide an experimental
protocol to study specific interactions, ie. dimerization and non-
specific interactions at the same time for a dynamically interacting
system such as BLG. Finally, we evaluated our experimental
approach by analyzing the relationship between the osmotic sec-
ond virial coefficients, which represents the extent of non-specific
intermolecular interactions, and to the BLG dimer dissociation
constant.

In order to predict the binding free energies of the BLG
oligomerization, umbrella sampling simulations were per-
formed. A thermodynamically stable and unstable region was
revealed by the extent of the binding energy. Finally, a compar-
ison of the experimentally measured and theoretically calcu-
lated Gibbs free energies was possible in a qualitative manner.
As the contribution of the osmotic pressure of the solution is
proportional to the number of molecules in solution, this is
further directly related to the dimerization constant. Therefore
a relationship of the two phenomena was addressed in our
manuscript. Our experimental protocol aims towards enabling
the determination of the osmotic second virial coefficient,
which will serve as a predictor for the BLG protein dissociation.
This conclusion points towards establishing a structure-prop-
erty relationship for controlled prediction of protein oligomer-
ization. Finally, the study of genetically modified BLG variants
may serve as a promising model system for further studies
including the application of AUC to the determination of the
second virial coefficient with a specific focus on the determina-
tion of cross-term interactions.
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