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Abstract

Previous works show a key role of electrostatics for the SARS-CoV-2 virus in aspects
such as virus-cell interactions or virus inactivation by ionic surfactants. Electrostatic
interactions depend strongly on the variant since the charge of the Spike protein (re-
sponsible for virus - environment interactions) evolved across the variants from the
highly negative Wild Type (WT) to the highly positive Omicron variant. The distri-
bution of the charge also evolved from diffuse to highly localized. These facts suggest
that SARS-CoV-2 should interact strongly with charged surfaces in a way that changed
during the virus evolution.

This question is studied here by computing the electrostatic interaction between
WT, Delta and Omicron Spike proteins with charged surfaces using a new method
(based on Debye-Hiickel theory) that provides efficiently general results as a function
of the surface charge density o. We found that the interaction of the WT and Delta
variant spikes with charged surfaces is dominated by repulsive image forces proportional
to o2 originated at the protein/water interface. On the contrary, the Omicron variant
shows a distinct behaviour, being strongly attracted to negatively charged surfaces and
repelled from positively charged ones. Therefore, the SARS-CoV-2 virus has evolved
from being repelled by charged surfaces to being efficiently adsorbing to negatively

charged ones.
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1 Introduction

From the physico-chemical point of view, viruses can be considered as colloidal particles,
and, for this reason, there is a long tradition in the use of concepts and theories of col-
loidal forces to understand how viruses interact with the environment.! Classical DLVO
(Derjaguin-Landau-Verwey-Overbeek) theory and its extensions have been widely applied
to viruses, to study questions such as virus adsorption, filtration and removal from environ-
ment? 4 or virus stability and aggregation.® AFM force measurements over viruses are also
interpreted in the framework of DLVO theory. %7 The Poisson-Boltzmann equation describing
electrostatics in salt solution (a key ingredient of the classical theory of colloidal forces) can
be solved numerically with high resolution,® so it is possible to obtain a detailed tomography
of electrostatic forces over virus capsids.” These calculations are obviously difficult, but new
developments allow accurate and efficient numerical calculations of electrostatic forces be-
tween atomistic models of large supramolecular structures such as viruses and other charged
objects or surfaces.®

It should be noted that the vast majority of the studies mentioned above deal with naked
viruses based on protein capsids (non-enveloped viruses), whereas many relevant viruses (like
those related to respiratory illnesses such as coronaviruses and flu viruses) are enveloped

1011 i1y which the inner structure of the virus is covered by a lipid envelope decorated

viruses,
with large glycoproteins that protrude towards the environment. This fact justifies that,
as the COVID-19 pandemic arrived, many studies were developed trying to identify which
physico-chemical interactions were relevant for the new SARS-CoV-2 enveloped virus. 213
One of the most promising approaches was the use of AFM force microscopy to accurately
measure the forces between the virus and different materials.'*'® In these studies, the AFM
tip was covered with SARS-CoV-2 Spike proteins, which is the glycoprotein that protrudes
from the virus envelope, responsible for its infectivity and its interaction with the environ-
ment. The Spike of SARS-CoV-2 is strongly charged, so in principle, strong electrostatic

14,15

interactions can be expected.!® However, these studies were not able to identify relevant
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electrostatic interactions between the Spike protein and surfaces of materials.

Explicit examples of important electrostatic effects for SARS-CoV-2 were identified by
subsequent work. One key example of the importance of electrostatic effects was provided
by experimental studies on the mechanism of inactivation of coronaviruses by surfactants,”
which were motivated by predictions based on earlier Molecular Dynamics (MD) multi-
scaling simulations.!® It was shown that ionic surfactants are much more efficient against
coronaviruses than non-ionic ones due to their ability to block and eventually denaturalize
their spike proteins. In fact, anionic surfactants were the most efficient ones.'"!® The reason
is that, as predicted by MD simulations, ionic surfactants inactivate the virus by collapsing
the Spike protein, instead of compromising the virus envelope integrity. Anionic surfactants
are the most effective because they easily block the receptor binding domain (RBD) by
interacting with positively charged amino acids and hydrophobic side chains. This prefer-
ence of binding to anionic surfactants compared to cationic ones was unexpected since the
Wild Type spike protein considered there has an overall negative charge. This is an inter-
esting observation that demonstrates the importance of considering the local electrostatic
environment instead of the total charge only.

The amount of positive charge in the Spike protein, and in particular, in the residues
at and around the RBD, has increased during the evolution of the different variants of the
virus. 2! The variant with the largest positive charge around the RBD is the Omicron vari-
ant, which is substantially more infectious than previous variants. Electrostatic interactions
play a decisive role in the binding of the Spike protein to the ACE2 cellular receptor'? as
well as in key intermediate steps of the infection process such as the binding of the virus to
the cellular glycocalyx.?\*? This binding occurs through electrostatic interactions between
the Spike of the virus and the heparan sulfate of the cellular glycocalyx, which has a large
and homogeneous negative charge density.?!?2 The charged residues at the Spike protein
region involved in this interaction are different for each virus variant, being more positive for

the Omicron variant and therefore leading to a stronger interaction with heparan sulfate, as
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demonstrated by Poisson-Boltzmann calculations.?! This result not only explains the larger
infectivity of the Omicron variant but also can be used to design improved diagnosing strips
for each variant.?!

Electrostatic interactions are also present in many other aspects of SARS-CoV-2. For
example, electrostatics plays a role in the capture of SARS-CoV-2 by masks and filters, which
in some cases have charged electret fibres.?? Poisson-Boltzmann calculations also provided
the energetic differences between conformations of the SARS-CoV-2 Spike Protein. ?*

These previous results motivate the interest of a more generic study of the electrostatic
interaction between different variants of the SARS-CoV-2 virus and charged surfaces. Since
there are many situations involving the interaction between a virus and a solid/liquid inter-
face (e.g., fomite contamination, virus capture, transport and spreading of viruses adsorbed
over particles) it is relevant to understand how the charge of these surfaces impacts the in-
teraction with the different variants of the virus (which have different charges and different
charge distributions).

In our previous studies, we focused our efforts on developing detailed atomistic simula-
tions of the interaction of the SARS-CoV-2 virus with specific materials.®2°28 In contrast,
our aim here is to obtain general results to understand how generic surfaces, described by
global properties such as charge density and dielectric constant impact the interaction with
the different variants of the SARS-CoV-2 virus.

To this end, we will simplify the SARS-CoV-2 virus-surface interaction by considering
the electrostatic interaction of the different Spike protein variants (Wild Type, Delta and
Omicron) with charged surfaces, as shown schematically in Figure 1. We will employ the
Poisson-Boltzmann theory in its linear approximation (Debye-Hiickel theory), which pro-
vided good results for the different variants in Ref.?! The Spike proteins will be described
atomistically (using structures obtained in previous works), whereas the models of the sur-
faces will be generic.

In order to explore systematically these interactions for different charge densities, we in-
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QWT)=-11e Q(Delta)=+4e  Q(Omicron)=+10e

Charged surface

Figure 1: Scheme of the interaction between a SARS-CoV-2 virus with a surface through its
Spike proteins (the virion particle is considered to be inside a water droplet or in aqueous
solvent). The charge of the spike protein is indicated for the Wild Type (WT) and the Delta
and Omicron variants of concern. Figure created with BioRender.com

troduce here a method to efficiently compute the electrostatic interaction between a protein
structure and charged surfaces at the linear Poisson-Boltzmann (PB) level. The method
provides a general expression for the free energy of interaction between an atomistic model
of a protein and a material with arbitrary surface charge, which depends on a few physically
interpretable coefficients that are determined employing a reduced set of appropriately de-
signed numerical PB calculations. Each coefficient encodes particular interactions such as
image or direct charge-charge interactions, allowing us to dissect the different contributions
to the calculated interactions. The method does not include further approximations beyond
linear PB. The method is employed to study systematically how three different virus variants
(WT, Delta and Omicron) interact with surfaces depending on their surface charge density.

We also analyze in detail the effect of environmental variables such as the salt concentra-
tion or modelling details such as the impact of considering different specific configurations
of the same protein variant.

Using the methods developed here, we will show that the Omicron variant has a dis-
tinct behaviour, different from that of WT and Delta. The fact that the Omicron variant
has a more homogeneous, well-defined charge distribution substantially enhances its electro-
static interactions, being attracted by negatively charged surfaces and repelled by positively

charged ones. On the contrary, the more heterogeneous charge distribution in the Wild Type
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and Delta spike proteins produces an inefficient (weak) direct electrostatic interaction with
charged surfaces. In this case, the interaction with charged surfaces is mostly given by the

image charge repulsion originated at the protein/water dielectric discontinuity.

2 Theory, Modelling and Numerical Methods

2.1 Formulation of the problem

The problem considered in our calculations is shown schematically in Figure 2. Given atom-
istic models for the Spike proteins of WT, Delta and Omicron variants of the SARS-CoV-2
virus, we would like to study their electrostatic interaction with a uniformly charged surface
in a salty water environment.

The problem will be analyzed using the Debye-Hiickel theory (Poisson - Boltzmann theory
in the linear approximation). This is the same level of approximation considered in previous
work that analyzed the different electrostatic interactions of W'T, Delta and Omicron Spike
proteins during the infection mechanism.?!

The Spike protein is assumed to be in a perpendicular orientation to the surface, with
the receptor binding domain exposed towards the surface (see Figure 2). As seen in the
figure, the protein atoms closer to the surface are those from the RBD and from some labile
glycans. In order to characterize the distance between the protein structure and the surface
in this figure, we define the distance d. between the surface and the closest protein atom as
well as the distance drgp.cy between the center of the receptor binding domain RBD and
the surface.

It should be noted that the mobility of glycans and other labile residues may affect
the electrostatic interaction between the protein and the surface. This will be taken into
consideration by repeating the calculations for different characteristic protein configurations,

as identified by molecular dynamics simulations (see subsection 2.3).

The main quantity of interest in our calculations is the free energy of interaction, G,
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Figure 2: Scheme of the model considered in the Poisson-Boltzmann calculations for the
interaction between a spike protein in salty water and a surface. The different quantities
(dielectric constant, charge distribution) characterizing the protein, the solvent and the
surface are also indicated. The inset highlights several relevant features of the spike protein.
The receptor binding domain (RBD, residues 333 to 527) are indicated in yellow, glycans
are shown in blue and the rest of the protein is shown in red. We also indicate the distance
d. between the surface and the closest protein atom and the distance dgrgp_cnr between the
center of the receptor binding domain RBD and the surface.

between the protein and the surface, as a function of their separation. The protein-surface
separation will be indicated by d, which has to be understood as a generic label for the
position of the protein relative to the surface (it can be d. or drgp.cm or another suitable
measure of the protein location relative to the surface). In the Debye-Hiickel theory, G(d)

can be computed by the following expression originally derived by Verwey and Overbeek: 2

G(d) =5 [ oot dyar 1)

where p(7) is the charge distribution of the system and ¢(7;d) is the electrostatic potential.
The charge distribution includes the atomic charges from the protein structure (p,(r)) and

those from the planar surface with surface charge density o located at z = zy (Figure 2):

p(7) = po(7) + 03z — z0). 2)
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In the linear PB approximation, the electrostatic potential obeys:2%3%

V2¢ = k%¢ (inside electrolyte solution)

1 (3)

V2¢ = — p(7) (inside protein or material)
€Zn

T

where x = 1/Apg is the inverse of the Debye length and ™ is the dielectric constant

inside the protein or the material. The boundary conditions at the water/protein and the

w

v is the dielectric

water/surface interfaces are continuity of the dielectric displacement (e

constant of water):

w 09

“r on|,

€
" on

at interfaces (4)

in

and continuity of the potential across interfaces. The boundary condition given by Eq.(4) is
responsible for the so-called image-charge forces that appear due to the dielectric disconti-
nuity at interfaces (particularly at the water/protein interface, as we will see later).

Due to the complexity of the problem, the only way to obtain explicit results is by
solving numerically Egs. (2)-(4) to determine ¢(7; d) and then integrate Eq.(1) numerically.
This task will be performed using the PyGBe software, 3 which was specially designed for
biomolecular electrostatics calculations. This program has been used previously in many
biophysics problems such as the prediction of the orientation of proteins and antibodies onto
sensors, 332 the study of disassembly of viral capsids®® and the calculation of forces of viral

capsids approaching a nanometric probe.”

2.2 General expression for the Electrostatic Free Energy

Before resorting to numerical calculations, we will derive here analytical expressions that

simplify the analysis of the protein-surface interaction problem. Our derivation is based on

the fact that the free energy G(d) given by Eq.(1) can be written in the following alternative
34

way:

G(d) = %// p(P)u(F, 7" d)p(7")drdr”, (5)
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where u(7,7; d) is the Green function associated with the linear PB equation including the
boundary conditions at the dielectric discontinuities (i.e., the solution of Egs.(3) and (4) with
a point source unit charge at 7). As the separation between the protein and the surface
increases (d — o0), the Green function u(7,7’; d) approaches the isotropic Green function
uo(7, 7") for the linear PB equation in a pure electrolyte solution (in absence of any dielectric
discontinuity) and the free energy G(d) approaches the electrostatic self-energy Gy of the
individual components of the system (the protein and the surface).

We are interested in how the free energy varies with protein-surface separation, d, relative

to that at infinite separation:

1
AG() = G(d) ~ Go = 5 [ [ ooy (s dyotyarar (6)
where we have defined:
U*( _»7 Fla d) = U‘(f: 7:"/7 d) - U’O(F? FI) (7)

The dependence of the free energy on the surface charge o can be obtained analytically by

substituting Eq.(2) into Eq.(6):

AG(d) = %// pp(F)u* (7,75 d) p, (7 dFdi’
* % //(pp(f&)U*(ﬁ 7 d)3(2 — 20) + 8(2 — zo)u* (F,7; d) p, (7)) didi” (8)

2
+ % / / 5(z — 2 (7, 7' d)3(2' — 20)dFdi".

Eq.(8) can be written in a more compact way by noting that we have three different con-
tributions: one independent of o, one proportional to ¢ and one proportional to o2, so we

have:

AG(d) = gself,prot(d) + ga(d)o- + gself,plane<d)0-2- (9)

The three coefficients gsei prot (), 8o (d) and gseif plane(d) correspond to the three groups of

integrals appearing in Eq.(8).

10
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Eq.(9) shows that the protein-surface interaction has a simple analytical dependence on
the surface charge density o, which is a consequence of the Debye-Hiickel theory (no further
approximations are needed).

A close inspection of Eqs.(8) and (9) also provides a physical interpretation for the
different contributions. The term easiest to interpret is the contribution g,(d) (free energy
term proportional to ¢), which accounts for the interactions between protein charges and
surface charges (both real and image charges). The other two terms account for interactions
of charges with their own image charges, generated due to dielectric discontinuities. The
first term (encoded by the gseif prot(d)) is independent of o and accounts for the interaction
of the protein charges with their image charges generated by the dielectric discontinuity at
the solid-liquid interface. Analogously, the coeflicient ggeit plane (contribution quadratic in
o) depends only on the charges from the surface, and it accounts for the interactions of
the planar surface charges with their images generated by the dielectric discontinuity at the

water /protein interface.

2.3 Method for the Calculation of the contributions to the Elec-

trostatic Free Energy

A brute-force exploration of the effect of different surface charges in the protein-surface
interaction requires the calculation of AG(d) for each considered value of o, which is a
tedious task involving a large number of calculations. However, there is no need of such
a brute-force approach, since the results of the previous section (Egs. (8) and (9)) allow
the numerical calculation of the free energy as a function of ¢ from a reduced number of
independent calculations, only three for a given d. The proposed calculations are shown
schematically in Figure 3 and summarized in Table 1.

The first calculation to be performed in our method is the full calculation of AG(d) for a
particular (arbitrary) value of the charge density numerically using Eqs.(1)-(4). This system

will be denoted as the reference system, its charge density denoted as o, and the resulting

11
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Table 1: Parameters used in the three calculations required to determine the coefficients
setf prot (), 8o (d) and geer plane(d) in Eq.(9) following the method described in the text.

Simulated Protein Surface Result Calculated
System charge charge coefficient
Auxiliary 1 pp(7) 0 AGq Gselt_prot = AGT
“7. o 2
Auxiliary 1T 0 Oref AGr  Gseltplane = AG11/ 0
Reference system  p,(7) Orof AGier 9s (Eq.12)
g K E, K
b) G lhas i c)
‘.‘4-“ L The protein :
has no charge A8 A
Pe(F) e X /s pe(r)=0
. g
Planar surface = ool The surface ; o
A /hasnocharge A A
f1nm £, 0=0 L 110M  ecm———— 1 nm
< 30 nm > < 30 nm > < 30 nm >
Reference system Auxiliary | Auxiliary 1l

Figure 3: Scheme of the three calculations summarized in Table 1 needed for the calculation
of the terms of the protein-surface interaction free energy given by Eq.(9). The protein or
the surface are depicted as translucent when all its charges are set to zero. (a) The reference
system, (b) Auxiliary system I and (¢) Auxiliary system II.

free energy calculation denoted as AG .

In addition, we consider two specially designed cases, which we denote as Auxiliary
systems I and IT (see Table 1 and Figure 3). Auxiliary system I corresponds to a particular
solution of the linear PB problem (Egs.(1)-(4)) with ¢ = 0. This solution captures the
interaction between the protein charge and the dielectric discontinuity at the water-surface
interface. The resulting free energy is denoted by AG,(d).

Auxiliary system II corresponds to an analogous calculation but this time setting all
partial charges of the protein to zero and the charge density of the material surface to o,.f
. The resulting free energy (AGy;(d)) encodes how the charge of the surface plane interacts
with the dielectric discontinuity at the water/protein interface. In each of these auxiliary
calculations, only one of the integrals in Eq.(8) is different from zero, so these calculations

directly provide two of the coefficients defined in Eq.(9):

gself,prot(d) - AC7YI<d> <1O>

12
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1
gself,plane(d) - TAGH(d) (11)

ref
Now, the result for the reference system AG,.s(d) can be easily used to compute the
remaining unknown term (g,(d)) by substituting Eqs. (10) and (11) in Eq. (9) and using

O = Ovref-
1

Oref

9o(d) = — [AGef(d) — AG(d) — AG(d)]. (12)

In summary, the method requires performing three calculations summarized in Table
1. The results of the simulations are then used in Eqgs.(10)-(12) to determine the three
coefficients gseir prot(d), go(d) and gt plane(d) of the free energy appearing in Eq.(9). In
that way, we can obtain the results for any desired value of o (Eq.(9)) without the need of
repeating the calculations for each value of o.

In the ESI, we provide a numerical verification of the validity of the method, including
explicit examples showing that the results of Eqgs.(11) and (12) are independent of the chosen

value of oef.

2.4 Numerical methods

Here we provide a brief description of the performed calculations (see full details in the
Supporting Information).

All numerical results reported in this paper were obtained using the PyGBe sofware. %30
We should emphasize that the values employed for the parameters of the numerical calcula-
tions in PyGBe (tolerance, discretization, etc.) were selected after extensive tests in different
examples by comparing the numerical solution and previously known results. All tests can
be downloaded from Ref.?> Also, input files used in this work are deposited in our Github
repository. 36

The WT, Delta and Omicron spike protein structures employed in our numerical calcu-

lations were obtained from a previous comprehensive simulation work on the SARS-CoV-2

variants.?! This previous work provided atomic coordinates for six different configurations

13
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of each variant, obtained from molecular dynamics simulations performed at 310 K in bulk
water with protonation states corresponding to pH 7.4. All structures considered here cor-
respond to the spike in its closed (down) state, which has the three RBD in the same
configuration. For simplicity, we do not consider here calculations of Spike protein in the up
state (with one of the three RBD in extended configuration). In the up state, the extended
RBD will modify its configuration when adsorbing at a surface, so the modelling of this case
will require additional simulations to determine its final configuration over the surface.

Five of these configurations (configurations labelled as 1 to 5) were identified as represen-
tative of the most populated configurations from a cluster analysis of the full MD trajectories.
The clusters were created according to criteria based on the values of the Root Mean Square
Deviation (RMSD) of C, atoms and glycan carbon atoms during the MD trajectory. An
additional configuration (Configuration 0) is provided as a reference structure, and it corre-
sponds to the final configuration after the full MD trajectories. The RMSD calculated using
different amino acid selections are given in the Supporting Information (Figures S2 and S3).

Models of the surfaces with uniform surface charge density appropriate for use with
PyGBe were generated using a home-made python script as described in the Supporting
Information.

We have considered a value of £/"=80 for water and ¢,=4 for the protein and the material
except otherwise indicated.

Using these models for the proteins and the surfaces, we have performed PyGBe cal-
culations at different separations d between the protein structures and the surfaces under
different conditions. We have generated input files for the following protein-surface d. sepa-
rations: 2 A, 5A, 10A, 15A, 50A and 103A (measured as the distance from the closest protein
atom to the surface, see Figure 2). The largest separation is used to determine the value of
the free energy at infinite protein-surface separation, Gjy.

The protocol followed in our calculations was the following. In the first set of numerical

calculations, we have considered all available protein structures (configurations 0 to 5) for

14
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the three variants (WT, Delta and Omicron) in order to determine which configuration is

more representative for each variant. To this end, we have considered the particular case of

2 1

a strongly charged surface with ¢ = —1 e/nm? and inverse Debye length of k=1.25 nm~
(which corresponds to 150 mM of monovalent salt at 310K in water). The results for these
calculations (six AG(d) curves for each variant) are given in the Supporting information
(Figure S2). The configurations with the most favourable interactions with the surface were
configuration 2 for the WT, configuration 0 for Delta and configuration 1 for Omicron.
The second set of numerical calculations was performed to obtain the three coefficients
8self_prot (d), 8o (d) and gseif plane(d) of the free energy of interaction between each Spike variant
and a charged surface (Eq.(9)) using the method developed in the previous subsection. To
this end, we performed the Auxiliary I and II calculations described in Table 1 for the selected

configuration of each variant. We considered x=1.25 nm™!

as in the previous case. The
results of the previous series of calculations were taken as the "reference system” in Table
1 (so o.ef = —1 e¢/nm?). The auxiliary calculations were made for all the same protein-
surface separations d.. considered before and the desired coefficients geet prot (dc), g (d.), and
Zself_plane (dc) Were computed as indicated in Table 1 (see Eqs.(10)—(12)). The obtained results
for the three variants and all considered separations are compiled in Table S2 and discussed
in detail in section 3.1.

In order to investigate the effect of added salt, we repeated our calculations for the case
Oref=-1le/ nm? for each variant and three additional values of x corresponding to monovalent
salt concentrations of 15 mM, 50 mM and 1500 mM (in addition to the previous case of 150
mM). The results are reported in the next section.

Finally, in the Supporting Information, we performed an additional series of calculations

to test the impact over the results of other factors (such as considering other values for the

dielectric constant of the protein and testing numerical approximations).
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3 Results and Discussion

3.1 Comparison between different variants (WT, Delta and Omi-

cron) interacting with a charged surface

Let us start by comparing the interaction of the different variants of the SARS-CoV-2 spike
protein (WT, Delta and Omicron) with charged surfaces in the case of k=1.25 nm~! (Debye
length of Apy = 1/k = 0.8 nm), which corresponds to 150 mM of monovalent salt at 310K
in water.

To this end, we have computed AG(d) for each variant as described in section 2.4. The
results are given in Table S2 and Figures 4 and 5. Overall, these results show a distinct
behaviour for the Omicron variant, different from that of WT and Delta.

We first consider the results at the closest protein-surface distance (d. = 2A). As shown
in Figure 4b, WT and Delta Spikes show a very similar interaction with charged surfaces,
being mostly repelled by charged surfaces with little sensitivity to the sign of the surface
charge. It is remarkable that in spite of its large negative charge, the W'T Spike is repelled
by positively charged surfaces. The only (minor) difference between WT and Delta in Figure
4b is the presence of a weak attraction between the Delta Spike and weakly charged negative
surfaces (note the overall positive charge of Delta). The Omicron Spike has a completely
different behaviour, being attracted by negatively charged surfaces and repelled by positively
charged ones, as seen in Figure 4b. The interaction is always much stronger than the one
obtained for the WT and Delta cases.

This result can be interpreted by looking at the three different terms that contribute to
the free energy of interaction between each Spike variant and a charged surface (see Eq.(9))
which are shown in Figure 4c. The term g,, which quantifies the interaction between protein
and surface charges, shows a prominent peak for the Omicron variant, being much smaller
for WT and Delta (Figure 4c). The contribution of this term to AG (proportional to o, see

Eq.(9)) is the dominant contribution for the Omicron-surface free energy of interaction in
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Figure 4: (a) View of the trimeric Spike protein for the WT, Delta and Omicron variants as
seen from an interacting surface. The RBD domains are shown using the surface representa-
tion with basic residues in blue and acidic residues in red. Glycans are shown in yellow using
bond representation. The total charge of each structure is also indicated. Images made with
VMD?37). (b) Free energy for the interaction between the different Spike protein variants and
a surface with charge density ¢ at the distance of closest approach considered between the
protein and the surface (d. = 2A), calculated using Eq. 9 (see text). (c) Histogram of the
free energy contributions (Eq. 9) for each variant. Note that geer prot(d) is given in kcal /mol,
g,(d) in (kcal/mol)/(e- nm™2) and ggeit plane(d) in (kcal/mol)/(e - nm=2)?

Figure 4b. This contribution is of secondary relevance for WT and Delta (being larger for
Delta than for WT).
In the case of WT and Delta, the most relevant contribution to AG in Figure 4b comes

from the term gt plane, Which encodes the repulsive interaction of the charged surface with
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Figure 5: Free energy calculated at 5 different protein-surface separations using the coef-
ficients given in Table S2 in Eq. 9 for the WT, Delta and Omicron variants and selected
values of the surface charge 0. a) 0 = +1le/nm? | b) ¢ = +0.5¢/nm?, ¢) 0 = —le/nm? and
d) o = —0.5¢/nm?. Solid lines are guides to the eye.

the dielectric discontinuity at the protein/water interface. This term contributes to AG as
o 02, and it is responsible for the shape observed for AG in the WT and Delta cases in Figure
4b. The value of ggeif plane 1S very similar for all three variants (Figure 4c), as expected, since
it depends only on the protein size and its dielectric constant, not on the protein charge.
However, this contribution is dominant for the WT and Delta variants due to the relative
weakness of the direct interaction between the protein and surface charges (the g, term).

It should be noted that the term geer prot (due to the interaction of the protein charge
with the dielectric discontinuity at the water/plane surface interface) is always very weak,
with contributions of the order of the thermal energy or smaller. In general, the electrostatic
interaction of all variants with neutral interfaces with dielectric discontinuities is negligible
(see more details in the Supporting Information).

This different behaviour between WT and Delta from one side and Omicron on the other
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side cannot be understood from its total charge. On the contrary, it reflects the distribution
of charges in the Spike region exposed to the surfaces. The protein structures considered
in the calculations (selected as described in section 2.4) are shown in Figure 4a, with an
indication of the charged residues.

As seen in that figure, both WT and Delta Spike expose a mixture of positively and
negatively charged residues towards the surface. This distribution of charges results in
a weak contribution to the direct surface-protein interaction term, g, (Figure 4c) due to
compensations between the contributions from positively and negatively charged groups.
The Omicron variant is the only one that exposes a well-defined pattern of charges towards
the surface, with its characteristic positively charged ”bullseye” shape in its apex identified
in previous works.?! This charge distribution results in an enhanced interaction with surface
charges and in a large g, term (Figure 4c). This feature of the charge distribution of the
Omicron variant was proposed to have a decisive impact on the infection process by an
enhanced electrostatic interaction with the glycocalyx.?! Here we propose that this charge
distribution is also behind the enhanced interaction with charged surfaces for the Omicron
variant as found here.

The efficiency of the charge distribution of the Omicron variant to enhance the inter-
actions with charged surfaces is in deep contrast to the inefficiency observed for the WT.
Omicron and WT have total charges similar in magnitude but their distribution results in a
value for the interaction term g, of Omicron almost 10 times larger than that for WT (see
Figure 4c and Table S2). As the virus has evolved, it has not only changed from negatively
to positively charged but also it changed from an inefficient to an efficient charge pattern.

This behaviour of the different contributions to the free energy for the three variants
is observed not only for d. = 2A but also for all protein-surface separations considered in
our calculations, as seen in Table S2. The dependence of AG with different protein-surface
separations is computed using the coefficients in Table S2 in Eq. (9). The result is shown in

Figure 5 for selected values of o.
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This figure shows again that Omicron is attracted by negatively charged surfaces and
repelled by positively charged ones, with an interaction that decays monotonously with the
distance (being negligible at distances much larger than the Debye length). The interaction
for the WT Spike also shows a monotonous decay with the distance, being repulsive for both
positively and negatively charged surfaces. The Delta variant shows a behaviour very close
to that of WT for positively charged surfaces. In the case of negatively charged surfaces, it
shows a slight deviation from the monotonous repulsion obtained for the WT. In this case,
it is possible to see a (rather weak) attraction near the surface. In any case, the results for
Delta are much closer to those obtained for WT than those obtained for Omicron.

A conclusion of this subsection is that the interaction of the Omicron spike with charged
surfaces is of a different nature to that of the interaction between WT or Delta spikes with
surfaces. Only the Omicron variant can be expected to be retained by charged surfaces (in
fact, by negatively charged surfaces).

The results obtained in this subsection may also justify the observation made by early
AFM studies that charged surfaces such as silica or glass do not substantially interact with
the SARS-CoV-2 Spike protein.!* These materials have charge densities of the order of those
considered in Figure 5d.3¥4° The exact variant considered in these studies was not indicated
but given the date at which these experiments were performed, it was not Omicron, which is
consistent with our results. In view of our present results, it will certainly be of great interest
to perform additional AFM experiments comparing the interaction of different Spike variants
(WT, Delta and Omicron) with surfaces with a high negative charge such as silica. These
proposed experiments will allow a direct comparison with the predictions made here of a

unique behaviour for the Omicron variant.

3.2 Effect of salt concentration.

The fact that electrostatic interactions can be tuned by changing the concentration of the

electrolyte could also be of interest in the case of the interaction of the SARS-CoV-2 virus
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with surfaces. For example, in the coronavirus sensors in Ref.,?! a concentration of only 10
mM of salt was considered in order to enhance electrostatic interactions. Another situation
of interest is the increase in salt concentration due to evaporation. In the context of virus
transmission, aerosol droplets are expelled from the respiratory system, and these droplets
tend to evaporate under atmospheric conditions, causing the salt concentration to be much
higher than the physiological one.*!

Therefore, we have repeated the calculations of the previous section for different salt
concentrations (15 mM, 50 mM and 1500 mM). In order to simplify the discussion, we show
the results only for a highly charged negative surface (¢ = —1 e¢/nm?), which is the most
interesting case (as seen in the previous subsection). Results for other cases can be found in
the Supporting Information. The results are shown in Figure 6. We include the results of
the previous subsection (corresponding to a salt concentration of 150 mM) for comparison.

The most relevant feature of the results is that in the case of the Delta variant, we obtain
a significant free energy minimum (Figure 6b) at low salt concentrations (50 mM and 15
mM), which is not present at 150 mM. This means that attraction of the Delta variant by
negatively charged surfaces is possible if the salt concentration is low enough. It is interesting
to recall that in the case of WT, we see a similar qualitative tendency (see Figure 6a), but
the attraction is too weak to be relevant. In the case of the Omicron variant, the decrease
of the salt concentration increases the attraction towards negatively charged surfaces seen
in the previous subsection, becoming a very strong interaction at low salt concentrations.

It is also interesting to note that most of the results discussed so far show a monotonic
decay of the interaction with distance, except for a few cases with a nonmonotonic behaviour
with a clear minimum (see Figure 6b,c). The reason for this nonmonotonic behaviour is the
competition between an attractive and repulsive interaction with different decay lengths.
Specifically, the repulsive image term, gseit plane, With a decay length of Ap/2, decays twice
as fast as the direct interaction term, g,, which has a decay length of Ap. In the case

discussed in the previous subsection, this monotonic behaviour was not observable because
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the repulsive interaction decays too fast (Ap/2 ~ 0.4 nm) and the range of the repulsive
interaction was not enough to produce a minimum near the surface.
In Figure 6, we also provide the results for the case of very high salt concentration (1500

mM). In that case, the electrostatic interaction is residual for all variants.
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Figure 6: AG(d) for different salt concentrations (15 mM, 50 mM, 150 mM and 1500 mM)
calculated for WT, Delta and Omicron variants and surfaces charges 0 = —1 e¢/nm?. (a)
WT, (b) Delta and (¢) Omicron. The results for 150 mM are the same as reported in section
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3.3 Effect of thermal fluctuations: analysis of AG for different

configurations of the same variant.

We argued in section 3.1 that the details of the charge distribution are very important in
the interaction between the Spike protein and charged surfaces. It should be noted that the
charged residues of the Spike have some flexibility and experience thermal fluctuations that
may affect the details of the charge distribution close to the surface.

In order to study the possible effect of these fluctuations in the electrostatic interaction
between the Spike and surfaces, we will now investigate how the obtained results depend on
the particular choice of the protein configuration. To this end, we have compared the results
for the six different characteristic configurations for the Spike protein identified from previous
MD simulations for each variant, as described in the Methods section. We have made the
comparison between the six structures of the three different variants for the particular case
of 0 = —1 e- nm™? and a Debye length of A\pg = 1/k = 0.8 nm, as in Section 3.1. The
results for all the cases are given in the Supporting Information (Figure S5). Here, we will
discuss only the most relevant results.

The most interesting case corresponds to the Omicron variant, which exhibits the strongest
electrostatic interactions with surfaces, as discussed in previous subsections. The results for
the six available Omicron structures are summarized in Figure 7a. The interaction is always
attractive, but one configuration (configuration 1) shows a significantly different free energy
compared to the others, which have similar free energies (Figure 7a). Consequently, not all
the configurations will be equally probable close to the surface. The protein configurations
with the lowest free energy (in this case, configuration 1) will be preferentially selected. The
results reported for the Omicron variant in the previous subsections correspond to configu-
ration 1.

Let us consider the case of configurations 1 and 2 for the Omicron variant, which exhibit
the most distinct interactions with the surface compared to the other configurations (see

Figure 7a). AG at contact for configuration 1 is ~1.5 times higher than that obtained
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Figure 7: (a) Electrostatic free energy of the interaction between the spike protein (Omicron)
and a negatively charged surface (¢=-le - nm™2). Solid lines are only to guide the eye.
Bottom view of the structure of (b) configuration 1 and (c¢) configuration 2 of the Omicron
variant, highlighting the charged residues closer to the surface. Glycans are shown in blue,
the RBD in yellow (Quick Surface representation) and the rest of the protein in red. Key
residues are depicted in van the der Waals representation. (d) Accumulated charge up to
a given distance to the surface calculated for the configurations 1 and 2 of the Omicron
variant. Spike protein images were made with VMD.37

25

https://doi.org/10.26434/chemrxiv-2024-mrmjk ORCID: https://orcid.org/0000-0002-6315-4993 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-mrmjk
https://orcid.org/0000-0002-6315-4993
https://creativecommons.org/licenses/by-nc-nd/4.0/

for configuration 2. Snapshots of these configurations are shown in Figure 7b,c. In these
snapshots, we also highlight the charged residues in the vicinity of the charged surface for
these configurations. As seen in the snapshots, these structures seem almost identical, as
expected from their RMSD values (see Figure S2).

However, there are small differences in the conformations of the charged residues for each
configuration that affect their distances with the charged surface. The distances between the
charged residues indicated in Figure 7b,c and the surface are compiled in the Supplementary
Information (Table S3). This table shows that some of these charged amino acids (for
example LY'S440 and LYS444) are closer to the surface in configuration 1 than configuration
2. The effect of the negatively charged glycan groups are also relevant as they are closer to
the surface in configuration 2 than in configuration 1 (more repulsion in configuration 2).

In order to quantify this effect of the different distances of charged residues to the surface,
we have calculated the cumulative charge of the spike protein from the upper face of the
planar surface (z = 0) to the closest region of the spike to the surface (see SI for details
of the method). For the calculation, we considered the charged residues arginine, lysine,
glutamate, aspartate and negatively charged glycans (ANE5). The result is shown in Figure
7d. It clearly shows that at any given distance from the surface, configuration 1 always has
a higher charge than configuration 2 at close distances from the surface, justifying a stronger
electrostatic attraction. This analysis shows how crucial are small differences in the position
of charged amino acids.

We have also performed the same analysis for the Delta variant (Figure 8a). As in the
Omicron case, there are differences between different configurations of the same Delta variant.
For example, configurations 0 and 2 have a free energy minimum near the surface, whereas
electrostatic interaction for configuration 4 is always repulsive. Since the interaction is rather
weak, small changes in the position of charged groups have a relevant impact, changing it
from weakly repulsive to weakly attractive.

We have also performed a detailed comparison between configurations 2 and 4 of the
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Delta variant, as in the Omicron case. Snapshots of these structures are shown in Figures
8b and 8c. The distances between the charged residues shown in these figures and the
surface are compiled in Table S4. The data shows that positively charged residues LYS444
and ARG346 are closer to the surface in configuration 2, implying a higher contribution
to electrostatic attraction than in configuration 4. ASP442 is also closer in configuration
2, but the closer LYS444 residue masks this fact. There is an essential difference in the
distribution of negatively charged glycans. In configuration 4, these are significantly closer
than in configuration 2. It may be the cause of the electrostatic repulsion observed for
configuration 4 at all separations (Figure 8a). The cumulative charge analysis shows the
higher positive charge in the 17-20 A range (Figure 8d).

It is also interesting to note that the accumulated charge for the Delta variant (Figure
8d) is substantially smaller than the accumulated charge for the Omicron variant (Figure
7d), justifying the much stronger interaction found in the later case.

The results for the WT show a similar behaviour, as shown in the Supporting Information
(Figure S5). The interaction between the spike protein and the surface is repulsive for all
the configurations considered of the WT protein.

In summary, we have found that for WT, Delta and Omicron variants, significant differ-
ences in AG are observed for different configurations within the same variant. This result
highlights the importance of taking into account the detailed charge distribution (which may
change over time due to the change in relative positions of labile amino acids) instead of

considering only the total charge.
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variant. Spike protein images were made with VMD. 37
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4 Conclusions

Arguably, one of the most important changes observed in the SARS-CoV-2 evolved vari-
ants was the change in the electrostatic charge of its Spike protein. It evolved across the
variants from the highly negative Wild Type (WT) to the highly positive Omicron variant.
Even more importantly, the charge distribution of the receptor binding domain of the Spike
protein evolved from a mixed distribution of positively and negatively charged residues in
WT and Delta to a pattern with highly localized positively charged residues in Omicron.
This evolution has a decisive impact on virus-cell interactions key to the infection process,
as demonstrated in previous studies. 192122

Our results show that this evolution has also a decisive impact on the mechanism of inter-
action of the SARS-CoV-2 virus with charged surfaces. The interaction of the WT and Delta
variant spikes with charged surfaces is dominated by repulsive image forces (proportional to
0?) which are generated at the protein/water interface. The Omicron variant shows a dis-
tinct behaviour, being strongly attracted to negatively charged surfaces and repelled from
positively charged ones. Therefore, the virus has evolved from being repelled by charged
surfaces to efficiently adsorbing to negatively charged ones.

The fact that the Omicron variant has a more homogeneous, well-defined charge distribu-
tion substantially enhances its electrostatic interactions. Omicron exposes positively charged
residues and consequently is attracted by negatively charged surfaces and repelled by pos-
itively charged ones. On the contrary, the heterogeneous charge distribution in the Wild
Type and Delta spike proteins produces an inefficient (weak) direct electrostatic interaction
with charged surfaces. In these circumstances, the image charge repulsion originated at the
protein/water dielectric discontinuity dominates the interaction. We therefore conclude that
the interaction of Omicron with surfaces is of a different nature than that of WT and Delta.

Our results also imply that only the Omicron variant can be expected to be retained by
charged surfaces (in fact, by negatively charged surfaces). Since many commonly charged

surfaces are negatively charged (such as silicate glass, silica and common textiles), this result
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has important implications for situations involving interactions of the SARS-CoV-2 virus and
materials. For example, electrostatic retention of viruses by filters made of charged fibers can
be expected to be relevant for the Omicron variant but not for the original WT virus or the
Delta variant. Also, contamination of negatively charged surfaces by SARS-CoV-2 viruses
(fomites) can only be expected to occur with the Omicron variant but not with the original
WT. It is also interesting to note that the most effective coatings against the formation of
bacterial biofilms (preventing bacterial adhesion) are negatively charged.4? These materials
may also prevent the adhesion of WT and Delta variants of SARS-CoV-2 viruses, but they
will promote the adhesion of Omicron.

Finally, we would like to emphasize that the calculations made here were performed using
a new method (based on Debye-Hiickel theory) that provides efficient and generalized results
as a function of the surface charge density ¢. The method provides a general analytical
expression for the free energy of interaction between an atomistic model of a protein and a
surface with arbitrary surface charge o. The method is based on an exact expression for the
free energy in terms of three different contributions: the interaction (independent of o) of the
charged protein with the surface/water dielectric discontinuity, the interaction (proportional
to 02) of the surface charge with the protein/water dielectric discontinuity and the direct
protein-surface interactions proportional to o. These three terms are efficiently determined
by employing a set of three appropriately designed numerical calculations independent of
o. The applicability of the method is not limited to the specific case studied here but to
any other problems involving the interaction of a protein with a charged surface within the
scope of the linear Poisson-Boltzmann equation. This approach, coupled with numerical PB
solvers, offers a powerful tool for systematically studying protein-surface interactions with

charged surfaces.
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