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Abstract

The stability of aqueous protein solutions is strongly affected by multivalent ions,
which induce ion-ion correlations beyond the scope of classical mean-field theory. Using
all-atom Molecular Dynamics (MD) and coarse grained Monte Carlo (MC) simulations,
we investigate the interaction between a pair of protein molecules in 3:1 electrolyte
solution. In agreement with available experimental findings of “reentrant protein con-
densation”, we observe an anomalous trend in the protein-protein potential of mean
force with increasing electrolyte concentration in the order: (i) double-layer repulsion,
(ii) ion-ion correlation attraction, (iii) over-charge repulsion, and in excess of 1:1 salt,
(iv) non Coulombic attraction. To efficiently sample configurational space we explore
hybrid continuum solvent models, applicable to many-protein systems, where weakly
coupled ions are treated implicitly, while strongly coupled ones are treated explicitly.
Good agreement is found with the primitive model of electrolytes, as well as with

atomic models of protein and solvent.



Introduction

The stability of protein suspensions, which is at the core of many biotechnological appli-
cations, is determined by inter-protein interactions. Among the factors influencing those
interactions, the concentration and the nature of the ions present in solution is of a par-
ticular importance. The classic way of representing interactions in protein solutions is by
using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which takes into account the
influence of ions through the Debye length. However, DLVO theory is known to to fail in
the case of multivalent counterions. »? Several experimental findings have proven this, one of
which being the charge inversion phenomenon: a charged macromolecule (macroion) in an
oppositely charged multivalent “ions” (Z-ions) solution can bind enough ions to reverse the
sign of its own net charge.®* This has been observed for a variety of macromolecules and
ions, such as latex particles, polyelectrolytes, DNA, proteins, multivalent ions and surfac-
tant micelles.*® The mechanism relies mainly on strong spatial correlations between ions
adsorbed at the surface of the macromolecule, a feature which is not taken into account by
generic mean-field theories. ! 314716

Human Serum Albumin (HSA) is a 585 residues long, 66.5 kDa protein, which is involved
in the transport of diverse molecules in blood plasma.” HSA solutions undergo reentrant
condensation upon addition of trivalent salts (YCl, LaCl;, FeCly, or AlCL,).'8 20 That is,
upon increase of the trivalent salt concentration, protein aggregation is first observed, then
redissolution of the samples occurs. This anomalous trend, caused by charge reversal, has
been shown to be able to induce clustering, liquid-liquid phase separation or crystalliza-
tion. 121821725 The ability to control the phase behavior of protein dispersions show promising
opportunities, for example for the production of high quality protein crystals, required for
protein structure determination.

Here, we investigated the interactions between yttrium (Y**) ions and HSA molecules,
as well as how yttrium modulates HSA-HSA interactions, using numerical simulations with

three different models: an all-atom model, a coarse-grained model, and a colloidal model.



Using different levels of detail enabled us to probe the specificity of the interaction between
Y3" and the carboxylic groups of HSA, as well as the protein charge reversal occurring
with increasing Y** concentration (related to reentrant condensation), and the influence of

monovalent ions on the Y*"-HSA and HSA-HSA interaction free energy.

Methods

To study ion-protein, protein-protein, and colloid-colloid interactions we use three levels of
molecular detail — see Table 1 for an overview. Statistical mechanical averages for each model
are obtained using either Molecular Dynamics (MD) or Monte Carlo (MC) simulations as
described below.

Table 1: Simulation models used to study ion-protein, protein-protein, and
colloid-colloid interactions in 3:1 electrolyte solution.

Atomic Model Coarse Grained Model Colloidal Model
Technique Molecular Dynamics | Monte Carlo Monte Carlo
Ensemble NPT NVT NVT
Ntotal 0(105) 0(103) 0(102)
Nmacromol 1 1-2 2
Solvent Explicit Implicit Implicit
Trivalent Ions () | Explicit Explicit Explicit

Monovalent Ions

Implicit / Explicit Implicit / Explicit
> ) : > N N
»

Atomic Protein Model

We performed 100 ns molecular dynamics (MD) simulations (after 1 ns of equilibration)
of a single HSA molecule (PDB: 1N5U%6), described with the OPLS/AA force field,?” in
0.5 M aqueous solution of YCI3. The unit cell contained one protein molecule, neutralized

by 262 Y** cations?® and 767 Cl™ anions, and 29093 SPC/E? water molecules. The initial



box length was approximately 10 nm. To approximately account for electronic polarizabil-
ity, a charge-scaling procedure was adopted and all ions were scaled by 1/,/o = 0.75, ¢

30,31 Electroneutrality of

being the electronic (high-frequency) dielectric constant of water.
the system was kept by a modification of N-terminus and C-terminus charge of the protein.
Periodic boundary conditions were used with long range electrostatic interactions beyond
the nonbonded cutoff of 10 A accounted for using the particle-mesh Ewald procedure®? with

t33 and Parrinello-Rahman?3* baro-

a Fourier spacing of 1.2 A. The Nose-Hoover thermosta
stat with temperature of 298 K (independently controlled for protein and water phase) and
pressure of 1 atm was used. The LINCS algorithm?® was employed to constrain all bonds
containing hydrogen atoms, while all water bond lengths were constrained using the SETTLE

method.3® The time step was 2 fs and all MD simulations were performed with GROMACS

4.0.7.%7

Coarse Grained Protein Model

The atomic HSA structure is coarse grained to the amino acid level where each residue is
treated as a soft sphere that can be either neutral or charged, depending on the type of
amino acid and the solution pH. The pH is 7.0 in all simulations, giving a protein net charge
of —8.0e. The solvent is a dielectric continuum while trivalent cations are included explicitly.
For sampling the angularly averaged two-body protein-protein distribution function, g(r),
the remaining monovalent counter-ions, N, = Z,,6t Nprot + 3Nui, are accounted for via the
Debye screening length, \p = 1/k = (eoe,kgT/N.V~1)/2. Previous studies on electric
double layers have shown that this mixed description of explicit and implicit salt is in good
agreement with the exact solution to the primitive model.?® The Hamiltonian is composed
of an electrostatic and a Lennard-Jones part,

S $ e [(m) (2]

i j=it+1 T T T
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where N is the number of interaction sites, § = 1/kgT is the inverse thermal energy, A\ =
Be? [Amege, = 7.12 A is the Bjerrum length at T = 298.15 K, ri; is the distance between the
1th and jth particle, e is the elementary charge, €, is the vacuum permittivity, €, is the relative
permittivity of the medium, €;; is the depth of the LJ potential, and o3 is the finite distance at
which the inter-particle potential is zero. The Lorentz-Berthelot mixing rule is applied so that
€ij = \/Eii€jj, and 0y = (04 + 045) / 2. The 045 values for protein residues and ions are given
in Table 2. For the former, the parameters have been obtained by fitting to experimental
virial coefficients for lysozyme and they, without further adjustment, well represent phase
equilibria of concentrated protein miztures.?® The salt parameters reproduce experimental
activity coefficients in bulk electrolyte solution up to molar concentration,*® and for the
particular value of oys+cpo-, please refer to the section “Results and Discussion - Ion-Protein
Surface Interaction”. This relatively simple, semi-empirical Hamiltonian allows us to use
experimental constraints to, on average, maintain a realistic balance between electrostatics
and short-range attraction between the proteins. The latter may incorporate van der Waals
and hydrophobic interactions and, of course, for improved quantitative agreement, or for

strongly hydrophobic proteins, a more advanced Hamiltonian could be applied.

Table 2: Lennard-Jones parameters used for the coarse grained protein and salt
model. Radii, 0;;/2, of amino acid residues are estimated from their molecular
weights, M, using p = 1 g/mol/A?, and range between 3.3-4.6 A.

Tii)ij (A) €i/ij (kpT) Reference
Residues  (6M,,/mp)*3  0.05 39
Y3*COO 2.2 1.6 see text
Na™ 3.8 0.005 40
Cl 3.4 0.005 40

Two proteins along with varying amounts of trivalent salt are placed in a cylindrical
cell*t (L =563 A, R =50 A) with periodic ends and hard sides, such that the final protein
concentration is 50 mg/ml, matching the experimental conditions of ref.'? Configurations
in the canonical ensemble are sampled with the Metropolis Monte Carlo algorithm using

ion translations and combined translational /rotational cluster moves of the proteins includ-



ing trivalent ions within 6 A from the protein surface.? The proteins are only allowed to
rotate/translate along the z-axis of the cylinder, while the ions are free. Decreasing the
cylinder length to radius ratio, L/R, threefold (larger R, smaller L) while maintaining a
constant volume, have negligible effects on sampled properties.

The angularly averaged two-body protein-protein distribution function, g(r), is sampled
via the histogram method and subsequently used to estimate the protein-protein potential of
mean force (PMF) by Boltzmann inversion, w(r) = —kgT In g(r) + C where the free energy
of the reference state, C, is chosen such that w(r) — 0 for larger r.

For the total charge calculation, a single, static protein is centered in a spherical simu-
lation cell (R = 81 A) such that the protein concentration is 50 mg/ml. Yttrium, chloride,
and monovalent protein counterions (Na*) are explicitely included (k = 0) and only ions are
allowed to move. The number of charges in spherical shells of increasing radius is averaged
throughout the simulation.

All CG protein simulations were performed using the Faunus framework.*® The elec-
tronic Python Notebook (Jupyter) used for running the two-body simulations and construct
the presented PMF plots is accessible at https://github.com/mlund/SI-proteins_in_

multivalent_electrolyte.

Colloidal Model

Two spherical particles of valency Z = —42 as well as their monovalent counterions and
3:1 salt, were confined in a cylinder of length 700 A, and radius 120 A. The valency was
calculated so that the surface charge density would be similar for the colloidal particles and
the coarse-grained proteins. The confining surface of the cylinder was hard, but otherwise
inert. All simple ions were modelled as charged, hard spheres, with a common hard-sphere
diameter, d = 4 A. A non-electrostatic soft repulsion, V was imposed between ions and
particles, with SV (r) = (d/(r — R))?, for r > R. A hard core interaction was also imposed

to ensure that the ions did not approach the particles closer than R + d/2 = 18 A. This



also defines the inverse surface charge density of the colloids to -97 A2 /e, which is high but
not unusual in colloidal systems. Two different salt concentrations, c,, as measured by the
number of trivalent ions divided by the free volume (or occupied by the particles) inside
the cylinder, were considered: c¢; = 0.525 mM and ¢, = 6.51 mM. The most dilute system
thus only contained 10 trivalent ions, i.e. these were not abundant enough to neutralize the
particle charge (though the monovalent counterions did, of course). In the more concentrated
system, however, there was, in this sense, an excess of trivalent ions.

We compared our results from this explicit ion model, with corresponding ones in a
model where simple monovalent ions were treated implicitly, i.e. in a system with screened
Coulomb interactions between multivalent species, with x established from the monovalent
ion concentration, as previously described. However, we must then consider that there are
at least two different ways to interpret the cylinder model representation. One may either
envisage this as a model of a dispersion in which the overall particle concentration matches
that in the cylinder, i.e. about 0.105 mM. It is then appropriate to include the monovalent
counterion concentration, contained inside the cylinder, in the calculation of the Debye
screening length. On the other hand, one could also envisage our system as a model of how
two colloidal particles interact in the limit of infinite dilution, in which case the potential of
mean force is directly transferable to the second virial coefficient. In this case, the cylinder
boundaries are “superficial”, i.e. only a computational necessity. This would imply that our
model improves with cylinder size, but also that the counterions would be diluted away in
the macroscopic limit. In this case, it is more appropriate to disregard any contribution from
the counterions to the Debye screening length. We considered both options in our screened

Coulomb model.



Results and Discussion

Ion-Protein Surface Interactions

In this section we first use atomistic and coarse grained simulations to study the distribution
of trivalent cations on the surface of HSA. As shown in Figure 1, strong Coulomb interactions
between multivalent cations and anionic groups, cause Y* to associate specifically with
negatively charged carboxyl groups on the protein surface. Despite large differences in model
granularity and computational complexity, this result is captured by both all atom and
coarse grained simulations. The Y*' binding can be quantified by calculating the potential
of mean force (PMF) with carboxyl groups, see Figure 2 where we note that the depth of
the attractive well is consistent with experimental association constants of ethanoic acid and
yttrium, pK ~-1.7 or -3.9 kgT.% The Lennard-Jones parameters oys+coo- and eys+coo-
used in the coarse-grained model have been fitted so that the closest contact as well as the

[e o]

integral [ (e=Pw() —1)72dr for the potential between yttrium ions and carboxylic groups

contact
are identical for MD and MC.
Note that the presence of explicit solvent molecules in the atomistic model gives rise to

oscillations due to packing which are necessarily absent in the implicit solvent model.

Figure 1: Spatial distribution of trivalent yttrium ions around HSA at a 0.5 mol/l YCl,
concentration. Anionic surface groups are shown in red. Left: From atomistic MD. Right:
From coarse grained MC where each amino acid is represented by a sphere and solvent and
monovalent ions are treated implicitly (see Table 1).
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Figure 2: Potential of mean force between Y?* and HSA carboxyl groups as obtained from
all atom MD simulations and coarse grained MC. The coarse grained LJ parameters be-
tween a trivalent cation and the deprotonated carboxyl group are oysicoo-=2.2 A and

BEY‘""FCOO* :16

We next calculated the total charge of a single HSA molecule with its bound ions at
different YCl; concentrations. Figure 3 presents the sum of the charges of the protein and the
ions (Y**, CI', and Na') present in the smallest spherical shell containing all of the protein
plus one ion diameter (a total of 51 A), at different YCl, concentrations. According to the
work of Zhang and collaborators,'? we can estimate the Y*" concentration corresponding
to the clouding (¢*) and de-clouding (¢**) of a 50 mg/ml HSA solution. They are also
reported on figure 3.

We first see a decrease of the absolute value of the charge, caused by the absorption of
the yttrium ions on the surface of the negatively charged protein. The neutralization point
corresponds perfectly to that reported in the literature for HSA solutions in the presence of
YCl, that is, ¢*.'? Futher increase of YCIl; causes the total charge to become increasingly
positive, until a maximum around 18 mM. For higher concentrations of YCl;, we notice a

decline of the total charge. The reason is a progressive loss of preferential binding of yttrium
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Figure 3: Total charge contained in a 51 A spherical shell, as a function of YCl; concen-
tration. The YCl; concentrations corresponding to the clouding (c¢*) and de-clouding (c¢**)
of 50 mg/ml HSA solutions'? are drawn in dashed lines. The inset shows the yttrium con-
centration inside the shell normalized by the bulk concentration, as a function of the YCl,
concentration.

to the protein surface, as shown in the inset of Figure 3. Indeed, the concentration of yttrium
close to the protein surface approaches the bulk concentration with increasing YCl;.

We can interpret this as the loss of electrostatic interactions between the protein surface
and yttrium ions, and between yttrium ions themselves, as a consequence of the increasing
screening. We can also relate this to the previous simulations of colloids in the presence of
trivalent salt,'* where it was shown that, in an excess of monovalent salt, the amount of
overcharging is decreased. Although our system is slightly different (the amount of mono-
valent coions (C17) increases, but not the amount of monovalent counterions (Na*), we can

imagine a similar phenomenon happening.

Protein-Protein Interactions

Having studied the binding of trivalent ions to the surface of a single HSA molecule we now

turn to the self-association between two protein bodies. Using MC simulations we sample the
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angularly averaged pair-correlation function, g(r), between two HSA molecules at different
yttrium(III) chloride concentrations, and deduce the inter-protein potential of mean force,
w(r). As seen on the left graph of Fig. 4, when the concentration of trivalent salt is low
(0.4 mM), there is a long-range repulsion (w(r) > 0) and a short range attraction (w(r) < 0).
The former is due to electrostatic monopole-monopole repulsion (protein net charge of —8e)
in the relatively unscreened solution. The short range attraction is a result of residue-residue
van der Waals interactions and, possibly, from higher order electrostatic multipolar moments.
Addition of YCl; quickly screens the repulsive barrier, inducing attraction and producing a
-2 kpT well in w(r). Further addition of YCl; reduces the attractive part and eventually
leads to repulsion. At the highest YCl; concentrations (60 mM), all attraction disappears

and the potential is fully repulsive.

4 No 1:1 salt 4 200 mM 1:1 salt
3 — ¢=0.4mM 3 — ¢,=0.4mM
I — ¢,=3.0mM | — ¢=3.0mM |
2+t — ¢,=6.0 mM | 2t — ¢,=6.0mM |
g — ¢,=60mM o — ¢,=60mM
o 1t g o 1t 1
< =
=~ =~
3 0r 3 0r
—1t —1t
-2l -2l
3%0 60 80 100 120 140 160 =330 60 80 100 120 140 160
riA rIA

Figure 4: Protein-protein potential of mean force, w(r), as a function of protein mass center
separation, r, with increasing yttrium chloride concentration. Left: With YCl; only. Right:
With 200 mM added implicit NaCl. Raw simulation data are shown in light colors and are

overlaid with fitted splines (solid lines). The curves corresponding to the YCl; concentrations
used in Fig. 3 have matching colors.

To check if the dampening of the attraction and subsequent repulsion at high YClI,
concentration was due to overcharging of HSA, or by simple screening, which would lead to a
loss of electrostatic attraction and a predominance of steric repulsion at high ionic strength,
we performed the same simulation with an added 200 mM ionic strength (accounted for

implicitely). The results are shown on the right graph of Fig. 4. In this case, the initial
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repulsion at[YCl;] = 0.4 mM and the attraction at [YCl;] = 3.0 mM are strongly reduced,
showing the importance of the electrostatic component of the HSA-HSA interactions. More
importantly, there is no increase of the repulsion at high YCl; concentration. Indeed, the
screening suppresses the overcharging effect, and only the non-electrostatic component of
the protein-protein interaction, that is, the Lennard-Jones attractive part, is present.

The above results correlate well with the reentrant condensation of HSA in the presence
of yttrium reported in the litterature.'*!823 Indeed, the increase in YCl; concentration first
causes a reduction of the absolute value of the net charge of HSA molecules, decreasing
inter-particle repulsion and promoting inter-particle attraction, whereafter the net charge of
the HSA molecules reverses and its absolute value increases, causing renewed repulsion.

In a recent work®® calorimetry measurements showed that the binding of trivalent ions
to the protein surface, and the resulting protein-protein attraction are entropically driven.
At first glance, this may seem irreconcilable with the electrostatic energy term in Eq. 1, but
it should be observed that in a dielectric continuum solvent, the Coulomb potential is effec-
tive and implicitly contains solvent degrees of freedom. This is reflected in a temperature
dependent relative dielectric constant, €,.(7"), which leads to the counter intuitive result that
entropy drives two oppositely charged ions together. Using experimental data for the di-
electric temperature dependence of water, we have previously shown that ion-ion correlation
attraction between like-charged macro-ions in trivalent electrolyte is indeed driven by water
entropy. % In the following we now focus on macro-ions to illustrate some generic effects of

ion-ion correlations and of the model approach taken.

Colloid-Colloid Interactions

In the last section we treated salt using a hybrid model with both implicit and explicit mobile
ions. We now investigate the validity of this approach for spherical, charged colloids in the
primitive model of electrolytes, i.e. with all ions are included explicitly, in comparison with

models where monovalent ions are included implicitly via the Debye screening length. In the
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latter case, we either did or did not take into account the counterions of the colloids for the
calculation of the total concentration of monovalent ions.

Interparticle free energies at the higher salt concentration, ¢; = 6.5 mM, are shown in Fig-
ure 5.b. In this case, the counterion contribution is almost negligible, and we find excellent
agreement, between explicit and implicit ion approaches, although the former results natu-
rally displays slightly more noise. At such high concentrations of trivalent ions, correlation
attractions dominate at short separations. On the other hand, at low salt concentrations,
results from different approaches and models differ considerably - cf Figure 5.a.

Electrostatic screening by simple monovalent ions seems to be underestimated by both
implicit approaches. This means that the implicit ion model in which the counterions are
included (finite particle concentration model) provides results that agree better with the ex-
plicit ion results. However, we should then keep in mind that at such low salt concentrations,
the explicit ion results are most likely sensitive to the system (cylinder) size, i.e. our results
do not truly represent the dilute particle limit.

One obvious limitation of the current system size, when viewed as a model for the infinite
dilute limit, is that the total trivalent ion charge is considerably lower than the particle
charge. This can certainly be true in experimental systems, but not in the limit of vanishing

particle concentration.
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Figure 5: Free energies between two charged particles, contained in a cylinder, at salt con-
centration of ¢; &~ 0.525 (a) and ¢; =~ 6.5 mM (b). Results for the all-explicit ion model, as
well as for our two implicit ion models are included (see text for details).
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Conclusion

We studied the binding of Y** to Human Serum Albumin (HSA) and its influence on protein-
protein interactions. This work, at a microscopic level, echoes experimental results showing
the existence of reentrant condensation in HSA solutions in the presence of trivalent ions® 20
and is also in agreement with recent calorimetry experiments.*®

Different models were used: an atomic model, a coarse-grained model, and a colloidal
model. The all-atom simulations show localized association of yttrium ions on the surface
of HSA. Although solvent features are lost when using an amino acid level coarse-grained
model, the localization of yttrium on the protein surface is well estimated. The study of
the effective charge of the protein plus ions complex with increasing Y* concentration is in
good agreement with reentrant condensation boundaries reported in the literature.

The coarse-grained model was used to estimate the potential of mean force between two
HSA molecules at different Y concentrations. The results showed two phases, one where
the increase in [Y3+] reduced the repulsion between proteins and promoted association (low
Y** concentrations), and one where the increase in [Y**] increased the interparticle repulsion
(high Y** concentrations). The addition of NaCl suppressed those two effects, showing that
they are driven by water-mediated electrostatic interactions. This is consistent with the
reentrant condensation phenomenon reported in HSA /Y*" systems.

The colloidal model was used to study the interactions of two spherical colloids repre-
senting HSA-like molecules. This approach enabled us to include all ions explicitly in a
two-body system, which is more difficult and computationally costly to realize with coarse-
grained models at high ion concentrations. The results show that taking the ions into account
implicitly including the colloids counterions, implicitly without including the colloids coun-
terions or explicitly, has a large influence on the interparticle forces at low salt concentration
(0.525 mM yttrium), but essentially none at moderate salt concentration (6.5 mM yttrium).

Interesting further application of our simulation protocols, and particularly the coarse-

grained model with a mix of explicit and implicit salt ions, would be the study of many-

16



body systems. Indeed, a number of SAXS experiments have been performed on protein and
trivalent salt systems but the fitting of the spectra has for now been limited to analytical
models (screened Coulomb potential and sticky hard spheres).!*192947 Spectra obtained from
many-body simulation would be directly comparable to experimental spectra, and provide
further information about the mechanisms underlying the charge reversal. More specifically,
such simulations could explicitly include both trivalent ions and protein counter-ions while
monovalent ions are included implicitly, which would account for the influence of counter-ion

condensation on protein-protein interactions.
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