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Abstract

Molecular dynamics simulations of a coarse-grained, embedded-
charge model of lysozyme aqueous solutions are compared with small-
angle neutron scattering experiments. Measures concern different so-
lutions with a 10% by weight protein concentration and an increasing
pH in the range 2-6. The model is based on a soft-core modifica-
tion of the original Carlsson, Malmsten and Linse model [J. Phys.
Chem. B 105 (2001) p.9040], where in particular all residues carrying
an appreciable amount of residual charge, as a function of the pH, are
explicitly taken into account into the overall macromolecular interac-
tion. Simulations reproduce qualitatively the experimental trend of
the structure factor as, in particular, the observed change from a low-
pH regime, dominated by repulsive interactions, to a behaviour mainly
determined by attractive forces, at higher pH. Possible improvements
of the model, toward a better reproduction of the structural properties
of the real solution are proposed.

∗Corresponding author. Email: dino.costa@unime.it
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1 Introduction

The theoretical description of protein solutions in terms of interactions among
the microscopic species is a major scientific task, lively addressed in the cur-
rent literature (see e.g. our recent paper [1] for an up-to-date bibliography).
Modelling diluted protein solutions typically regards to in-vitro experiments,
where solvent-mediated and screened long-range interactions play a major
role. The study of concentrated solutions is relevant instead for understand-
ing the protein aggregation processes, which have a critical importance in
many biological phenomena, and are of crucial interest in the preparation
and growth of single protein crystals, employed for the investigation of the
internal macromolecular structure [2,3]. In a larger perspective, such studies
may shed light on the physico-chemical properties of protein matter in-vivo,
in the molecularly crowded cellular environment, characterized by sparse sol-
vent and strong contact interactions.

In this scenario, coarse-grained models, in which the protein-protein in-
teractions are described in terms of distributed interaction sites, play a par-
ticularly relevant role. In fact, such models place at an intermediate level
between a fully atomistic description of the solution, and a bare central po-
tential representation, where the macroparticle (solvent-mediated) interac-
tions are usually approximated by simple short-range forces. Fully atomistic
models can determine quite accurately specific properties of the protein sys-
tem, like the kinetic of protein folding or free energy surfaces (see e.g. [4]
and the recent reviews [5–7]), but their use is typically restricted to two
or few more proteins in the solvent environment; central models provide
instead only a generic description of the structure and phase diagram of
protein solutions [8–16]. For these reasons, “mesoscopic” effective models
could in principle provide a viable path to study on a quantitative basis the
bulk properties of protein solutions. A second key feature of coarse-grained
models is that they embody the intrinsic anisotropy of protein-protein inter-
actions; in fact, distributed-site interaction effects, often described in terms
of patch-patch interactions [17, 18], are known to be relevant both in the
crystal [19] and in the disordered phase [20] of protein systems. Models of
this type have been studied by several authors (see e.g. [18,20–29] and refer-
ences) and should be more appropriate in order to reproduce the structure
and detailed shape of the phase diagram, as well as more complex phenom-
ena as, for instance, self-assembly. Among coarse-grained models, the de-
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scription of lysozyme aqueous solutions introduced by Carlsson, Malmsten
and Linse [21, 22] (henceforth CML) is based on a tailoring of experimen-
tal solution conditions. In the CML picture, lysozymes are represented by
hard spheres surrounded by a spherically symmetric short-range hydropho-
bic attraction; the amino acid residues are explicitly taken into account as
a collection of charged sites whose spatial distribution reproduces that of
the real protein; the aqueous solvent and added salt effects enter such de-
scription only implicitly, contributing to the overall effective protein-protein
interactions. CML-like models are appealing also because they are flexible
enough to allow in principle for fractional charges, for a refined description
of hydrophobic effects, as well as for non-spherical molecular shapes.

In this work we carry out a molecular dynamics (MD) simulation study
of the CML model, in which a continuous, soft-core interaction, suitable
for MD, replaces the hard-core repulsion adopted in the original prescrip-
tion [21]. We compare MD data, at various pH and fixed temperature and
protein concentration, with newly generated small-angle neutron scattering
(SANS) results. Our purpose is to ascertain whether the CML class is able to
capture the structural correlations observed in real lysozyme solutions. This
topic was not explicitly addressed in previous studies: in particular, in [22]
the authors studied through Monte Carlo simulations the general structure
and clustering properties of the model, and only alluded to an agreement with
the experimental trends observed in the structure factor [30, 31], though no
detailed comparison was then presented. Later, Rosch and Errington studied
the liquid-vapor coexistence, for a different choice of potential parameters [27]
and found a binodal line narrower than the experimental one; the phase be-
haviour of the model in a confined geometry was also investigated by the same
authors [28]. Finally, very recently, we have addressed the possibility to de-
scribe from a dynamical viewpoint the approach to the liquid-vapor phase
separation of the model [1]. The comparison between simulated and exper-
imental structural correlations presented in this work allows in principle for
a systematic refinement of the model, a task to be seen as a preliminary step
towards the more challenging calculations of the thermodynamic properties,
possibly including the overall appearance of the phase portrait.

The paper is organized as follows: the experimental procedure and data
handling are described in Section 2; the model and MD simulations are in-
troduced in Section 3; results are reported and discussed in Section 4, while
conclusions follow in Section 5.
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2 Experimental procedure and data handling

Lysozyme is a protein formed by 129 amino acids, folding into a compact
globular structure with a molecular weight of 14.3 kD and isoelectric point at
pH = 11. The protein was purchased from Sigma, further dialysed against
D2O, and repeatedly freeze dried, so to substitute the protein exchangeable
hydrogen with deuterium, in order to avoid pollution of the D2O buffers
used in the preparation. Samples were prepared at a concentration of 10%
by weight in D2O citrate-phosphate buffer at pH = 2.8, 4.2, 5.07 and 6.04. A
further sample, concentrated at 2% by weight and higher ionic strength, was
also prepared by using a 0.07 M NaCl solution, in order determine the form
factor of the protein, i.e. the Fourier transform of the density distribution
of the isolated protein; in fact, in this case, the low concentration and the
high ionic strength (whose purpose is to screen the charged polar groups of
the protein) make practically negligible the contributions of the lysozyme-
lysozyme structure factor to the scattered intensity.

SANS experiments were carried out on the PAXE spectrometer at the
ORPHEE reactor of the Laboratoire Lèon Brillouin in Saclay, France. Sam-
ples were contained, at room temperature, in quartz cells of path length of
2 mm. Two different spectrometer configurations were used, namely one with
a sample-to-detector distance of 5.0 m and λ = 7 Å, and another one with a
detector distance of 1.4 m and λ = 5 Å. In this way we covered two partially
overlapping Q wave-vector ranges: one going from 0.007 to 0.098 Å−1 and
the other one from 0.045 to 0.325 Å−1.

All data, collected by a bidimensional detector, were converted in inten-
sity vs exchanged wave-vectors and corrected for the background and the
empty cell. In order to remove the solvent contribution, each buffer was
measured in the same conditions of the corresponding solution and, after
correction, subtracted with the appropriate transmission coefficient. Finally
the data were normalized to absolute scale by dividing for the intensity of a
secondary standard of known cross sections [32]. After such procedures the
spectra collected in the two different Q-ranges match very well in the region
with overlapping Q (see Figure 5 in section 4).

In a SANS experiment the scattered intensity is generally expressed as

I(Q) = n∆ρ2V 2F (Q)S(Q) , (1)

where n is the number density of the scatterers, V is the volume of a single
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scatterer, ∆ρ is the contrast factor accounting for the difference between the
average (over the volume V ) scattering cross section of the protein and the
solvent, F (Q) and S(Q) are, respectively, the form factor and the structure
factor. Equation (1) holds strictly for monodisperse spherical particles [33],
but corrections turn out to be in our case negligibly small [34].

3 Model and molecular dynamics simulations

As anticipated in the Introduction, a lysozyme solution at various protein
concentrations, pH, and ionic strengths is represented in this work by an
effective one-component fluid. The interaction between two macromolecules
is given by a suitable modification of the original CML prescription [21, 22],
within the parameterization proposed by Rosch and Errington [27]. We refer
the reader to our recent paper [1], for a detailed description of the procedure
leading to the present model from previous prescriptions [21, 22, 27]. We
shortly recall that the total interaction potential is given by the sum of two
different contributions. The first one is a central soft-core interaction in the
form

U soft = ε

[(
σ

r

)48

−
(
σ

r

)6
]
, (2)

that is characterized by a minimum U soft
min = −7ε/(8 × 23/7) at rmin = σ 14

√
2.

The r−6 decay gives the same (attractive) long-range behaviour of previous
models, whereas the 48-power repulsion sets as a reasonable compromise be-
tween (i) the most common choice of a 12-6 Lennard-Jones potential, which
yields too soft a repulsion with respect to the original hard-core CML model,
and (ii) an even steeper repulsive barrier, which would yield too intense im-
pulsive forces at close contact, thus requiring exceedingly small time steps
to integrate the equation of motions. In Equation (2) σ = 36.72 Å; the at-
tractive contribution, with ε = 4.84 kJ/mol (yielding U soft

min = −3.15 kJ/mol),
takes into account the dispersion forces between proteins in the aqueous
solution; the resulting potential is shown in Figure 1. According to the
Noro-Frenkel law of corresponding states [35], holding for a large class of
central potentials, the bare central model (2) is characterized by a critical
temperature Tcr = 300 K.

As in previous works [21, 22, 27], the second contribution to the total
protein-protein interaction is represented by several interacting sites (up
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to 32), representing the amino acid residues which carry an appreciable
amount of electrostatic charges, as determined by the experimental titration
curve [36]; the number of charges (all bearing one positive or negative elec-
tronic charge) depends on the pH of the solution (see Table 1); the position of
various sites is adjusted so to lie on a sphere 2 Å beneath the hard-sphere sur-
face. Charges are then treated in a linearized Poisson-Boltzmann framework,
giving rise to a (Debye-Hückel) screened interaction:

UDH(r) =
ZiZje

2

4πε0εr

1

r
exp(−κr) , (3)

here r is the distance between two charged sites, Zi is the charge of site i
(having the values ±1, and to be switched on/off depending on the pH of
the solution), e is the electronic charge, ε0 the permittivity of vacuum, and
εr = 86.765 − 0.3232 × T (◦C) the relative permittivity of the solvent. The
Debye screening length κ−1 is given by:

κ−1 =
[

2I

ε0εrkBT

]
, (4)

where I is the ionic strength. In the model, the aqueous solvent is represented
only implicitly, as a continuous medium of relative permittivity εr, entering
Equation (3); equally, the presence of added salts is taken into account only
through the ionic strength appearing in Equation (4). A schematic illustra-
tion of the procedure that leads to the coarse-grained picture, starting from
the complete protein description, is given in Figure 2.

MD simulations have been carried out by using the program MOLDY [37].
We have employed a sample composed by one thousand particles (with a to-
tal number of ∼ 30 000 interaction sites), enclosed in a cubic box with stan-
dard periodic boundary conditions. The interaction cutoff has been fixed to
130 Å, roughly corresponding to 3.5 times the protein diameter, with stan-
dard long-range corrections. A time step of ∆t = 20 fs has been adopted,
with cumulations times of about 10 ns, divided in sub-blocks of 2 ns, in order
to calculate the variance over the calculated average values.

4 Results and discussion

Simulations have been carried out at constant temperature T = 293 K and
constant protein concentration, 0.1 gr/cm3, corresponding to a number den-
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sity ρ = 4.2 ·10−6 Å−3. Four different pH have been investigated; the number
of corresponding active positive and negative charges is reported in Table 1.
The ionic strength of the solution in the experimental setup, entering the
screening length in Equation (4), has been imposed by the buffer, and is also
reported in Table 1.

Results for the MD radial distribution function g(r) and for the structure
factor S(Q) are reported in Figure 3; statistical uncertainties are practically
negligible on the scale of the figure. As visible, at low pH the net repulsive
charge gives rise to a correlation depletion around the distance of the first
neighbours in the g(r); this function appears almost structureless but for
a broad and low peak around 60/70 Å. The repulsive interactions are then
progressively reduced as the net charge decreases (i.e. as the pH increases);
this fact is reflected by the progressive structuring of a well defined peak
in the g(r) at r ∼ σ; besides this feature, the correlation function remains
almost flat, as can be expected from the low density of the samples. The
structure factor, also reported in Figure 3, faithfully reproduces in the Q
space the features of g(r); one can observe in particular the shift of the main
peak to larger Q as the pH increases, signalling that different correlation
distances appear in the sample. A crossover between two different behaviours
of S(Q → 0) occurs at pH ∼ 4/5, signalling that the fluid passes from a
regime mostly dominated by repulsive forces to a different situation where
attractive interactions become more and more relevant, with the ensuing
development of progressively enhanced density fluctuations.

As for the experimental results, investigations using several techniques
have shown that lysozyme has roughly the shape of a prolate ellipsoid [38,39];
the form factor of an ellipsoidal particle with axes a, b, b and volume V =
4π(abc)/3, averaged over all possible orientation, is given by [40]:

F (Q) =

1∫

0

(
3J1(u)

u

)2

du (5)

where J1 denotes the 1st-order spherical Bessel function and u is a function of

the angle α between Q and a defined as u = Q
√
a2α2 + b2(1− α2). Figure 4

shows the evaluation of F (Q) based on a bestfit of the experimental data
obtained from the 2% concentrated sample (see section 2). As a standard
procedure, error bars reported in the Figure are estimated as

√
c/c, where

c is the number of detector counts collected at a given Q. Since residual
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interaction effects influence the low-Q region, the fit has been performed only
for Q > 0.1, where, as visible in the inset of Figure 4, the expected Guinier
behaviour [i.e. I(Q) ∝ exp(−Q2R2

g/3) at low Q, where Rg is the gyration
radius] is well reproduced. The bestfit values for a and b are, respectively,
13.5 Å and 21.9 Å, in good agreement with previous findings [41, 42].

The experimental and MD scattering intensities are compared in Fig-
ure 5. The choice to compare real and simulated intensities, rather than
using the structure factors, depends on issues generally related to the cal-
culation of the experimental structure factor. In fact, such correlation is
obtained by dividing the experimental intensity by the fitted analytical form
factor, see Equation (1). In the high-Q region (the so called “Porod regime”)
the intensity drops as 1/Q4, and it is related to the interface between sample
and solvent. Now (i), whereas the analytical form factor shows such exact
asymptotic behaviour, the experimental intensity behaves as 1/Q4 only “on
average”, due the the roughness of the real protein/solvent interface and to
statistical uncertainties. Moreover (ii), at high Q, the experimental inten-
sity and the analytical form factor are both close to zero. As a result of (i)
and (ii), the ratio of such quantities can become quite noisy in the high Q
regime. A workaround to this problem usually consists in e.g. smoothing the
data or mixing experimental and analytical form factor, procedures which
rely on some degree of arbitrariness and may possibly affect an accurate de-
termination of the structure factor over a substantially extended Q range.
The comparison in Figure 5 is then carried out between the experimental
intensity and the simulated one, immediately obtained by multiplying the
structure factor in Figure 3 with the analytical form factor in Figure 4 [the
prefactor in Equation (1) has been estimated as ≈ 1.02 cm−1]. It turns out
that at low pH the position and height of the experimental main peak is
reasonably reproduced by MD. Upon increasing pH, also the experimental
data show a change in the behaviour of S(Q), though this crossover man-
ifests at lower pH with respect to the simulation results; consequently, the
increase of the scattering intensity at low-Q is less marked in the MD than in
the experimental observation. This discrepancy can be ascribed to different
sources: the attractive part in the overall theoretical interaction is proba-
bly underestimated; at the same time, our implicit solvent description could
poorly account for the effective counterion condensation around the charged
sites. On the other hand, the experimental results may be affected by the
formation of spurious nanoaggregates, which are more likely to appear with
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increasing pH; using a low protein concentration and/or a lower temperature
may help to minimize such effects.

5 Conclusions

We have performed a molecular dynamics investigation of a coarse-grained
multi-site model of aqueous lysozyme solutions, and compared the simulated
static correlations with corresponding small-angle neutron scattering data.
Our comparison shows that the MD scattering intensities follow the experi-
mental trend only qualitatively. In particular, concentration fluctuations are
generally underestimated by the present model.

Coarse-grained models, like the CML one investigated in this work, play a
key role for the possibility they offer to reproduce the distributed-site interac-
tions observed in real protein solutions and to simulate large-scale samples,
suitable for the investigation of bulk properties. Besides such advantages,
the systematic comparison with experiments and the specific way the CML
model is built, allow one to improve the observed basic performances by
means of systematic refinements of the model itself. In particular we plan
to introduce a better description of attractive effects and possibly a more
realistic representation of the ellipsoidal shape of the molecule, as well as
of its charge distribution. Hence, the analysis presented in this work repre-
sents a preliminary survey of the accuracy of the model, necessarily preluding
a (much more demanding) future attempt to calculate the thermodynamic
properties of the model, including the overall aspect of the phase diagram.
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TABLES AND TABLE CAPTIONS

Table 1: The four different pH analysed in this work, with the corresponding
positive and negative charges on the coarse-grained model (in units of e).
The ionic strength of the solution (in mM) is also reported.

pH 2.8 4.2 5.07 6.04
Z+ 19 19 19 18
Z− 5 7 9 9
I 35 81 102 124
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FIGURE CAPTIONS

Figure 1. The central 48/6 interaction potential adopted in this work, see
Equation (2).

Figure 2. A schematic representation of the full lysozyme protein in terms
of the coarse-grained model. The picture on the right is taken from [22];
positive charges are in blue, negative charges in red.

Figure 3. MD behaviour of g(r) (a) and S(Q) (b) for all pH investigated in
this work. Error bars are systematically smaller than the size of the symbols.

Figure 4. Experimental determination of the form factor with error bars
(symbols) and corresponding bestfit (line). Data are obtained from the 2%
concentrated sample. Inset: Guiner plot in the low-Q region (see text).

Figure 5. MD (a) and experimental (b) scattering intensities (in cm−1);
note the different vertical scales. The legend in (a) holds for both panels.
In panel (b) open and full symbols refer to different spectrometer configu-
rations. Error bars on experimental data are reported at pH = 4.2, at two
representative low and intermediate Q-vectors.
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Figure 2:
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