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Abstract

We employ a recently developed complexity-reduction quantum mechanical (QM-CR) approach, based on complexity reduction of
density functional theory calculations, to characterize the interactions of the SARS-CoV-2 spike receptor binding domain (RBD) with
ACE2 host receptors and antibodies. QM-CR operates via ab initio identification of individual amino acid residue’s contributions to
chemical binding and leads to the identification of the impact of point mutations. Here, we especially focus on the E484K mutation
of the viral spike protein. We find that spike residue 484 hinders the spike’s binding to the human ACE2 receptor (hACE2). In contrast,
the same residue is beneficial in binding to the bat receptor Rhinolophus macrotis ACE2 (macACE?2). In agreement with empirical evi-
dence, QM-CR shows that the E484K mutation allows the spike to evade categories of neutralizing antibodies like C121 and C144. The
simulation also shows how the Delta variant spike binds more strongly to hACE2 compared to the original Wuhan strain, and predicts
that a E484K mutation can further improve its binding. Broad agreement between the QM-CR predictions and experimental evidence
supports the notion that ab initio modeling has now reached the maturity required to handle large intermolecular interactions central
to biological processes.

Significance Statement:

The threat of emerging pathogens, exemplified by the rapid spread of SARS-CoV-2, has motivated investigations into how
pathogens may evolve. In surveying possible evolutionary trajectories, wet-bench screens can only sample a small fraction of
possibilities because of practical limitations. Mechanistic modeling can partially overcome these limitations by offering: (1) the
flexibility of in silico sampling and (2) insights about underlying interaction mechanisms. Here, we employ a complexity reduc-
tion quantum mechanical (QM-CR) approach to describes the intermolecular interactions at the amino acid level. Through this
approach, we uncover residues critical to spike-receptor and spike-antibody interactions. We find broad agreement between the
QM-CR predictions and experimental evidence, showcasing the ability of ab initio modeling to capture biologically relevant inter-
molecular interactions.

Introduction ever, such an approach does not directly identify the mechanisms
that make a given mutation more, or less, beneficial. In this work,
we show how the recent developments in ab initio modeling can
complement experimental results and offer detailed mechanistic
insights.

Traditionally, full quantum mechanical (QM) models of inter-
molecular interactions are only employed for small molecules of
about a hundred atoms (10, 11); larger molecules have proven
computationally challenging for full QM investigations. Neverthe-
less, in silico approaches alternative to full QM have been suc-
cessful. Molecular docking (12-14), relying on geometrical con-

Since SARS-CoV-2 infected the human host, several variants have
arisen (1) with distinct changes in the viral spike protein, particu-
larly in the receptor binding domain (RBD). Two trends have been
prevalent in the spike evolution: (i) selection toward improved
binding to host cells (2) and (ii) selection toward evasion of neu-
tralizing antibodies (nAbs) (3-6). Anticipating the evolutionary tra-
jectory of viruses is a long-established relevant topic in the scien-
tific community (7). Presently, the main approach in this direction
is high-throughput in vitro screening of mutants [e.g. (8, 9)]; how-
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straints to assess intermolecular interactions, has been used to
survey small-molecule candidates in drug discovery (15). Force-
fields (FFs) have also been successful (16, 17), whenever previ-
ous adequate parameterization is available (18). Hybrid quan-
tum mechanics/molecular mechanics (QM/MM) methods are
also common in describing enzyme-substrate systems (19), and
have been successfully applied to SARS-CoV-2 (20-30). QM/MM
uses QM simulations for a small portion of the system (tens
of atoms) (31), leaving the remaining regions to be modeled
with a less computationally demanding MM simulation, driven
by FFs.

To mechanistically characterize SARS-CoV-2 spike-receptor
and spike-nAb interactions, we apply a recently developed ap-
proach for large-scale electronic structure calculations: com-
plexity reduction in density functional theory (DFT) calculations
(32, 33), hereafter called QM-CR. QM-CR differs from previous
approaches in requiring no targeted parameterization or prior
knowledge about the nature or sites of interactions, and it is
based on full QM calculations on the entire system. QM-CR lever-
ages recent progress in computational chemistry (34) to han-
dle tens of thousands of atoms in a single simulation. This en-
ables us to capture and investigate biological processes involv-
ing several hundreds of amino acids, including the SARS-CoV-
2 spike interactions. Recent efforts on SARS-CoV-2 have gener-
ated structural and biochemical data that can be used to val-
idate QM-CR predictions. In particular, the high level of de-
tail from recent contributions gives us new insight to comple-
ment experimental data or analysis based on regression models
(35-38).

Importantly, QM-CR can reveal the mechanisms behind
intermolecular binding by decomposing interactions into
chemical/short-ranged (which imply a shared electron) ver-
sus electrostatic/long-ranged (which do not involve shared
electrons). We define as “hotspots” amino acids with a significant
chemical contribution to the intermolecular interactions. To
further investigate the contribution of individual amino acids,
single point mutations can be introduced into a protein’s (e.g.
the spike) primary structure. We employ the BigDFT computer
program (39), based on an ab initio DFT approach on a set of
fully atomistic 3D structural models, to simulate intermolecular
interactions of interest with a computational cost manageable
on modern supercomputers.

In this work, we focus our analysis on the E484K mutation for
three main reasons. First, our analysis identifies residue E484 as
the main interface weak link in the interaction of the SARS-CoV-2
Wuhan strain with the human receptor ACE2 (hACE2); conversely,
the same residue is beneficial to binding the bat Rhinolophus macro-
tis” ACE2 (macACE2). Second, we show that an E484K mutation
alone can disrupt the neutralizing effect of specific antibodies. In
addition, we also highlight the strong modular character of the
E484K mutation and show that, if imposed on existing SARS-CoV-
2 variants such as Delta, it can enhance binding to hACE2, po-
tentially identifying future viral evolutionary trajectories. Finally,
we argue that ab initio models are now at the point of providing
mechanistic insights on molecular interactions central to biolog-
ical processes.

Results

We focus our analysis on the impact of the E484K mutation on
antibody evasion and cellular receptor binding. Prior experimen-
tal and computational data have shown that spike variants with
the E484K mutation in the RBD can evade antibodies C144 and

C121 (38, 40). E484K is also a typical signature mutation of the
RBD of the Gamma and Beta variants. We test our QM model as
an agnostic predictor to explain the interaction of the viral spike
(the original Wuhan version or the E484K-mutated one) with host
receptors and nAbs.

QM-CR underscores hotspots of spike-hACE2
interactions

We examine the interaction between the Wuhan-type (WT) spike
RBD and hACE? as its native substrate. In this analysis, we calcu-
late the overall effect of each amino acid residue on its respective
interactor, either on the spike side or on the hACE? side; the con-
tribution to the binding energy can either be attractive/stabilizing
or be repulsive/de-stabilizing (Fig. 1).

We use the Fragment Bond Order (FBO) (32), calculated using
the electronic structure of the system in proximity of a given
residue, as a measure of the strength of the interaction in the
proximity of the interface between the two interacting molecules
(Table 1). In Fig. 1, we have highlighted residues with large FBO
as well as those close to the geometric interface. Residues with
both large FBO and interface proximity are determined as ma-
jor contributors to the intermolecular interactions. This analy-
sis reveals the contribution of each residue to the overall binding
performance, highlighting which amino acids facilitate or hinder
binding, and how. In the following sections, we use FBO to draw an
interaction network of the interface to detail the chemical inter-
actions among residues and their stabilizing or destabilizing role.
Details of the procedure are provided in the Supplementary Mate-
rial (“Details of the fragmentation procedure”). As an alternative
visualization, the contribution of each amino acid residue to the
binding can also be highlighted over the 3D physical arrangement
of the two molecules (Fig. S1).

QM-CR identifies the spike E484 residue as the
weak link in the binding to the host receptor
hACE2

FBO values pinpoint the hotspots of the RBD-hACE2 system
(Fig. 2). On the hACE2 side (Fig. 2a), Q24, T27, D30, K31, H34, E35,
E37, D38, Y41, Q42, Y83, and K353 stand out, in agreement with
known data (41). On the spike side (Fig. 2b), a more diverse lay-
out emerges, on and off the interface, with several residues dis-
playing repulsion. However, residue E484 shows the unique trait of
being simultaneously repulsive and at the interface with hACE2,
via a short-range interaction with the K31 residue (Fig. 2c). Since
the chemical interaction is intrinsically attractive, the overall re-
pulsive interaction indicates that another residue in the vicin-
ity cancels the chemical attraction with an electrostatic repul-
sion. Overall, in the WT structure, E484 destabilizes the binding
to hACE2. From this analysis, we conclude that the Wuhan spike
RBD harbors a suboptimal residue at the 484 position for hACE2
binding.

To further investigate the impact of E484, we tested the model
on the available 3D crystal structure of the human homologous
ACE?2 receptor in R. macrotis, a host species with a more adapted
SARS-CoV-2 interaction (41). In this simulation (Fig. 3a-b, second
rows), the E484 residue is instrumental to the binding by being
strongly attractive to the R. macrotis ACE2 (macACE2). Notably, in
both hACE2 and macACE?2, the interactor with E484 is the ACE2
residue K31. This means that the macACE2 sequence has residues,
proximal to the K31 hotspot, that exert an attractive electrostatic
force on E484. A closer inspection of the two sequences reveals
that this attractive force comes from the K35 residue, which in
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Fig. 1. Mechanistic characterization of the binding between Wuhan strain’s spike and hACE2. Data are plotted on the sequence of hACE2 (a) and the
spike RBD (b). Letters represent single amino acid residues; yellow bars indicate interface residues, identified with the FBO threshold. “FBO” is the
Fragment Bond Order values, and “Distance” is the distance of a residue to the nearest atom of its ligand. “Interaction” is the chemical/electrostatic
force shown as attractive (blue) or repulsive (red), with darker colors indicating stronger effects.

Table 1. Prospectus of the main concepts and quantities constituting the model.

Electron density The distribution of electrons in a given molecular system. The electron density determines the nature and strength of
the chemical bonds between interacting molecules. Such an “electron cloud" is the main emerging property of the
underlying atomic structure in defining the chemical characteristics of a molecule.

Fragment The modular elements into which the electron cloud can be partitioned, for example, an amino acid. The model
partitions the electron cloud into physically consistent regions and/or verifies the consistency of a pre-defined
partitioning; every such region is defined as a fragment.

FBO The descriptor of the inter-fragment interactions. FBO is the main quantity used in the model to represent the
connection pattern of the fragments of interacting molecules.

Fragment From the results of the model and the features of the fragments it is then possible to calculate the interaction strength

interactions between any two fragments. Such interaction has both a chemical/short-range term that is always attractive, and an
electrostatic/long-range term that can be attractive or repulsive.

Final output At the end of the simulation, BigDFT provides a simple representation of the strength of interaction between

fragments of the two molecules. The model can describe the energy and nature of the acting chemical bonds. This
enables a mechanistic explanation and/or prediction of how specific amino acid substitutions or deletions, in spikes or
nAbs, impact the interactions with their hACE2 substrate or the viral spike, respectively.
Hardware The model requires massively parallel calculations via high performance computing. On a modern supercomputer,
requirements hundreds of simulations can be performed in a time frame of one hour.

All the elements here discussed are general and therefore applicable, without previous parameterization, to any given set of atoms for which atomistic structural
representations are available.

hACE2? is replaced by glutamic acid. Thus, the model highlights a hACE? binding energy by about 32% (Fig. 2b, histogram), switch-

stark contrast between human and bat receptors. ing the main hACE?2 interacting residue from K31 to E35. Such
We further confirmed the role of E484 by introducing the E484K an interaction, driven by electrostatics, represents a net improve-
mutation into the viral spike and then assessing the interaction ment of the Wuhan-hACE2 network. Conversely, the same mu-

with hACE2 (Fig. 2). The E484K mutation improves the spike— tation does not affect the spike binding energy to macACE2 in
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Fig. 2. Data are plotted on hACE? (a) and on the Wuhan spike (b) primary structure bound to the Wuhan spike (WT) and the mutated one (E484K).
Amino acids are represented by the corresponding letters and numbered on the histogram’s horizontal axis. Interface residues are highlighted by
yellow bars and their overall effect on the other molecule is indicated by red (repulsive) or blue (attractive) tiles. Histograms underneath the
sequences show the relative change in binding energy of the E484K mutated variant relative to the Wuhan strain, with positive and negative values
indicating weaker and stronger binding, respectively. Bottom right histograms represent the overall binding energy of hACE2 with the Wuhan spike
versus the mutated one, partitioned into chemical and electrostatic contributions. Interaction networks (Wuhan spike-hACE? to the left, and mutated
spike-hACE?2 to the right), including FBO-interface residues and their coordinated interactors are shown (c). Squares depict spike residues and circles
depict hACE2 residues, with red color for repulsive and blue color for attractive energy. Yellow outlines highlight interface residues. Bonds are purple
when intermolecular or black when intramolecular.
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Fig. 3. Mechanistic characterization of the Wuhan spike binding to the human ACE2 (hACE2) and R. macrotis ACE2 (macACE?2). Data are plotted on the
ACE2 primary structure (a), and on the Wuhan spike RBD (b), when binding to the human (hACE2) and the bat (macACE2) receptor. Amino acid
residues are labeled with letters and numbered. Interface residues are highlighted with a yellow bar, red tiles are repulsive residues, and blue tiles are
attractive residues; see the rest of the figure for energy scales. The interaction networks (c) represent the hACE2-spike system on the left, and
macACE2-spike on the right; circles are ACE2 residues, squares are spike residues. Interface residues are highlighted with a yellow bar, red tiles are
repulsive residues, and blue tiles are attractive residues. Bonds are purple when intermolecular or black when intramolecular, and their thickness
represents the strength of the FBO between residues.

the same position, where the bat receptor hosts a lysine. In other QM-CR shows how nAb C121 loses binding to the
terms, for macACE2, K484 clearly does not engage K35, and would E484K mutated spike

actually disappear from the interface (Fig. S2). The resulting inter- We identify the hotspots between the Wuhan spike RBD and C121
action network is rearranged, and the interface binding energy is nAbs (Fig. 4 and Fig. S1) (see results for C144 nAb in Fig. S3).
not improved by the mutation. Therefore, the model shows a more Residue E484 is the main spike interactor with C121 nAb. Other
functional interaction between macACE2 and Wuhan RBD, possi- relevant sites are residues K444, Y449, F486, Y489, and Q493. On
bly the result of a longer adaptation by SARS-CoV-2 to R. macrotis, the C121 side, residues Y33, S55, and S75 are pivotal for the Wuhan
compargd to t.he human receptor. In -the hACE? interaction, .the spike binding. The model estimates that among all the residues
E484 spike res1du§ belongs to a suboptimal sector of the chemical  ontributing to the interaction, the individual contribution of E484
interface, suggesting that other RBD adaptations in this sector are amounts to around 50% of the total. The interaction network
likely to improve the binding. (Fig. 4c) shows E484’s binding to residues Y33 and S55 of C121.
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Once the E484K mutation is imposed, we observe a rearrangement
of the interaction network, and a substantially lower binding en-
ergy between the spike and the antibody. Specifically, E484K re-
duces the connectivity at the 484 residue in the interaction net-
work and modifies the interactions on the C121 side toward de-
creased stability. Only the S52 residue is stabilized by the muta-
tion, but not to the point of compensating for the loss of attrac-
tion at other residues. Overall, once the mutation is applied, we
observe a substantial decrease of about 25% of the total binding
energy, largely because of reduced short-range interactions. The
model concludes, with no a priori information other than the ex-
perimental crystal structure, that the E484 residue is the essen-
tial actor in the binding by nAb C121, and that a targeted point
mutation will substantially affect said binding. The analysis of
C144 nAb shows comparable results. Moreover, C144 undergoes a
substantial rearrangement of its interaction network in response
to the mutation, arguably a consequence of the original higher
connectivity of the residue E484 in the binding, compared to the
C121 case: five C144 residues are involved (Y51, S52, G53, G54, and
S55) compared to two C121 residues (Y33 and S55) (Fig. S3). In-
terestingly, the importance of E484 also appeared in previous a
work in which E484 mutants arise under the selective pressure of
nAbs (42).

QM-CR predicts that the E484K mutation
strengthens the binding of the Delta spike to
hACE2

Starting from the Wuhan strain crystal structure, we generate
a virtual crystal structure to represent Delta (B.1.617.2) in con-
junction with hACE?2 by substituting its characterizing RBD muta-
tions (L452R and T478K) into the Wuhan spike crystal structure.
Such residue mutations belong to an off-interface sector of the
RBD (see Fig. 1). Our simulations identify the same FBO interface
residues found for the Wuhan strain. However, differently from
the other tested interaction networks, a substantial contribution
to the overall binding energy of Delta to hACE2 comes from off-
interface residues via their long-range electrostatic effect on their
counterparts, highlighting the relevance of including residues be-
yond the interface region in the analysis of binding.
Furthermore, when testing the binding of the Delta-hACE?2 sys-
tem after introducing the E484K mutation, the simulation shows
that E484K is compatible with the Delta variant and further
strengthens the overall binding to hACE2. This in silico-generated
variant, solely based on theoretical grounds, displays a stronger
binding to hACE2 than either E484K or Delta variants individually

(Fig. 5).

Discussion

Recently developed complexity reduction tools in DFT calcula-
tions have allowed full QM simulations of systems with several
thousands of atoms. These advances have bridged the gap that
had so far hindered full QM ab initio modeling of larger molecules
that are often of interest in biology. A computational approach
that can capture biologically relevant intermolecular interactions,
such as protein-protein interactions, has untapped potential for
better mechanistic understanding of biological phenomena at a
molecular level.

In this work, we use the BigDFT code to implement an ab initio
QM simulation of the electronic properties of a given set of atoms
as large as a full protein—protein system. Through this model,
we decompose the interaction between two biological macro-
molecules, spike RBD and receptor/antibody, into the individual

energetic contributions of each of the amino acid residues in-
volved. Additionally, the model characterizes the nature of these
contributions into two main categories: (1) short-range/chemical
and (2) long-range/electrostatic. Ultimately, we infer a network
of interactions with amino acid residues of the two interacting
molecules as nodes, and the inter-residue binding strength as
edges. This interaction network is based on the electronic struc-
ture of the protein—protein system.

We focus on the viral spike interaction with ACE?2 as its natu-
ral receptor, and with nAbs C121 and C144. We demonstrate that
a QM model, assessing the interactions among the residues of
an intermolecular biological system, enables mechanistic insight
into how SARS-CoV-2 interacts with its host. The QM-CR model
identifies the E484 residue as the only interface element hinder-
ing the binding between the Wuhan strain and hACE2, making
it the most evident weak link of the Wuhan spike binding to the
human host. The E484K mutation is shown by the model as a di-
rect solution to this hindrance by improving binding to hACE2 and
presumably constituting an evolutionary advantage, as supported
by its emergence among several successful variants. Interestingly,
QM-CR also shows that the E484 residue stabilizes the interac-
tion between the Wuhan viral spike and the bat receptor macACE2
from R. macrotis. We interpret this as an indication that the Wuhan
strain is better adapted to a bat-like ACE2, and the rise of changes
at E484 constitutes an adaptation specific to the human host.

In agreement with known data, QM-CR predicts loss of inter-
action between the SARS-CoV-2 spike and nAbs C121 and C144
once the E484K mutation is imposed on the spike of the Wuhan
strain. The RBD residue E484 emerges as the main and fundamen-
tal spike fragment enabling the binding event, and therefore neu-
tralization. These data suggest that nAbs challenging the spike
at E484—the very residue that most hinders hACE?2 interaction—
provide an ulterior selective pressure for the virus to find alterna-
tives to the original phenotype at this position.

By analyzing the competition between short- and long-range
interaction contributions, we have shown that, compared to the
Wuhan strain, the charge-shift E484K mutation substantially in-
creased (by about 30%) the binding energy to hACE2. On the RBD
side, the model also highlights how the effect of E484K is focused
on the 484 position, with limited off-target repercussions for the
spike’s binding (Fig. 2). We argue that this trait qualifies the E484K
mutation as highly “RBD-modular” and readily achievablein an al-
ready well-adapted spike structure. The contribution of E484K to
the binding is largely long-range/electrostatic, therefore less de-
pendent on a specific steric conformation. Our simulations are
motivated by the available empirical data in identifying the E484K
mutation as a particularly likely evolutionary outcome, based on
increased SARS-CoV-2 infectivity and antibody evasion. We thus
examined the potential impact of the E484K mutation on spike—
hACE? binding in the background of the Delta variant. Our model
suggests that E484K affects spike-hACE2 and spike-nAb binding
in a modular fashion. Thus, if acquired by the Delta strain, E484K
further increases binding, possibly contributing to increased in-
fectivity. We acknowledge that infectivity is a multifactor process,
of which receptor binding is only one among multiple actors.

Ourinvestigation is focused on characterizing individual amino
acid contributions to the different performances of alternative
spike structures in binding hACE2, especially to assess the hypo-
thetical relevance of present and future single point mutations
imposed on available crystal structures. Binding to ACE2 is the
first step for SARS-CoV-2 infection, and is therefore central to the
overall fitness of a given viral variant. In the context of viral evo-
lution toward improved human ACE?2 binding, we intend to iden-
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tify the structural traits that represent the objects of selection;
when compared to the closest experimental dataset available (9),
the quantities we compute provide QM simulations, which largely
align with empirical results (Fig. S6) (43, 44).

The QM-CR approach is performed on all-atom in silico struc-
tures as inputs. In this context, we have applied the QM-CR
method to crystal structures available in the PDB database, as well
as variations of them, whenever crystalized structures are un-
available. Our analysis does not take into account conformational
changes (which recent work has shown take place on the order
of microseconds for spike-hACE2 interactions (45, 46)), conforma-
tional changes would require applying QM-CR to a population of
structures coming from, for instance, subsampled Molecular Dy-
namics (MD) trajectories (47). Furthermore, due to the nature of
the QM-CR analysis and the use of a single frame, interaction en-
ergies do not account for entropic effects or rearrangement (elec-
tronic or nuclear) after disassociation. Interactions have also been
partitioned into per-amino-acid contributions, which introduces
some error terms; however, this can be controlled using measures
provided by the QM-CR methodology (see Supplementary Mate-
rial, “Details of fragmentation procedure”). For this study, i.e. the
case of E484K, the model’s predictions align with available em-
pirical data even when using the initial virtual crystal structures.
In this specific case, this may be due to the long-range impact of
E484K as a charge-shift mutation. Moreover, in the vicinity of the
interface, the QM-CR approach produces an interaction network,
which at the very least encodes the first-order effects that a mu-
tation can induce in the chemical bonds of the interface.

The crystal structures employed for the Delta spike variant are
not associated to an experimental result. They are virtual approx-
imations, obtained via local energy minimization. The approxi-
mation assumes that no major structural changes from the ref-
erence Wuhan spike occur when single point mutations are in-
troduced. In the Supplementary Material (Fig. S4), we show evi-
dence that such an approximation is reasonable, at least for the
combination of mutations characterizing the Beta variant RBD:
E484K, N501Y, and K417N. We employ a well-established DFT ap-
proximation, PBE + D3, which provides reliable information on
coarse-grained quantities and trends (32, 48), and simulates struc-
tures in their relaxed positions (49). Overall, we deem our method
to be a balanced compromise between accuracy and modeling
complexity.

The maturity of large-scale QM calculations represents a
unique opportunity to employ full QM approaches to uncover the
interaction mechanisms. Such mechanisms are presently inac-
cessible to other, more conventional computational approaches.
We also show that an ab initio modeling in QM-CR provides in-
sights useful for comparison with experimental data, supporting
its capability to offer predictive power for intermolecular interac-
tions of biological relevance. Finally, we argue that QM-CR can be
correlated to high throughput calculations of libraries of mutated
structures aimed at identifying potential antibody escape routes
for SARS-CoV-2 and, being unbiased and agnostic, can be readily
applied to other biological systems.

Methods
Computational approach

We perform a full QM model, as implemented in the BigDFT com-
puter program suite (50). The approach employs the formalism of
Daubechies wavelets to express the electronic structure of the as-
semblies in the framework of the Kohn-Sham (KS) formalism of
DFT (39). The electronic structure is expressed, by both the den-
sity matrix and the Hamiltonian operator, in an underlying basis

set of support functions—a set of localized functions adapted to
the chemical environment of the system. Such functions are ex-
pressed in Daubechies wavelets, typically using one to four sup-
port functions per atom as the basis set. The electronic density
matrices, as well as the Hamiltonian expressed in the BigDFT basis
set, are analyzed to provide quantum observables of the systems.
The code provides efficient and accurate QM results for full sys-
tems of large sizes, delivering excellent performance on massively
parallel supercomputers. In the present study, we employ the PBE
approximation corrected by dispersion D3 correction terms (51)
and Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials (52).
The CheSs library (53) has been employed to calculate the sys-
tem’s density matrix. A comparison of the inclusion of an implicit
solvent, with respect to gas phase calculations shows that inter-
action energies at interface residues are only marginally affected
by the presence of the solvent (Fig. S5).

Each calculation includes approximately 12,000 atoms and
requires about 2 h of wall time on 32 compute nodes of the
IRENE-Rome supercomputer, at the TGCC supercomputing cen-
ter in Saclay (Paris, France). A similar approach has been previ-
ously used, in conjunction with the other atomistic techniques
described in the introduction, to investigate the interaction pat-
terns of the SARS-CoV-2 main protease with natural peptidic sub-
strates, and to design peptide inhibitors tested in vitro (47).

Procedure

Starting from a representative 3D model of the molecules as our
input, we calculate the system’s electronic structure, from which
we extract various quantities. We draw a contact network toiden-
tify relevant chemical interactions among the spike RBD and the
various interactors considered in this study. The strength of the
inter-residue interaction is quantified by the FBO (54), calculated
using the electronic structure of the system in proximity of a given
residue. Such an approach has been previously described in detail
(39, 55) and is summarized in Table 1.

We use the FBO to identify the interface residues, defined as
the amino acids of the counter-ligand that have a non-negligible
value, above a set threshold of the FBO, with the ligand. In contrast
to a simple geometrical indicator like the RBD-ligand distance,
the FBO provides a metric that enables a nonempirical identifi-
cation of steric hotspot interactions. We here identify as chemical
hotspot interface residues the amino acids, which exhibit a FBO
value with the ligand larger than 7 x 107. Such a threshold is ob-
tained by comparing the hydrogen bonding interaction network of
the SARS-CoV-2 main protease to its natural peptidic substrates,
derived from traditional FF analysis and the equivalent FBO net-
work (47).

Once the chemical connection among amino acids is identified,
we assign to each residue its contribution to the binding interac-
tion between the two subsystems. We calculate these interaction
terms from the output of the DFT code and interpret them as two
parts. First, a long-range electrostatic attraction/repulsion term,
defined from the electron distributions of each of the fragments
(even when far apart, two fragments may still interact). The re-
maining term, which can only be attractive, is provided by the
chemical binding between the fragments, and is nonzero only if
the electronic clouds of the fragments superimpose (short-range).
This term is correlated with the FBO strength, and we identify it
as the chemical interaction.

By including long-range electrostatic terms, the decomposition
enables us to single out relevant residues not necessarily resid-
ing at the interface. In this way, the model provides an ab initio
representation of the RBD-ligand interactions as the final output.
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Crystal structures and generation of mutant
virtual structures

Crystallographic structures are obtained from the RCSB database
(56) using PDB entries 6M0J (hACE2), 7K8X (nAb C121), 7K90 (nAb
C144), and 7C8] (macACE?2). Protonation of histidines and other
titratable residues is assigned a pH of 7, based on the PDBFixer
tool in OpenMM (57, 58).

Virtual structures are generated by imposing point mutations
on the original structure. Structure relaxations are performed
by optimizing the crystal geometry with the OpenMM package
using the AMBER FF14SB force field (59). While such optimized
structures do not represent the full panorama of conformations
that might exist at a finite temperature, the resulting structures
are interpreted as one plausible representative among the pos-
sible conformations of the system. To further verify this state-
ment, we compared the difference in the interaction pattern ob-
tained from the experimental crystal structure of the Beta vari-
ant in conjunction with hACE2 (PDB 7VX4) to the same quantity
from the combined action of each point mutation characteriz-
ing the Beta RBD (E484K, N501Y, and K417N), applied on virtual
crystals derived from WT-RBD (6M0J). We verify (see Supplemen-
tary Information) that the interaction difference on the RBD of
the two real crystals corresponds to the overall sum of the con-
tributions of each of the point mutations. This fact, on the one
hand, confirms the modular impact of each point mutation to
the overall binding, on the other hand, suggests that the impact
due to conformational rearrangements is of higher order, for this
variant.

Acknowledgments

We acknowledge useful discussions with Michel Masella, Lorenzo
Fontolan, and Brigitte Lawhorn. This work used computa-
tional resources of the supercomputer Fugaku provided by
RIKEN through the HPCI System Research Project (Project ID:
hp200179).

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Funding

L.G. acknowledges support from the MaX EU Center of Excel-
lence and from French National Computing Resources (projects
spe0011 and genl12049). BM. and M.Z. were supported by
an Ignite grant from Boston College and by an Award for
Excellence in Biomedical Research from the Smith Family
Foundation.

Authors’ Contributions

Conceptualization: M.Z., L.G.,, M.F,, W], and B.M.
Formal analysis: L.G., W.D,, and V.C.
Funding acquisition: L.G., T.N., BM., and W.D.
Investigation: M.Z., L.G., M.E., WJ.,, and B.M.
Methodology: M.Z., L.G., and W.D.
Software: L.G., W.D,, and V.C.
Supervision: M.F.,, WJ., and B.M.
Writing—original draft: M.Z., L.G., and B.M.
Writing—review and editing: M.Z., L.G.,, M.F,, W.D,, and B.M.

Data Availability

All data are included in the manuscript and/or Supplemenatry
Material.

References

1. Yurkovetskiy L, et al. 2020. Structural and functional analysis of
the D614G SARS-CoV-2 spike protein variant. Cell. 183:739-751.

2. Davies NG, et al. 2021. Estimated transmissibility and impact of
SARS-CoV-2 lineage B.1.1.7 in England. Science. 372:eabg3055.

3. Dejnirattisai W, et al. 2021. The antigenic anatomy of SARS-CoV-
2 receptor binding domain. Cell. 184:2183-2200.

4. Thomson EC, et al. 2021. Circulating SARS-CoV-2 spike N439K
variants maintain fitness while evading antibody-mediated im-
munity. Cell. 184:1171-1187.e20.

5. Jangra S, et al. 2021. SARS-CoV-2 spike E484K mutation reduces
antibody neutralisation. The Lancet Microbe. 2:€283-e284.

6. Starr TN, et al. 2021. Prospective mapping of viral mutations that
escape antibodies used to treat COVID-19. Science. 371:850-854.

7. Luo R, Delaunay-Moisan A, Timmis K, Danchin A. 2021. SARS-
CoV-2 biology and variants: anticipation of viral evolution and
what needs to be done. Environ Microbiol. 23:2339-2363.

8. Chan KK, et al. 2020. Engineering human ACE2 to optimize
binding to the spike protein of SARS coronavirus 2. Science .
369:1261-1265.

9. Starr TN, et al. 2020. Deep mutational scanning of SARS-CoV-
2 receptor binding domain reveals constraints on folding and
ACE2 binding. Cell. 182:1295-1310.

10. Schneider G. 2010. Virtual screening: an endless staircase? Nat
Rev Drug Discov 2010 94. 9:273-276.

11. Gorgulla C, et al. 2020. An open-source drug discovery platform
enables ultra-large virtual screens. Nature. 580:663-668.

12. Brooijmans N, Kuntz ID. 2003. Molecular recognition and dock-
ing algorithms. Annu Rev Biophys Biomol Struct. 32:335-373.

13. GuedesIA, de Magalhaes CS, Dardenne LE. 2014. Receptor-ligand
molecular docking. Biophys Rev. 6:75-87

14. Pagadala NS, Syed K, Tuszynski J. 2017. Software for molecular
docking: a review. Biophys Rev. 9:91-102

15. Meng X-Y, Zhang H-X, Mezei M, Cui M. 2012. Molecular docking:
a powerful approach for structure-based drug discovery. Curr
Comput Aided-Drug Des. 7:146-157.

16. Dauber-Osguthorpe P, Hagler AT. 2019. Biomolecular force fields:
where have we been, where are we now, where do we need to go
and how do we get there? ] Comput-Aided Mol Des. 33:133-203.

17. Schlick T, Portillo-Ledesma S. 2021. Biomolecular modeling
thrives in the age of technology. Nat Comput Sci 2021 15. 1:321-
331

18. van der Spoel D. 2021. Systematic design of biomolecular force
fields. Curr Opin Struct Biol. 67:18-24.

19. Senn HM, Thiel W. 2009. QM/MM methods for biomolecular sys-
tems. Angew Chem Int Ed. 48:1198-1229.

20. Bai C, Warshel A. 2020. Critical dfferences between the binding
features of the spike proteins of SARS-CoV-2 and SARS-CoV. ]
Phys Chem B. 124:5907-5912.

21. Casalino L, et al. 2021. Al-driven multiscale simulations illumi-
nate mechanisms of SARS-CoV-2 spike dynamics. Int ] High Per-
form Comput Appl. 35:432-451.

22. Qiao Z, Zhang H, Ji HF, Chen Q. 2020. Computational view to-
ward the inhibition of SARS-CoV-2 spike glycoprotein and the
3CL protease. Computation. 8:53.

23. Toor HG, Banerjee DI, Lipsa Rath S, Darji SA. 2021. Compu-
tational drug re-purposing targeting the spike glycoprotein of


https://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgac180#supplementary-data

Zaccariaetal. | 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

SARS-CoV-2 as an effective strategy to neutralize COVID-19. Eur
] Pharmacol. 890:173720.

Ling R, et al. 2020. In silico design of antiviral peptides targeting
the spike protein of SARS-CoV-2. Peptides. 130:170328.

Teruel N, Mailhot O, Najmanovich RJ. 2021. Modelling conforma-
tional state dynamics and its role on infection for SARS-CoV-2
Spike protein variants. PLoS Comput Biol. 17:1009286.

Ching WY, Adhikari P, Jawad B, Podgornik R. 2021. Ultra-large-
scale ab initio quantum chemical computation of bio-molecular
systems: the case of spike protein of SARS-CoV-2 virus. Comput
Struct Biotechnol J. 19:1288-1301.

Adhikari P, et al. 2020. Intra- and intermolecular atomic-scale
interactions in the receptor binding domain of SARS-CoV-2
spike protein: implication for ACE2 receptor binding. Phys Chem
Chem Phys. 22:18272-18283.

Basu A, Sarkar A, Maulik U. 2020. Molecular docking study of
potential phytochemicals and their effects on the complex of
SARS-CoV2 spike protein and human ACE2. Sci Rep. 10:1-15.
Isaac-Lam MF. 2021. Molecular modeling of the interaction of lig-
ands with ACE2-SARS-CoV-2 spike protein complex. Silico Phar-
macol. 2021 91. 9:1-16.

Francés-Monerris A, et al. 2020. Molecular basis of SARS-CoV-2
infection and rational design of potential antiviral agents: mod-
eling and simulation approaches. ] Proteome Res. 19:4291-4315.
Kulik HJ, Zhang J, Klinman JP, Martinez TJ. 2016. How large
should the QM region be in QM/MM calculations? The case of
catechol O-methyltransferase. ] Phys Chem B. 120:11381-11394.
Dawson W, Mohr S, Ratcliff LE, Nakajima T, Genovese L. 2020.
Complexity reduction in density functional theory calculations
of large systems: system partitioning and fragment embedding.
J Chem Theory Comput. 16:2952-2964.

Mohr S, Masella M, Ratcliff LE, Genovese L. 2017. Complexity re-
duction in large quantum systems: fragment identification and
population analysis via a local optimized minimal basis. ] Chem
Theory Comput. 13:4079-4088.

Ratcliff LE, et al. 2017. Challenges in large scale quantum me-
chanical calculations. Wiley Interdiscip Rev Comput Mol Sci.
7:€1290.

Laffeber C, de Koning K, Kanaar R, Lebbink JHG. 2021. Ex-
perimental evidence for enhanced receptor binding by rapidly
spreading SARS-CoV-2 variants. ] Mol Biol. 433:167058.

Harvey WT, et al. 2021. SARS-CoV-2 variants, spike muta-
tions and immune escape. Nat Rev Microbiol, 2021 197. 19:
409-424.

Rawat P, Jemimah S, Ponnuswamy PK, Gromiha MM. 2021.
Why are ACE2 binding coronavirus strains SARS-CoV/SARS-
CoV-2 wild and NL63 mild? Proteins Struct Funct Bioinf. 89:
389-398.

Sharma D, Rawat P, Janakiraman V, Gromiha MM. 2022. Eluci-
dating important structural features for the binding affinity of
spike—SARS-CoV-2 neutralizing antibody complexes. Proteins
Struct Funct Bioinf. 90:824-834.

Ratcliff LE, et al. 2020. Flexibilities of wavelets as a computational
basis set for large-scale electronic structure calculations. ] Chem
Phys. 152:194110.

Weisblum Y, et al. 2020. Escape from neutralizing antibodies by
SARS-CoV-2 spike protein variants. Elife. 9:1.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.
58.

59.

Mou H, et al. 2021. Mutations derived from horseshoe bat ACE2
orthologs enhance ACE2-Fc neutralization of SARS-CoV-2. PLoS
Pathog. 17:€1009501.

Andreano E, et al. 2021. SARS-CoV-2 escape from a highly neu-
tralizing COVID-19 convalescent plasma. Proc Natl Acad Sci
USA. 118:2103154118.

Siebenmorgen T, Zacharias M. 2020. Computational prediction
of protein-protein binding affinities. Wiley Interdiscip Rev Com-
put Mol Sci. 10:e1448.

GISAID—Initiative. [accessed 2021 Nov 27]. https://www.gisaid.o
rg/.

Spinello A, Saltalamacchia A, Magistrato A. 2020. Is the rigid-
ity of SARS-CoV-2 spike receptor-binding motif the hallmark for
Its enhanced infectivity? Insights from All-Atom simulations. J
Phys Chem Lett. 11:4785-4790.

Spinello A, Saltalamacchia A, BoriSek J, Magistrato A. 2021. Al-
losteric cross-talk among spike’s receptor-binding domain mu-
tations of the SARS-CoV-2 South African variant triggers an
effective hijacking of human cell receptor. ] Phys Chem Lett.
12:5987-5993.

Chan HTH, et al. 2021. Discovery of SARS-CoV-2 Mpro peptide
inhibitors from modelling substrate and ligand binding. Chem
Sci. 12:13686-13703.

Perdew JP, Burke K, Ernzerhof M. 1996. Generalized gradient ap-
proximation made simple. Phys Rev Lett. 77:3865-3868.
Gundelach L, Fox T, Tautermann CS, Skylaris CK. 2021. Protein—
ligand free energies of binding from full-protein DFT calcula-
tions: convergence and choice of exchange—correlation func-
tional. Phys Chem Chem Phys. 23: 9381-9393.

Mohr S, et al. 2015. Accurate and efficient linear scaling DFT cal-
culations with universal applicability. Phys Chem Chem Phys.
17:31360-31370.

Grimme S, Antony J, Ehrlich S, Krieg H. 2010. A consistent and
accurate ab initio parametrization of density functional disper-
sion correction (DFT-D) for the 94 elements H-Pu. ] Chem Phys.
132:154104.

Willand A, et al. 2013. Norm-conserving pseudopotentials with
chemical accuracy compared to all-electron calculations. J
Chem Phys. 138:104109.

Mohr S, et al. 2017. Efficient computation of sparse matrix func-
tions for large-scale electronic structure calculations: the cheSS
library. ] Chem Theory Comput. 13:4684-4698.

Dawson W, Degomme A, Stella M, Nakajima T, Ratcliff LE, Gen-
ovese L. 2021. Density functional theory calculations of large
systems: interplay between fragments, observables, and com-
putational complexity. Wiley Interdiscip Rev Comput Mol Sci.
13:e1574.

Mohr S, et al. 2014. Daubechies wavelets for linear scaling density
functional theory. ] Chem Phys. 140:204110.

RCSB PDB. [accessed 2021 Oct 23]. https://www.rcsb.org/.
OpenMM. [accessed 2021 Oct 23]. https://openmm.org/.
GitHub—openmm/pdbfixer: PDBFixer fixes problems in PDB
files. [accessed 2021 Nov 27]. https://github.com/openmm/pdbf
ixer.

Maier JA, et al. 2015. ff14SB: improving the accuracy of protein
side chain and backbone parameters from ff99SB. ] Chem The-
ory Comput. 11:3696-3713.


https://www.gisaid.org/
https://www.rcsb.org/
https://openmm.org/
https://github.com/openmm/pdbfixer

