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Abstract: The current SARS-CoV-2 pandemic highlights our fragility when we are exposed to emer-
gent viruses either directly or through zoonotic diseases. Fortunately, our knowledge of the biology
of those viruses is improving. In particular, we have more and more structural information on virions,
i.e., the infective form of a virus that includes its genomic material and surrounding protective
capsid, and on their gene products. It is important to have methods that enable the analyses of
structural information on such large macromolecular systems. We review some of those methods in
this paper. We focus on understanding the geometry of virions and viral structural proteins, their
dynamics, and their energetics, with the ambition that this understanding can help design antiviral
agents. We discuss those methods in light of the specificities of those structures, mainly that they
are huge. We focus on three of our own methods based on the alpha shape theory for computing
geometry, normal mode analyses to study dynamics, and modified Poisson–Boltzmann theories to
study the organization of ions and co-solvent and solvent molecules around biomacromolecules. The
corresponding software has computing times that are compatible with the use of regular desktop
computers. We show examples of their applications on some outer shells and structural proteins of
the West Nile Virus.

Keywords: virus structure; alpha shapes; normal modes; electrostatics

1. Introduction

The recent COVID-19 pandemic has highlighted how fragile human health is as we
continue to be exposed to emerging pathogens for which we do not always have available
treatments. In addition, as many experts are warning us, such exposures are likely to
increase as a result of climate change and global warming (see for example the recent
reviews on the impact of climate change on eye diseases [1], on allergy epidemics [2],
and on zoonotic diseases [3,4]). Pandemics are costly economically [5,6]; more worrisome,
they have a high level of mortality. As of today, for example, COVID-19 is estimated to
be responsible for more than 14.5 million excess deaths [7]. As severe as this seems to be,
other recent pandemics have been deadlier: in the first half of the 20th century, the Spanish
influenza pandemic was responsible for at least 50 million deaths [8].

Infectious diseases are caused by pathogens, the most common of them being viruses,
bacteria, fungi, and parasites. While all may lead to serious diseases and pandemics,
viruses are the most common (for instance, 5% to 20% of Americans are exposed to the
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influenza virus every year). The consequences of viral infection are varied, from minor
(common cold) to major (flu—influenza, COVID-19—SARS-CoV-2, immune deficiencies—
HIV, among others). The recent COVID-19 pandemic brought wide awareness to the need
for prevention, treatments, and cures to help protect populations. All efforts in those
directions require knowledge of the epidemiology associated with the virus of concern and
of its biology. Again, the COVID-19 epidemic is a good example of efforts and successes
of the scientific community to analyze and combat the virus responsible for this disease,
SARS-CoV-2. Studies on its pathogenesis [9,10], its evolution with consequences on its
biology [11–13], and on our innate immunity against it [14], complemented with studies on
its structural biology [15–20], have led to major vaccine developments that have ultimately
curbed the pandemic [21] (a good indicator of the urgency to find cures for COVID-19
and the corresponding response of the community is found in the fact that it is estimated
that 10,000 articles were published every month on a topic associated with COVID-19 in
2020 [22,23], to the point that it is changing the landscape of scientific publishing [24]).
In this review, we are concerned with the data associated with the structural biology of
viruses, as well as the models and methodologies that enable us to analyze those data and
ultimately with the tools that help identifying antiviral drugs.

A virus particle, known also as a virion, consists of a nucleic acid (DNA or RNA) that
is surrounded with a protective coat referred to as a capsid. The first structural studies
of such viral particles were possibly conducted by Bernal and Fankuchen in 1938, using
crystallographic data to show that the Tomato Bushy Stunt Virus (TBSV) crystallizes in
a body-centered cell structure [25]. Their analyses were based on powder photographs
instead of single crystals. It was only in the 1970s that crystallographic experimental
techniques and associated computing methods enabled atomic-level resolution of whole
viral particles. One of the first of such structures was of TBSV at 5.5 Å resolution [26]. This
structure was deposited in the then-recently assembled Protein Data Bank (PDB) [27,28].
Since then, the number of virion structures in the PDB as well as the number of proteins
expressed by viral genomes has increased drastically (see for example [29] for a review
of icosahedral virus structures in the PDB [30]). To help virologists with exploring those
structures, Reddy and colleagues developed a virus particle explorer, VIPER [31–35]. There
are five main geometries for virions: helical (such as tobacco mosaic virus and inovirus),
icosahedral (see [30] for a full review), prolate (often found in bacteriophage), enveloped (in
which the capsid is enveloped by a modified form of a cell membrane, found in influenza
viruses, HIV, and coronaviruses, for example), and complex (i.e., different from the other
types). Similarly, the proteins of the envelope of those viruses adopt many different
folds [36–38].

The PDB and VIPERDB [34], the database associated with VIPER, have proven to be
essential resources for understanding virions and viral protein structures. The experimen-
tal resolutions of such structures remain, however, a significantly time-consuming and
expensive task. There is hope, however, that computational techniques can complement
experimentation significantly and accurately, as demonstrated with the recent successes
of AlphaFold [39] and its successor AlphaFold2 [40]. Those programs, based on artificial
intelligence, were designed by the company DeepMind to predict the conformation of a
protein from its sequence only. They are based on deep learning techniques to predict those
structures at near experimental scale resolution. They are inspiring biologists to rethink
the way they study the function and evolution of proteins [41–43]. There are, however,
limitations to AlphaFold/AlphaFold2 [43]. AlphaFold is designed to generate the most
probable conformation of a protein structure. As such, it cannot provide information on the
ensemble of conformations that may exist for intrinsically disordered proteins. In addition,
the solution it provides is static and as such, does not capture essential dynamics of proteins,
such as allostery. Finally, it ignores the fact that many proteins function as complexes with
other proteins, nucleic acids, or ligands. As such ligands include drug-like molecules, its
impact on drug design remains limited [44,45]. While we can be optimistic with respect
to the opportunities of artificial intelligence to establish itself as the solution to analyzing
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protein dynamics and to designing efficient drugs against protein targets, current efforts
still rely on biophysics.

Understanding the complex geometry of virions, their assembly, and dynamics has al-
ways been a topic of great interest mathematical biology and biophysics, defining subfields
in both disciplines, mathematical virology and physical virology (see for example [46–48]).
Virus structures are seem as mathematical puzzles [49–52] whose solutions may lead to a
novel understanding of protein assembly and ultimately to novel packaging options for
drug delivery [53,54]. Understanding how genome size, electrostatics of interactions with
the nucleic acids forming this genome [55–57], stiffness [58], and dynamics [59] affect how
viral structures form within the host cells is essential for the development of drugs that
would disrupt virus assembly [19]. With the advent of new hardware and better algorithms,
it is now possible to study the dynamics of viral particles using all atom molecular dynam-
ics simulations, a first step in understanding how they adapt to different environments
as well as to immunological factors, such as the binding of an antibody [58,60–64]. All
those studies rely on either coarse grained models and/or the availability of significant
computing power. Understanding viral geometries, dynamics, and energetics at the atomic
level with a computing power manageable to a virologist are essential steps for them to
understand viral biology, and more importantly, to understand how to inhibit viruses,
i.e., to develop antiviral drugs.

In this paper, we review theories and methodologies we have developed that enable the
analyses at these three levels for viral structures. We discuss those methodologies in light
of the specificities of those structures, mainly that they are huge and may include millions
of atoms. We focus on methods that can analyze such structures within computing times
that are compatible with the use of regular desktop computers. We use the structure of the
envelope of flaviviruses to illustrate those methods. Flaviviruses belongs to the flaviviridae
family. Those viruses, such as yellow fever virus (YFV), Dengue virus (DENV), West Nile
virus (WNV), and ZIKA virus, continue to pose a major threat to human health [65]. Most
of the flaviviruses are enveloped single-stranded RNA viruses with icosahedral symmetry.
Their envelopes are large (usually 180 copies of two proteins, the E protein and the M
protein), making them good tests of the efficiencies of the methodologies described in
the review.

None of the methods presented in the paper are novel: they all come from previous
studies from the authors. As such, this paper is deemed to be a review. Its novelty, however,
lies in the fact that it describes a comprehensive sets of tools for studying the geometry and
dynamics of very large molecular systems, such as viral particles. In addition, it shows
novel applications of those methods for studying the dynamics of flaviviruses, mostly West
Nile viruses. The review includes three sections, corresponding to studying the geome-
try (Section 2), the dynamics (Section 3), and the energetics (Section 4) of virus structures.
Each section comprises a motivation with a review of current work, a presentation of the
methodology we propose, and examples of application of this methodology.

2. The Geometry of Viral Structures
2.1. Motivation and Background

Biochemists have always worked under the assumption that shape defines function.
As a consequence, as early as the early 1900s, they have used models to analyze the impact
of structure on chemical reactivity. They have subsequently invested in determining the
structures of important biomolecules experimentally at atomic resolution. The result of
such research describes the biomolecule from the positions of each one of its atoms. The
shape of the molecule can then be derived using a space-filling model, where the atoms are
represented by balls whose centers are the experimentally derived positions of the atoms
and whose radii are proportional to their van der Waals radii [66,67]. Properties of the
molecule are then expressed in terms of properties of the union of those balls, leading to
geometric modeling of a protein structure:
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(i) Characterizing molecular environments: the interaction between a molecule and its
environment is quantified through the (exposed) surface area and/or volume of the
union of balls [68–71].

(ii) Evaluate the hydrophobicity of a molecule. The most common use of molecular shape is the
quantification of the hydrophobic effect. Eisenberg and McLachlan, for example [68],
introduced the concept of a solvation free energy for large biomolecules, computed
as a weighted sum of the accessible areas of all their atoms i. This solvation-free
energy is a mean force potential that quantifies the energy that is required to solvate
a molecule. Its nonpolar contribution is evaluated from geometric measures of the
molecule, including surface area [68], volume [72], or even the curvature of the surface
area in the so-called morphometric model [73].

(iii) Identifying pockets and cavities in molecules: detecting and measuring internal cavities of
biomolecules is often performed as a first step for drug design as those cavities map
to putative binding sites.

Lee and Richards pioneered the computation of the surface area of a biomolecule by
sampling the surface with a set of parallel planes (two-dimensional sections) [74]. Since then,
many methods for measuring biomolecules have been proposed, based on Monte Carlo
integrations [75–79], on analytical approximations [80–85], or even on comprehensive
analytical methods [86–89]. Similarly, many methods have been proposed to detect pockets
and cavities in proteins, based on representation of the molecule of interest on a 3D
grid [79,90–93], or scanning the surface with a probe [94–97].

The alpha shape theory is a comprehensive method for measuring unions of balls
using the Voronoi decomposition of the union [89,98–106]. It is fast, robust, and amenable
to the study of large biomolecular systems [103,106,107]. In the following, we briefly
introduce the theory and show applications for measuring the envelope of the WNV.

2.2. Methodology

Consider a set of N three-dimensional balls, Bi, that may overlap. The principle of
inclusion–exclusion enables the computation of any geometric measure of the union of the
Bi. Such a measure is then expressed as a sum of alternating signs of the measures of the
intersections of the Bi. This approach, however, is of limited interest unless two issues are
solved. First, the number of terms in the sum needs to be significantly reduced, as the total
number of possible intersections of Bi s 2N − 1, leading to exponential running time. This
reduction needs to be exact, i.e., the resulting reduced sum needs to give the same result
as the full summation. Second, analytical formulas are needed to compute the measures
of these intersections of balls. The next two subsections provide solutions to these two
issues. Note that more comprehensive presentations of those solutions can be found in
References [100,103,106].

2.2.1. Voronoi Decompositions and Dual Complexes

One ball Bi in the finite set of balls defining the space filling diagram of a molecule is
characterized by its center zi and radius ri. We call Si the sphere that is at the boundary of
Bi. We define the power distance between a point x and a ball Bi as πi(x) = |x− zi|2 − r2

i .
The Voronoi cell associated with the ball Bi consists of all points x that are at least as close to
Bi as to any other ball: Vi = {x ∈ R3 | πi(x) ≤ πj(x)}. The collection of all Voronoi cells
Vi form the Voronoi diagram of the balls. The intersection of the Voronoi diagram with the
union of balls decomposes this union into convex regions, as shown in Figure 1A.

The Delaunay triangulation is the dual of the Voronoi diagram [89]. A 2D version of the
Delaunay triangulation is illustrated in Figure 1B.
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C) Dual complex D) Pockets

A) Voronoi diagram B) Delaunay triangulation

mouth

E

D

C

A (void)

B (pocket)

Figure 1. Voronoi decomposition, Delaunay triangulation, dual complex, and pockets of a union of
disks. (A) Given a finite set of disks, the Voronoi diagram corresponds to a decomposition of the whole
plane into regions, one for each disk, such that any point that belongs to the region corresponding
to disk Di is closer to that disk than to any other disk (see text for details). In the graphics, we have
restricted the Voronoi diagram to the region covered by the disks. (B) The Delaunay triangulation
is the dual of the Voronoi diagram that is constructed by defining edges between disk centers of
neighboring Voronoi regions. (C) The dual complex is a subset of the Delaunay triangulation, limited
to the edges and triangles (red), whose corresponding Voronoi regions fully intersect within the union
of disks. (D) All triangles in the Delaunay complex that do not belong to the dual complex are referred
to as empty. Acute empty triangles (identified with large blue dots at their orthocenter) contain their
orthocenters: they correspond to sinks. The obtuse empty triangles either flow to these acute triangles
or to the outside, referred to as “infinity” (those triangles are colored in green). Triangles C, D, and E,
for example, flow to infinity: they do not define pockets. The remaining triangles can be partitioned
into two groups: region A is completely surrounded by the union of disks and therefore defines a
void, while region B is connected to the outside by one mouth, and is referred to as a pocket.

We limit the construction of Delaunay triangulation to within the union of balls. In
other words, we draw a dual edge between the two vertices, zi and zj, only if Bi ∩ Vi and
Bj ∩ Vj share a common face, and similarly for triangles and tetrahedra. The result is a
subcomplex of the Delaunay triangulation, which is referred to as the dual complex of the
set of balls (see Figure 1C). The dual complex of the union of balls allows us to apply the
inclusion–exclusion formula based on intersections of up to four balls only.

2.2.2. Area and Volume Formulas

Let K be the dual complex. A simplex, s, in K can be seen as a collection of balls: one
ball Bi if it is a vertex si, two balls Bi and Bj if it is the edge sij between their centers, three
balls Bi, Bj, and Bk if it is the triangle sijk built from their centers, and finally four balls Bi,
Bj, Bk, Bl if it is the associated tetrahedron between their centers sijkl . As proven in [89],
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the inclusion–exclusion formula that corresponds to the dual complex gives the correct
volume and surface area of a union of balls. Then:

Ai = Ai − ∑
j|sij∈K

Ai;j + ∑
(j,k)|sijk∈K

Ai;jk − ∑
(j,k,l)|sijkl∈K

Ai;jkl , (1)

Vi = Vi − ∑
j|sij∈K

Vi;j + ∑
(j,k)|sijk∈K

Vi;jk − ∑
(j,k,l)|sijkl∈K

Vi;jkl . (2)

where Vi is the volume of the ball Bi, Vi;j is the contribution of Bi to the volume of the
intersection of the balls Bi and Bj, etc. Similar definitions are used for the surface areas A.

Proofs of Equations (1) and (2) and additional formula for the values of the different V
and A are provided in [89,98,99,103].

2.2.3. Voids and Pockets

References [100,103,108] provide full descriptions of how to detect and measure pock-
ets in a union of balls using the alpha shape theory. Here, we just present the basic concepts.
A pocket is connected to the notion of a continuous flow field defined on the Delaunay
triangulation of the balls. Let T be the set of tetrahedra in the Delaunay triangulation
and T∞ = T

⋃
τ∞, where τ∞ is a dummy element representing the complement of the

triangulation inR3. We define a flow relation “≺” on T, such that τ ≺ σ means:

(i) τ and σ share a common triangle ∆;
(ii) The interior of τ and the orthogonal center zτ of τ lie on different sides of the plane

defined by ∆.

where the orthogonal center zτ is the center of the smallest ball that is orthogonal to all four
balls, whose centers are the vertices of τ.

If τ ≺ σ, τ is a predecessor of σ and σ is a successor of τ. σ ∈ T is a sink if it has no
successors; in other words, a tetrahedron is a sink if and only if it contains its orthogonal
center. Sinks are important since they are responsible for the formation of voids: if H is a
void of the union of balls, then at least one tetrahedron in H is a sink.

By definition, pockets consist of the Delaunay tetrahedra that do not belong to the dual
complex K and are not predecessors of τ∞. The only type of pockets without connection to
the outside are the voids. All other pockets connect to the outside at one or more places,
called a mouth. Figure 1D illustrates these concepts.

The surface area and volume of a pocket are easily computed using simplified
inclusion–exclusion formulas.

2.3. Examples

We illustrate the geometric analysis described above on the structure of the Kunjin
variant of the West Nile Virus (WNV-K). WNV is a member of the flaviviridae family. It
shares a common structural fold with other viruses from the same family, such as Dengue
and Zika. All the flaviviruses have their genomic material packaged by a capsid assembled
from viral C proteins, forming the nucleocapsid. This nucleocapsid is surrounded by
an envelope. This envelope consists of a lipid bilayer membrane, itself covered by an
outer shell of proteins, the M protein that is anchored in the lipid membrane, and the E
protein. The outer shell has icosahedral symmetry. It is formed of 60 asymmetrical units,
with each unit containing three copies of the E (i.e., envelope) protein and three copies of
the M (i.e., membrane) protein. The high resolution structure of several WNV viruses are
available in the Protein Data Bank. Note that most structural information available only
includes the outer shell, as it is difficult to observe the lipid bilayer membrane and the
nucleocapsid, although recently, a cryo-EM model of the capsid of immature Zika virus
was described [109]. Here, we focus on the structure of the Kunjin virus, a subtype of
WNV endemic to Oceania. The all-atom, high resolution structure (3.1 Å) derived from
Cryo Electron Microscopy (cryo-EM) of the outer shell of the virus is available in the
PDB with the identifier 7KVA [110]. A cartoon representation of this structure is given
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in Figure 2A. Each asymmetrical unit contains 3 E proteins and 3 M proteins, with a total
of 1728 residues (3× 501 E protein residues and 3× 75 M protein residues) that include
12,835 atoms. The full envelope includes 60 copies of this unit, for a total of 103,680 residues
and 770,100 atoms.

A) WNV-K envelope B) Dual complex C) Main void

Figure 2. The geometry of the WNV-Kunjin virus. (A) Cartoon representation of the mature form
of the outer shell of the Kunjin virus (a subtype of WNV) (PDB file 7KVA). The outer shell includes
180 copies of both the E protein and the M protein. The three E proteins from each asymmetric
unit are colored green, orange, and blue, respectively. (B) The dual complex corresponding to the
envelope of the Kunjin virus is shown in red, over the structure of the virus. The simplices of this
complex define all the terms of the inclusion–exclusion formula needed to compute the volume and
surface area of the virus (C) Cross section of the empty envelope of the Kunjin virus, showing in
green the main pocket identified by UnionBall. All three panels were generated using Pymol [111].

2.3.1. Full Viral Envelope

We analyze the geometry of the WNV-K virus outer shell from the PDB file 7KVA using
our program UnionBall [103]. It takes a total of 10 s on an AMD Threadripper multicore
CPUs running at 2.2 GHz, with 32 cores (64 threads) to fully characterize its outer shell,
i.e., to compute the Delaunay triangulation, extract the dual complex, and find the pockets
for the union UWNV of 770,100 balls that represents this outer shell. Note that the Delaunay
computation is the dominant part of the overall computing cost, taking 5.3 s. As computing
the Delaunay is mostly sequential, the whole calculation does not benefit from the multiple
cores. Each ball in UWNV is assigned a radius set to the vdW radius of the corresponding
atom, to which we add 3 Å (approximately twice the radius of a water molecule). The De-
launay triangulation of the union of balls contains 5,217,324 tetrahedra, while the dual
complex contains 4,718,495 tetrahedra, 9,635,746 triangles, and 5,683,487 edges. This dual
complex is represented in red in Figure 2B. It includes one large void (shown in green in
Figure 2B, with volume 27,079,000 Å3 and surface area 1,487,713 Å2. This void encapsulates
the capsid and the genomic nucleic acid of the virus. The corresponding sphericity index
(computed as the ratio of the surface area of a sphere with the same volume as the void
to the surface area of the void) is 0.3, i.e., relatively low. This comes from the fact that the
surface is not smooth, as it adapts to the local geometry of the residues that face the inside
of the outer shell.

2.3.2. The E Protein–M Protein Complex

The E protein monomer of flaviviridae viruses comprises three domains, I, II, III, and a
transmembrane segment, itself composed of a stem and a transmembrane element, TM.
Domain I serves as a scaffold to the global organization of the E protein structure, domain
II includes the dimerization interface and two glycosylation sites, and the peptide of
fusion with the cellular membrane, while domain III is compact and immunoglobulin-
like [112,113]. E proteins form dimers on the outer shell of mature flaviviridae viruses.
The protein M is located underneath the E protein. We repeated the analysis described
above on a single copy of the E protein–M protein complex from two viruses, the WNV
Kunjin viruses already analyzed above (PDB code 7KVA), and of the chimeric Binjari virus–
Dengue virus type 2 (bDENV2). The genome of this chimera includes the nonstructural
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genes from the Binjari virus and the structural genes of the WNV Kunjin virus [110].
Figure 3A shows the dual complex of the union of balls representing the E protein–M
protein complex for WNV; the dual complex for the bDENV2 complex is very similar (not
shown). In Figure 3B,C, we show the main pocket identified by UnionBall within WNV
and bDENV2, respectively. In both cases, the pocket is found around the H1, H2, H3
helices from the stem region and the T2 helix from the TM region. Hardy et al. identified a
lipid-binding site at the same position in bDENV2 and showed that this pocket is conserved
among vertebrate-infecting flaviviruses [110]. Note that the lipid ligand 1Q0 that they used
in their experiments, present in the structure of bDENV2 (7KV8), fits within the pocket
detected by UnionBall. Hardy et al. also identified residues Arg411, Trp420, His437, Gly441,
Tyr444, Phe448, and Leu489 at the surface of, and essential for, the lipid binding pocket. In
Figure 3C, we show that those residues are indeed at the surface of the pocket identified
by UnionBall.

ΙΙΙ ΙΙΙ

Stem
TM

protM

H1

T2

1Q0

D) bDENV-2 E protein: pocket E) bDENV-2  pocket

C) WNV-K E protein: pocket

Arg411

Trp420

His437
Gly441

Tyr444
Phe448

Leu489

ΙΙΙ ΙΙΙ

Stem
TM

protM
H1

T2

ΙΙ ΙΙ ΙΙΙ Stem TMΙ Ι Ι

bDENV-2

WNV-K 1 53 131 200 276 297 457400 501

1 51 131 194 276 296 451395 495

A) E protein

B) E protein WNV-K

Figure 3. The geometries of the E protein–M protein complex of WNV-K virus (PDB code 7KVA)
and of a chimeric bDENV-2 virus (PDB code 7KV8). (A) The E proteins of the two viruses have
similar architectures (see text for details). They include five domains, i.e., I (red), II (yellow), III (blue),
the stem (orange), and the trans membrane domain, TM (purple). (B) Cartoon representation of the
E protein of WNV-K, using the same color scheme as in panel A. (C) The main pocket identified by
UnionBall in the E protein—M protein complex of WNV-K is shown in green. (D) The same pocket,
but for the chimeric bDENV-2 virus. Note that the two pockets for WNV-K and bDENV-2 are at a
similar location; those locations map with the lipid–ligand pocket identified by Hardy et al. [110].
The lipid ligand 1Q0 observed in the structure for bDENV-2 E protein fits within this pocket. (E) The
positions of the contact residues between the E protein of bDENV-2 and the lipid ligand pocket [110]
in relation with the pocket identified by UnionBall. Panels (B–D) were generated using Pymol [111].
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2.4. Application of UnionBall to Modeling: A Toy Problem on the Capsid Protein of Flaviviruses

As mentioned above, detecting and measuring internal cavities of biomolecules is
often performed as a first step for drug design. Here, we demonstrate how UnionBall can
be used to perform such as task on a protein structure available in the PDB dataset and
how this information can be used for a protein whose structure is not yet known.

The genome of a flavivirus encodes for a large polyprotein. This protein is cleaved by
host and viral proteases to generate three structural proteins, the C or core protein, the prM
or membrane protein, and the E or envelope protein, as well as several nonstructural (NS)
proteins. The geometries of the E protein and prM protein were described above. Here, we
are concerned with the C protein that is used by the virus to form a spherical or isometric
nucleocapsid or core to encapsulate its genome. High-resolution structures of the C protein
are available for WNV [114], Zika [115], and DENV serotype 2 [116] obtained by X-ray
crystallography. The C protein usually forms dimers that are then organized in tetramers
which form long filamentous ribbons in the crystal. The quaternary organization of the
C protein plays a central role in the whole virus maturation process [117], and as such,
has been a target for drug design against flaviviruses. For example, ST148 is an inhibitor
of Dengue virus that targets the capsid protein [118]. It was shown to induce a “kissing”
interaction between two protein C dimers, resulting in virions that are then defective when
the new virus infects new cells (i.e., the nucleocapsid does not separate to release the viral
genome) [116]. Understanding how ST148 binds to the C protein is, therefore, important
for understanding its inhibition properties.

We analyzed the geometry of the C protein tetramer of DENV-2 using UnionBall.
The PDB structure 6VG5 [116] corresponds to this protein bound to the inhibitor ST148.
All ligands, ions, and crystallographic water molecules were removed prior to running
UnionBall. UnionBall only includes one parameter, i.e., the radius of the water probe. We set
it to 2.0 Å, to detect deep pockets within the tetramer. In Figure 4, we show the main pocket
detecting by UnionBall superimposed on the PDB structure of the C protein tetramer in the
presence of the inhibitor. As observed, the inhibitor fits exactly within the pocket that sits at
the interface between two protein C dimers, forming a tight lock between those dimers.

Figure 4. The largest pocket (red) superimposed onto the structure for DENV-2 C protein tetramer
(PDB code 6VG5), with the four monomers show in cartoon mode in light blue, blue, wheat, and or-
ange. The inhibitor ST148 is shown using a ball model in cyan. The pocket is computed with
UnionBall, with a water probe of 2.0 Å. The figure was generated using Pymol [111].

We then assessed if the same inhibitor would exhibit the same fit for a C protein
tetramer of WNV. A structure exits for such a tetramer, under the PDB code 1SFK [114];
however, it is missing a large portion of the N-terminal region of two of its monomers,
a region that is unfortunately part of the interface between two dimers where the in-
hibitor binds. To circumvent this problem, we used ColabFold, the open interface to
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AlphaFold2 [119], to generate five models of the full structure of a C protein dimer. We
compared all five models to the conformation of the incomplete C protein dimer in 1SFK:
all those models show remarkable resemblance to the experimental structure, with RMS
deviations in the range 0.7 Å to 0.9 Å over 717 atoms (RMS calculations were performed
using the “align” function of Pymol [111]). In Figure 5A, the superposition of model 3
with the experimental structure 1SFK is shown. We then align the five different model
dimers from AlphaFold with both dimers of the experimental structure of DENV-2 C
protein tetramer [116], using the function align from Pymol. Again, the resulting models
resemble remarkably the experimental structures with RMS varying from 1.1 to 1.2 Å;
this is illustrated for model 3 in Figure 5. We then analyzed the geometry of those model
tetramers using UnionBall, each time setting the radius of the probe to 2 Å. We observed
two different behaviors over the five models, which are illustrated in Figure 5. Models 1
and 3 exhibit a central pocket at the interface between the two protein C dimers which
matches the position of the ST148 inhibitor, see Figure 5C. This pocket, however, is larger
than the volume of the inhibitor, and larger than the pocket observed for the DENV-2
tetramer (see Figure 4). In contrast, models 2, 4, and 5 do not exhibit a similar pocket; they
include instead two large pockets that would outflank the putative position of the inhibitor,
as observed in Figure 5D.

A) AF Model 3 vs 1SFK B) AF Model 3 vs 6VG5

C) AF Model 3: pocket D) AF Model 4: pocket

Figure 5. Modeling the interaction of the inhibitor ST148 [118] with a tetramer of C protein from WNV.
(A) Superposition of the experimental structure of a C protein from WNV (PDB code 1SFK, [114]),
in magenta, with the third model generated by AlphaFold2 using ColabFold [119], in wheat color.
The third model is the closest to the experimental structure, with an RMS of 0.71 Å. (B) Superposition
of the AlphaFold2 tetramer model 3 of the C protein from WNV (see text for detail), in wheat, with the
experimental structure of the equivalent tetramer of DENV-2 [116], in magenta. The overall RMS is
1.2 Å. (C) The largest pocket (red) superimposed onto model 3 for the WNV tetramer of C protein.
The putative position of the inhibitor ST148 is shown using a ball model in cyan. (D) The two largest
pockets (red) superimposed onto model 4 for the WNV tetramer of C protein. The inhibitor ST148 is
shown in cyan. The figure was generated using Pymol [111].
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The modeling proposed above would indicate that if ST148 binds to the C protein of
WNV, this binding would not be as strong as its binding to the C protein of DENV-2. It
is known that ST148 shows efficacy only to serotype 2 of DENV [116]; to our knowledge,
its effect on WNV is not known. Our results, however, should be considered with cau-
tion. We have used structural models generated by AlphaFold to analyze the geometric
interactions between the C protein of WNV with ST148; while these models seem remark-
ably accurate, we already observe two different behaviors that are probably associated
with different positions of sidechains at the interface between two dimers. AlphaFold2
is known to yield mixed results for drug design [45]. Ultimately, our results should be
validated experimentally.

3. Dynamics of Viral Structures
3.1. Motivation

In the previous section, we considered the fixed geometry of biological structures.
Geometry is, however, one facet of the problem of characterizing such molecules. Indeed,
biological function arises from action, i.e., the dynamics of molecule. The standard approach
to simulating such dynamics is to solve numerically the Newton equations associated with
all its atoms. Newton equations are second-order partial differential Equations (PDE).
They are usually solved incrementally as a function of time. The corresponding step size
in time is extremely small (in the order of a femtosecond) if we want accurate solutions.
This leads to the need to compute the energy of the molecular system under study a large
number of times. One evaluation of the energy is of order O(N log N), with N being the
total number of atoms in the system. For large values of N, say in the millions, such a
calculation, and more importantly its repeats, become computationally prohibitive. Many
efforts are underway to either design specific hardware to solve those PDEs or to improve
the algorithms to compute the energy values [120–126]. These efforts allow for molecular
dynamics simulation of systems with up to 100 million atoms [60,127–130]. It should be
noted, however, that those successes still rely on the availability of specific hardware such
as ANTON [120] or of a large supercomputer.

An alternate and promising approach to standard molecular dynamics is to infer dy-
namics directly from static structures corresponding to locally stable states [131], together
with reliable coarse-graining approaches to bridge the time-scale gap [132,133]. Cartesian
Normal Modes, for example, represent a class of movements around a local energy min-
imum that are both straightforward to calculate and have been found to be biologically
relevant [134–136]. Normal mode techniques have been used extensively to study the
dynamics of virus structures (for reviews, see for example Refs. [137–139]). In the following,
we present one such technique. A more detailed presentation is available in the original
papers [140,141].

3.2. Methodology

Computing coarse-grained normal modes for a molecular system is deceptively simple.
We start with a conformation X0 for the molecular system and a coarse-grained potential V
that is minimum at X0. We take a second-order approximation of that potential:

V(X) ≈ V(X0) +∇V(X0)
T(X− X0) +

1
2
(X− X0)

T H(X0)(X− X0),

where∇V(X0) and H(X0) are the gradient of the potential and the Hessian of the potential,
both at X0, respectively. Since V is minimum at X0,∇V(X0) = 0, and as V(X0) is a constant,
it will not influence the dynamics of the system. We then define a normal mode potential
VNM at a position X in the neighborhood of X0 as follows:

VNM(X) = V(X)−V(X0)

=
1
2
(X− X0)

T H(X0)(X− X0).
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The equations of motion defined by the potential VNM are derived from Newton’s equation:

d2X
dt2 = −∇VNM(X)

= −H(X0)(X− X0). (3)

The “normal modes” of the system are oscillatory motions of the system (also called
concerted motions). The trajectory of the system under a normal mode k then has the
following form:

Xk = Akαk cos(ωkt + δk), (4)

where Ak is a vector that defines which atoms are involved in this specific normal mode,
αk is the amplitude, ωk is the frequency of the mode (i.e., how fast is oscillates), and δk
is a phase shift. The normal mode is a solution of the Newton equations. Replacing
Equation (4) in Equation (3), we find that the normal modes are characterized with the
following eigenvalue problem:

HU = UΩ. (5)

The frequencies of the modes ωk are given by the elements of the diagonal matrix Ω, namely
ω2

k = Ω(k, k). The vectors Ak are the eigenvectors and correspond to the columns of the
matrix U, and the amplitudes and phases, αk and δk, are determined by initial conditions.
We note that the first six eigenvalues in Ω are equal to 0, as they correspond to global
translations and rotations of the biomolecule. Note that for simplicity, we assumed that
each atom is assigned a mass of 1. The procedure described above can easily be expanded
to the more general case of different values for the atomic masses.

3.2.1. Coarse Grained Potentials for Normal Mode Analysis of Biomolecules

A typical semi-empirical potential function used in classical molecular simulation has
the following form [142–146]:

U = ∑
b

kb

(
rb − r0

b

)2
+ ∑

b
ka

(
θa − θ0

a

)2

+ ∑
t

kt

(
1 + cos n(φt − φ0

t )
)

+ ∑
i<j

(
Aij

r12
ij
−

Bij

r6
ij
+

qiqj

Drij

)
.

where the terms in the first three sums represent bonded interactions: covalent bonds,
valence angles, and torsions around bonds. The two terms in the last sum represent non-
bonded interactions: a Lennard-Jones potential for the van der Waals force and the Coulomb
potential for electrostatics. This sum usually excludes pairs of atoms separated by one,
or two covalent bonds. The force constants, k, the minima, r0, θ0, and φ0, the Lennard Jones
parameters, A and B, and the atomic charges q define the force field. They are derived from
data on small organic molecules, from both experiments and ab initio quantum calculations.

Such potentials were used for normal mode analyses from their inception [134–136].
There are, however, drawbacks. The method presented above assume that the initial
conformation X0 is a minimum of the potential. Finding such a minimum for the potential
described above is difficult for a large system. If this minimum is not exact, the Hessian at
the minimum may have negative eigenvalues that are not physical. The Elastic Network
Model (ENM) was originally introduced by [147] to circumvent this problem. It is a model
that captures the geometry of the molecule of interest in the form of a network of inter-
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atomic connections, linked together with elastic springs. Its potential is a quadratic energy
on the inter-atomic distances, defined as follows:

VT(X) =
1
2 ∑

(i,j)
kij(rij − r0

ij)
2 (6)

when the biomolecule is in conformation X. The kij are the force constants of the “spring”
formed by the pairs of atoms i and j, rij and r0

ij are the distances between atoms i and j in
the conformation X and X0, respectively. In the initial formulation proposed by Tirion [147],
the sum includes all pairs of atoms (i, j) that satisfies r0

ij < Rc, where Rc is a cutoff distance.
Note that VT(X0) = 0 and ∇VT(X0) = 0 by construction.

The potential given by Equation (6) is a simple pairwise geometric potential. As such,
it does not account for the stereochemistry of the molecule explicitly. In particular, it may
not preserve bond lengths, bond angles, and preferences in dihedral angles. A possibly
better potential would include those bonded interactions explicitly. Such a potential was
originally proposed by Nobuhiro Gō [148] and later adapted to the framework of coarse-
grained normal modes [149,150]. It only considers the Cα of all residues in the molecule of
interest. If we define as bi the length of the pseudo-bond between the Cαs of the consecutive
residues i and i + 1, θi the virtual bond angle formed by the Cαs of the consecutive residues
i, i + 1, and i + 2, and φi the virtual dihedral angle formed by the Cαs of the consecutive
residues i, i + 1, i + 2, and i + 3, the Go potential at a conformation X is defined as:

VG(X) = Vbond(X) + Vangle(X) + Vdih(X) + Vnb(X)

=
1
2

N−1

∑
i=1

Kr(bi − b0
i )

2 +
1
2

N−2

∑
i=1

Kθ(θi − θ0
i )

2

+
N−3

∑
i=1

[
Kφ1(1− cos(φi − φ0

i )) + Kφ3(1− cos 3(φi − φ0
i ))
]

+ ∑
(i<j−3)

ε

5

(
r0

ij

rij

)12

− 6

(
r0

ij

rij

)10
, (7)

where the superscript 0 refers to the values of the variables for the conformation X0.
The first three terms refer to (pseudo-) bonded interactions, while the last term corresponds
to nonbonded interactions. Note that the molecular system considered includes multiple
chains (such as a virus outer shell), special care is needed to only include bonds, angles,
and dihedral angles that exist within a chain.

As written in Equation (7), the nonbonded term in the Go potential is written as a
sum over all pairs of Cα atoms that are more than three indices away along the sequence.
In practice, however, only a subset of those pairs are considered. This subset can be built
using a cutoff Rc, as described for the Tirion potential. An alternative is to include all pairs
that form an edge in the Delaunay triangulation of the Cα atoms of the molecular system.
Using the Delaunay triangulation has two advantages: it reduces the number of pairs
i, j considered and it alleviates the need to set a value for Rc. It was shown that filtering
the pair of atoms based on the Delaunay defines normal modes that reproduce protein
dynamics at least as well as a filtering based on a cutoff distance [151].

3.2.2. Diagonalizing the Hessian Matrix

The core of a normal mode analysis is the computation of the eigenvalues and eigen-
vectors of the Hessian of the potential, as described in Equation (5). While solving this task
is standard in linear algebra and many packages have optimized routines for eigenanalysis,
such as LAPACK [152], there are two main issues to consider when trying to use them for a
very large molecular system. First, there are storage issues. The full Hessian matrix requires
storage of the order O(N2), where N is the number of atoms included in the calculation.
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Such a level of storage can be prohibitive when N is of the order of tens of thousands.
Second, standard algorithms for computing eigenpairs of a matrix are of order O(N3) in
computing complexity, again prohibitive for large systems. There are, however, solutions
to both problems that we briefly describe here.

(i) The storage issue. As described above, the pairs of atoms that are included in the
potential are filtered based on either a cutoff value or based on a geometric construction
such as the Delaunay triangulation. As a consequence, the Hessian matrix is sparse,
with the number of nonzero values only a fraction of the expected O(N2), and more
of the order O(N) (see for example [151]). In addition, the forms of both the Tirion
potential and the Go potential are such that their Hessian can be expressed as sums of
tensor products, further reducing their storage needs [153].

(ii) Computing eigenvalues and eigenvectors. In her original paper on coarse-grained normal
mode analyses of proteins, Tirion showed that the lowest frequency normal modes
based on a geometric potential capture most of the dynamics of the molecular system of
interest [147]. She did not indicate, however, how many low frequency normal modes
need to be considered, as this is most likely problem specific (see for example [154]).
Still, only a fraction of the total eigenvalues and eigenvectors of the Hessian matrix
need to be computed [131]. There are powerful iterative algorithms for computing a
subset of the eigenpairs of a matrix. In Ref. [141], we compared four such methods,
namely an implicitly restarted Arnoldi method as implemented in ARPACK [155],
a simple modification of this method based on polynomial filtering [156,157], a varia-
tional method based on the minimization of an energy function [138,158], and a block
Chebyshev–Davidson method [159,160]. We have shown that the latter provides the
most efficient implementation when computing eigenpairs of extremely large Hessian
matrices corresponding to large viral structures [141].

3.2.3. Correlated Motions within a Molecular System

The Boltzmann distribution for the approximate potential of quadratic potential used
for coarse-grained normal mode analyses corresponds to a multivariate Gaussian distri-
bution whose covariance matrix is proportional the inverse of the Hessian H. As the six
lowest normal modes have frequencies equal to 0 (they correspond to the three degrees
of freedom associated with translations and the three degrees of freedom associated with
rotations), the inverse of H is not defined. It is possible to compute a pseudo-inverse that
corresponds to the covariance matrix of internal deformation:

C =
M

∑
k=7

1
ω2

k
Ak AT

k

where ωk and Ak are the k− th eigenvalues and eigenvectors, respectively. The summation
starts at k = 7, i.e., at the first nonzero mode, and stops at a prescribed M, i.e., the highest
frequency mode considered. The correlation of the motions of two atoms i and j is then
defined as [161]:

Pij =
tr(Cij)√

tr(Cii)tr(Cjj)

The values Pij range from −1 to +1. They are stored in a matrix which we refer to as the
Cross Correlation Matrix (CCM).

3.3. Examples

We have implemented the algorithm described above in the program NormalModes [141,153].
We used it to analyze the dynamics of the outer shell of WNV-K, whose geometry is studied
above. We use the Go potential to represent the energy of the molecular system. As
the Go potential is computed from the Cα atoms, we isolated those from the PDB file
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7KVA. We excluded the M protein and only considered the E protein. The Go potential
was parametrized as follows: Kr = 100ε, Kθ = 20ε, Kφ1 = ε, Kφ3 = 0.5ε, with ε = 0.36.
In addition, the nonbonded term Vnb is computed over all edges of the Delaunay complex
associated with the Cα atoms of the outer shell. We refer to the union of those edges as the
Elastic Network (EN) of the virus outer shell.

We considered the E protein in four different environments: isolated, MONO, corre-
sponding to chain A in the asymmetric unit of 7KVA, as a dimer, DIMER, corresponding
to chain A in the asymmetric unit of 7KVA, within a raft, RAFT, and within the whole
outer shell structure, FULL. The E protein forms dimers on the outer shell of the mature
form of the virus. These dimers organize in the form of rafts, namely three dimers lying
parallel to each other (see below). The corresponding complexes, MONO, DIMER, RAFT,
and FULL contain 501, 1002, 3006, and 90,180 residues, respectively. We computed the
hundred lowest normal modes for each of these complexes, using the procedure detailed
above. The normal modes were computed using the empty protein shells, in accordance
with previous studies of viral particles using normal mode analyses [162–167]).

3.3.1. Characterizing the Low-Frequency Normal Modes of WNV-K

In Figure 6A, we compare the frequencies of the first fifty normal modes of the MONO,
DI, RAFT, and FULL complexes of WNV-K. The first six frequencies are found equal to zero,
for all complexes considered. This is expected, as those frequencies correspond to the rigid
motions (three translations and three rotations) that do not affect the Go potential. Indeed,
all terms in the potential can be expressed with interatomic distances only, and therefore,
are conserved under translations and rotations of the molecular system. The larger the
protein complex, the more the spectrum of frequencies of its normal modes move to
lower frequencies. This is indicative of the presence of more collective motions in protein
oligomers. Figure 6B, which plots the lowest frequencies for the full outer shell of WNV-K,
reveals the presence of degeneracy, namely repeating frequencies. These repeats are a
consequence of symmetries in the outer shell, as it is icosahedral.
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Figure 6. Comparing the low frequencies of the normal modes of the E protein of WNV-K in different
environments. (A) The frequencies of the first fifty normal modes of the MONO (black circles),
DIMER (red circles), RAFT (blue circles), and FULL (magenta circles) complexes of WNV-K (see text
for details on the complexes). Note that those frequencies are in arbitrary units, as the parameters
of the Go potential are also in arbitrary units. The amplitudes of those frequencies decrease as the
size of the complex increases. (B) The frequencies of the first 50 normal modes for the full outer shell,
FULL; note the degeneracies of the normal modes, which are a consequence of the symmetries in an
icosahedral geometry.

3.3.2. Concerted Motions of E Proteins in Different Environments

The cross correlation matrices (CCM, see methodology above) for the E protein vary
significantly between the MONO, DIMER, RAFT, and FULL complexes, as observed in
Figure 7. The CCM for the E protein alone reveals significant positive correlations within
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each of the three domains, i.e., I, II, and III. Inter-domain residue pairs from domains II and
III show both positive and negative correlations in their atomic fluctuations, while residues
in domain I are only weakly correlated with residues of domain II and III. When the dy-
namics of the E protein are studied in the context of the asymmetric unit, the same positive
correlations are observed within each of the three domains. The interactions between
the domains change significantly, however, as we consider the E protein in multimeric
structures. In the RAFT complex, residues in domain II are strongly anticorrelated with
residues from domain III, while residues in domain I are strongly positively correlated
with residues in domain III. The DIMER complex shows behavior that are between those of
the MONO and RAFT complex. The full outer shell shows globally positive correlations
for all pairs of residues within the E protein; those correlations are the result of concerted
dynamics within the outer shell. In the MONO and DIMER complexes, the stem and trans-
membrane domains show weak negative correlations with domain II. These correlations
become positive in the RAFT and FULL complexes.
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Figure 7. Correlated motions in the E protein from the WNV-K outer shell. Cross Correlation Matrices
(CCM) obtained from the 94 first nonzero modes for the E protein alone (MONO, (A)), the E protein
in a dimer (DIMER, (B)), the E protein in a raft (RAFT, (C)), and the E protein in the whole outer
shell of WNV-K (FULL, (D)). Those plot show correlations between the motions of Cα atoms in each
complex considered. Both axes represent the amino acid residue indices. Each pixel in the image
corresponds to an element of the CCM matrix. It shows the correlation between the motions of Cα

atoms from two residues in the protein in a range from −1 (anticorrelated, blue) to 1 (correlated, red),
with 0 denoting the absence of correlation. The color code for the X and Y axes of the CCM plots in
(A–D) follows the standard designation of the E protein domains, I (red), II (yellow), III (blue), stem
(orange), and transmembrane domain (purple) (see caption of Figure 3 for details).



Viruses 2023, 15, 1366 17 of 34

3.3.3. Concerted Motions of Rafts of E Proteins in Different Environments

Figure 7 reveals the effects of packing in the viral outer shell on the dynamics of one E
protein. We performed a similar analysis on a larger structure of the outer shell, namely a
raft. A raft is formed from six E proteins organized as three dimers arranged in a parallel
manner (see Figure 8C). The whole outer shell contains 30 such rafts. In Figure 8A,B, we
analyze the extent to which packing influences the dynamics of such rafts for WNV-K.
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Figure 8. Correlated motions in an E protein raft. Cross Correlation Matrices (CCM) obtained from
the 94 first nonzero modes for an E protein raft alone (RAFT), and a raft in the whole outer shell
(FULL) for WNV-K (panels A,B). X axes and Y axes are residue indices. The positions of the six E
proteins of the raft are indicated, with labels and color codes defined on the structure in (panel C).
(C) Cartoon model for the raft. Note that a raft includes two asymmetric units, labeled Unit A and
Unit B. The third E protein of each unit, E3A and E3B, form a dimer. Panel E was generated using
Pymol [111].

The CCM matrix of the raft by itself (i.e., defined by the complex RAFT) clearly
identifies the six E proteins along the diagonal, as observed on Figure 8A. Each of those
E proteins exhibits dynamics correlation patterns equivalent to those observed in the E
protein when it is in the RAFT complex. The interactions between the E proteins are
consistent with the structure of the raft. The E proteins E3A and E3B, which form a dimer
between two asymmetric units, show strong positively correlated dynamics. In contrast,
proteins E1A and E2A in Unit A, and proteins E1B and E2B in Unit B have a pattern of
interactions that include both positively correlated and negatively correlated motions,
depending on their domains: for example, domains III have negative correlations between
the two proteins, while domains II are positively correlated between the two proteins.
The pair of proteins (E1A, E2A) shows weak correlated dynamics with the pair of proteins
(E1B, E2B), with a chessboard pattern (i.e., positive correlations between E1A and E1B,
and negative correlations between E1A and E2B).
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The CCM for a raft included in the whole outer shell (Figure 8B) reveals different
patterns than those described for the raft alone, highlighting again the impact of packing
in the whole virus environment. There is a high level of positive correlation of motions
within each of the units A and B. The proteins E3A and E3B that form a dimer at the center
of the raft are interacting with themselves in the raft alone, while they show strong levels
of positive correlations with all the E proteins of the same asymmetric unit in the raft when
considered within the whole outer shell. Such a behavior would favor concentration of
concerted internal motions within a few E protein dimers at the center of the rafts in the
whole outer shell instead of a more uniform dissemination of concerted motions.

Similar behaviors have been observed for the outer shells of Dengue virus and ZIKA
virus [140,153].

3.3.4. Computing Time for NormalModes

The procedure described above and implemented in the program NormalModes was
developed to enable the analysis of the dynamics of large molecular systems, including
viruses on standard desktop computers. To ascertain that this is indeed the case for
NormalModes, we measured the computing required to evaluate up to 2000 normal modes
for the whole outer shell of WNV-K. As described above, this outer shell is large, including
more than 90,000 residues. Using the Go potential, this means that we need to perform
a normal mode calculation over 90,000 atoms. In theory, the corresponding Hessian for
the Go potential is a matrix of size 270,000 × 270,000, whose storage would require more
than 580 GB of memory, a number that is not compatible with a desktop computer. We
have shown, however, that there are ways to circumvent this issue. We show the actual
cumulative CPU wall time needed to compute the first 1000 normal modes associated
with this matrix as a function of the number of modes computed in Figure 9. The total
computing time is found to be approximately piece-wise linear, with a change of slope at
around 300 modes corresponding to a slow down after those 300 modes. Computing those
first 300 modes is relatively fast (around 1000 s, i.e., 17 min), considering that the CPU we
used, a quad-core Intel Core I7 processor running at 4.0 GHz, is not state-of-the-art. Such a
computing time is often deemed acceptable; the results presented above also highlight that
300 modes may be enough to analyze the dynamics of WNV-K. In comparison, computing
1000 modes requires 13,600 s on the same processor, i.e., approximately 3 h 45 min, while
computing 4000 modes requires 130,000 s, i.e., 36 h.
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Figure 9. Total CPU time (wall time) for NormalModes as a function of the number of converged
eigenvalues of the Hessian for all E proteins of the outer shell of WNV-K. Only Cα atoms are
considered as we consider the Go potential. There are 90,180 Cα atoms within the whole outer shell
(with only E proteins considered). The Delaunay complex associated with those atoms that form the
list of nonbonded interactions includes 503,287 edges. The computation is performed on a quad-core
Intel Core I7 processor running at 4.0 GHz with 64 GB of RAM.
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4. Energetics of Viral Structures
4.1. Motivation

Vaccine and antiviral drugs are considered to be the most effective options for the
prevention and treatment of virus-induced diseases. Vaccines, for example, have proven
to be effective to curb the impact of the SARS-CoV-2 pandemics, reducing both mortality
and morbidity associated with its associated disease, COVID-19, by limiting the number of
infections (see for example Ref. [168]). However, a vaccine is only effective if it matches the
prevalent viral strain. For example, it is a challenge each year to assess the composition of
the current influenza vaccine early enough to allow time for the manufacture and distribu-
tion of the most up-to-date vaccine. In parallel, drugs that are designed to inhibit specific
targets of viruses often suffer from the same problem. They are, however, the solutions for
treating the associated diseases when infection has occurred.

Drugs are natural or nonnatural ligands that are developed to inhibit the function
of molecules, usually proteins, that are essential for the virus life cycle. The inhibition
is the result of a tight binding of the ligand on the target protein. The identification and
characterization of such binding sites are, therefore, essential steps in structure-based drug
design (for reviews, see [169–171]). Many of the corresponding methods are fast and easy
to implement, but rely on severe simplifications. Geometric methods, for example, assume
a static structure for the target protein. They identify pockets within the protein and do
not consider the nature of the residues bordering those pockets, and even the geometry
of the putative ligand. This is true for our own method, UnionBall, presented above,
and for other similar techniques [169,172]. In contrast, energy-based methods combine
geometry to position a putative ligand near the protein of interest with energy calculation
to estimate the likeliness of their interactions. Q-SiteFinder [172], for example, coats the
protein surface with a layer of methyl probes and calculate van der Waals interaction
energies between the protein and those probes. Probes with favorable interaction energies
are retained and clusters of these probes are deemed to define putative binding sites. Other
methods follow the concept of fragment-based drug discovery (FBDD) in which first small
chemical fragments are identified as possible binder to the target, and then combined
to produce a ligand with a high affinity [173,174]. These methods include GRID [175],
MCSS [176], and FTMAP [177,178]. These techniques, however, often yield a large number
of false-positive energy minima.

Sampling of the conformation of the ligand, the protein, and the environment within
the putative binding site, including the presence of ordered water molecules and salt,
is necessary for a computational technique to successfully identify drug-binding sites.
Molecular dynamics (MD) simulations provides a framework for such sampling [179–182].
When the actual ligand is not known, it is possible to incorporate co-solvents in the
simulations to mimic this ligand and consequently improve the identification of binding
sites [109,183–188]. As mentioned in the previous section, molecular dynamics, however,
are time-consuming.

We have recently proposed an alternate approach to the grid-based drug mapping
procedure and to the cosolvent-enhanced MD simulations described above. This approach,
with the acronym HDPBL (see below) is based on multi-probe exploration. It generates
the densities of dipoles representing a polar solvent, of anions, cations, as well as the
densities of hydrophobic cosolvent molecules, thereby enabling the identification of polar,
positively charged, negatively charged, and hydrophobic binding sites on the target protein
simultaneously. In the following, we briefly present HDPBL. A more rigorous presentation
is available in the original paper [189].

4.2. Methodology
4.2.1. A Lattice Gas Model for the Environment of the Solute of Interest

We use a lattice gas formalism to represent the environment around the target molecule
(see Figure 10). This lattice allows us to model steric repulsion among the particles in this
environment. The water molecules are distributed on this lattice. They are represented as
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orientable dipoles of constant module p0. Similarly, the ions (positive and negative) are
represented as spheres carrying a charge +zec or−zec, where ec is the elementary electronic
charge. We also include inert hydrophobic molecules. All those molecules are represented
as hard spheres with equal radii a/2, where a is the lattice spacing. The solute itself is
described by a charge density ρ f (r) corresponding to its fixed charges, and a hydrophobic
density ρh(r) corresponding to its hydrophobic sites (usually the CH2 and CH3 groups).
Its surface is modeled with an indicator function γ(r) that is zero for points r inside the
envelope of the solute and one otherwise. This envelope can be taken as the molecular
surface or the accessible surface of the solute; we usually use the molecular surface.

a

a

Figure 10. Schematic illustration of the lattice gas model. Each lattice cell may be empty, occupied by
one ion (red for positive ions, blue for negative ions), a water molecule (cyan), or an inert hydrophobic
particle (white). We assume here that all those species have the same size, with diameter a, the lattice
spacing. The solute is at the center of the lattice. It is identified by its surface area (colored here in
light orange (wheat)).

4.2.2. A Free Energy Model for the Solute and Lattice Gas

Let ϕ(r) be the electrostatic potential at position r. Each site r in the lattice surrounding
the solute contains at most one particle. Let us look at the partition function by considering
each type of particle.

(i) Water molecule: the energy of one water dipole of constant magnitude p0 at position r
is obtained as the Boltzmann-weighted average of the interaction −~p0 · ∇ϕ(r) over all
orientations of ~p0, where ϕ(r) is the local electric potential:

Zw(r) = λw < eβp0|∇ϕ(r)|cos(θ) >θ,φ = λw
sinh(p0β|∇ϕ(r)|)

p0β|∇ϕ(r)| ,

where β = 1
kBT and λw is the fugacity of the water (see below).

(ii) Ions: the energy of one ion with charge zec is simply zec ϕ(r). We assume that there are
as many positive ions and negative ions in the environment, with charges +zec and
−zec, respectively. Then:

Zion(r) = 2λion cosh(βzee ϕ(r)),

where λion is the fugacity of the ions.
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(iii) Hydrophobic particles: The hydrophobic interactions between the hydrophobic particles
are defined by a Yukawa potential:

wY(r) = −
w0

4π

e−κYr

r
,

where r = ||r||, κY = 1/lY defines the range of the hydrophobic interaction, and
w0 > 0 its strength. The negative sign denotes the attractive nature of the interac-
tion. Setting ψ(r) to be the hydrophobic field associated with this potential gives
the following:

Zh(r) = λhe−βψ(r),

where λh is the fugacity of the hydrophobic particles.
(iv) Possible empty sites: The system may be considered as incompressible, in which case

all lattice sites are occupied by one particle, or compressible, in which case a lattice
site may be empty. We model this behavior by introducing a pseudo-fugacity λv for
vacancies such that λv = 0 if the system in incompressible, and λv = 1 otherwise.
Note that this is set once at the beginning of the analysis.

The grand canonical partition function Z(r) for the lattice site at position r is then
given by (enumerating the two possible occupancies: empty, or with one dipole):

Z(r) = λv + Zw(r) + Zion(r) + Zh(r)

= λv + 2λion cosh(βzec ϕ(r)) + λw
sinh(p0β|∇ϕ(r)|)

p0β|∇ϕ(r)| + λhe−βψ(r) (8)

The free energy functional for the whole grid includes the electrostatic energy, the func-
tional form for the energy of the Yukawa field, the energy of the fixed charges and hy-
drophobic groups of the solute, and the logarithm of the partition function Z defined in
Equation (8):

F = − ε0

2

∫
dr(∇ϕ(r))2 +

1
2w0

∫
dr
(
(∇ψ(r))2 + κ2ψ2(r)

)
+

∫
drϕ(r)ρ f (r) +

∫
drψ(r)ρp(r)

− 1
βa3

∫
drγ(r) ln

(
λv + 2λion cosh(βzec ϕ(r)) + λw

sinh(p0β|∇ϕ(r)|)
p0β|∇ϕ(r)| + λhe−βψ(r)

)
(9)

4.2.3. Solving for the Electrostatic and Hydrophobic Fields

We use the Saddle-Point Approximation from statistical physics. This method, which
is also called the Mean-Field Theory, consists of minimizing the free energy defined in
Equation (9) with respect to the two fields ϕ and ψ:

−ε0∇2 ϕ(r) = ρ f (r)−
2λion

a3 zecγ(r)
sinh(βzec ϕ(r))

Z(r) +

p0

a3 λwγ(r)∇ ·
(
∇ϕ(r)
|∇ϕ(r)|

g(p0β|∇ϕ(r)|)
Z(r)

)
1

w0

(
−∇2 + κ2

Y

)
ψ(r) = −ρp(r)−

λh
a3 γ(r)

e−βψ(r)

Z(r) , (10)

where Z(r) is defined in Equation (8) and

g(x) =
cosh x

x
− sinh x

x2 .

Note that ϕ(r)→ 0 and ψ(r)→ ψ0 as r→ +∞, i.e., in the bulk, far from the solute.
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The meanfield equations given above fully describe the system under study. The first
equation is a Dipolar Poisson–Boltzmann Langevin (DPBL) Equation [190–192], while the
second equation is a Poisson–Boltzmann-like equation involving the hydrophobic particles
in the solvent and the hydrophobic charges on the solute. As a consequence, we refer to this
system of equations as the Hydrophobic Dipolar Poisson–Boltzmann Langevin equations,
or HDPBL equations for short [189].

All coefficients in those equations are computed either from physical constants or from
input information describing the system, with the exception of the fugacities and ψ0, which
we derive now.

4.2.4. The Particle Fugacities

Let cion, cw, and ch be the bulk concentrations of ions, water, and hydrophobic particles,
respectively. Let the volume fraction Φ for each type of particle be defined as:

Φion = 2ciona3,

Φw = cwa3,

Φh = cha3.

Note that we can consider a volume fraction for vacancies:

Φv = 1− (Φion + Φw + Φh).

If the system is incompressible, Φv = 0, and the concentrations of salt, water, and hy-
drophobic probes are necessarily dependent. Otherwise, Φv is positive, and vacancies
are possible in the environment of the solute. In this case, cs, cw, and ch are independent,
although they still need to satisfy Φs + Φw + Φh = 2ciona3 + cwa3 + cha3 ≤ 1.

The fugacities of the different particles differ if the system is considered incompressible
or compressible:

(i) Compressible system: Vacancies are allowed and λv = 1. The fugacities are given
by [189]:

2λion =
Φs

Φv
,

λw =
Φw

Φv
,

λhe−βψ0 =
Φh
Φv

.

(ii) Incompressible system: There are no vacancies among the lattice sites and Φion + Φw +
Φh = 1. The fugacities are then not independent. If we choose λw = 1, the fugacities
are defined as follows [189]:

λw = 1,

2λion =
Φion
Φw

,

λhe−βψ0 =
Φh
Φw

.

Finally, the bulk value ψ0 is given by:

ψ0 = −w0

κ2
Φh
a3 .
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4.2.5. The Densities or Water Dipoles, Ions, and Hydrophobic Probes

Once the fields ϕMF(r) and ψMF(r) have been derived as mean field solutions of the
HDPBL system of equations, the densities of the various molecules defining the environ-
ment of the solute are given by the following.

(i) Anions and cations:

ρ±(r) =
1
a3

Φione∓βzec ϕMF(r)

2ZMF
1 (r)

.

(ii) Water dipoles:

ρw(r) =
1
a3

Φw

ZMF
1 (r)

sinh
(

βp0
∣∣∇ϕMF(r)

∣∣)
βp0|∇ϕMF(r)|

.

(iii) Hydrophobic particles:

ρh(r) =
1
a3

Φh

ZMF
1 (r)

e−β(ψMF(r)−ψ0).

where ZMF
1 (r) = Φv + Φion cosh

(
βzec ϕMF(r)

)
+ Φw

sinh(βp0|∇ϕMF(r)|)
βp0|∇ϕMF(r)| + Φhe−β(ψMF(r)−ψ0).

4.2.6. AquaVit

We have developed the software package AquaVit to solve the system of differential
equations defining the HDPBL system. It is mostly inspired by AquaSol, a previous package
developed for solving Poisson–Boltzmann-like equations [192], and uses many routines
from the package MG developed by Michael Holst [193].

System Setup

The coordinates of the atoms of the solute as well as their partial charges are read from
a single file with the PQR format. PQR files can be readily generated using the service
PDB2PQR [194]. For all examples described below, we used the AMBER parameter dataset
to assign charges. The PQR file is then modified to add hydrophobic “charges” to selected
atoms. All atoms identified as aliphatic carbon, extended carbon, with 1, 2, or 3 hydrogens,
ring carbons, and sulfur atom with one hydrogen were assigned a nonzero hydrophobic
charge of +1.

The HDPBL system of equations include 12 parameters: the numbers of vertices in the
mesh in each dimension, the lattice size a, the temperature T, the concentrations of water cw,
ions, cs, and hydrophobic probes, ch, the valence z of the anions and cations from the salt,
the strength of the water dipole, p0, and the parameters of the Yukawa potential, lY(= βwY)
and lh(= 1/κY). The mesh is usually set with 193 vertices in each direction. Those vertices
are equally spaced, and the distance between two vertices is computed automatically based
on the size of the solute and the fact that the borders of the mesh are set to be at least 14 Å
away from the solute. Assuming incompressibility, in the presence of pure water, we expect
Φw = 1, i.e., that cwa3 = 1, where cw is the concentration of bulk water, namely 55 M. This
leads to a = 3.11. In all the simulations described below, we have considered monovalent
(i.e., z = 1) ions at 0.2 M and hydrophobic particles at 1 M. As we assume incompressibility,
the concentration of water is fixed and using the prescribed concentrations of ions and
hydrophobic probes, and the lattice size a = 3.11, we obtain the apparent concentration
of water cw = 53.6 M. The parameter lh defines the range of the Yukawa potential; it is
set to the lattice size, i.e., lh = 3.1 Å. lY is a characteristic length that directly relates to its
strength. We set it to lY = 4 Å. The temperature is set to 300 K. Finally, the experimental
dipole moment of water is set to 2.8D. Justifications for all those values can be found in
Ref. [189].
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The typical running time for characterizing the environment of a protein using AquaVit
with the parameters defined above is 50 min for a grid of size 1933 on a quad-core Intel
Core I7 processor running at 4.0 GHz. Ref. [189] provides a more comprehensive analysis
of computing time for AquaVit on faster processors.

4.3. Examples

The primary goal of HDPBL is to characterize the environment around a solute of
interest. In particular, it is used to detect pockets within this solute and characterize
their nature, i.e., if they are more likely to accommodate a hydrophobic or a charged
ligand. As such, it differs from programs that are designed to characterize the geometry
of the solvent, such as UnionBall described above. We illustrate this difference on two
systems, the WNV methyltransferase that accommodates a hydrophobic ligand and the
WNV NS2B/NS3 protease bound to a positively charged inhibitor.

4.3.1. Identifying a Hydrophobic Pocket in a Methyltransferase

WNV genomic RNA is single stranded, with positive polarity. It includes a type I cap
at its 5’ end that is important for the RNA stability and translation [195]. The formation
of this cap is associated with four enzymatic modifications (see for example [196]). Those
modifications include the addition of a GMP at the diphosphate end, a methylation of the
corresponding guanine at position N7, and a methylation of the first nucleotide of the RNA
at the ribose 2’-OH position. The enzymes responsible for these modifications are encoded
by the WNV genome itself. In particular, it was shown that its nonstructural protein NS5
possesses both N7 and 2’-O methyltransferase (MTase) activities (see for example [197]).
The structure of this protein was determined by X-ray crystallography at 2.0 Å resolution,
in the presence of sinefungin (SIN), a hydrophobic inhibitor (PDB code 3LKZ [197]).

We analyzed the geometry and energetics of WNV Mtase using UnionBall and AquaVit,
respectively. The PDB structure 3LKZ corresponds to this protein bound to a hydrophobic
ligand, SIN. All ligands, ions, and crystallographic water molecules were removed prior
to running UnionBall and AquaVit. UnionBall only includes one parameter, the radius of
the water probe. We set it to 3.0 Å, to detect deep pockets within the protein. As explained
above, AquaVit involves 12 parameters. Those were set as described. In Figure 11, we show
the resulting pockets detected by UnionBall and hydrophobic particle occupancy map
detected by AquaVit, superimposed on the PDB structure of WNV Mtase, with and without
the ligand. The active site of WNK MTase is comprised of a large hydrophobic pocket,
which serves as the S-adenosyl-L-methionine (AdoMet) -binding site, where AdoMet serves
as a methyl donor. This pocket is conserved among flaviviruses [197]. It is successfully
detected both by UnionBall and AquaVit, as illustrated in Figure 11.

4.3.2. Identifying a Charged Pocket in a Protease

The replication of WNV requires a processing of its proteins by its own NS3 protease
(NS3pro). NS3pro by itself, however, is virtually inactive. Its activation requires another
of its protein, NS2B, as a cofactor. A high-quality structure of NS2B-NS3pro complex
at a resolution of 1.68 Å in presence of the substrate-based inhibitor benzoyl-norleucine
(P4)-lysine (P3)-arginine (P2)-arginine (P1)-aldehyde10 (Bz-Nle-Lys-Arg-Arg-H, BZE in
short) was obtained by X-ray crystallography, available in the PDB as 2FP7 [198]. The BZE
ligand is highly positively charged.

We analyzed the geometry and energetics of the NS2B-NS3-pro from WNV using
UnionBall and AquaVit, respectively. The PDB structure 2FP7 corresponds to the complex
bound to a positively charged ligand, BEZ. All ligands, ions, and crystallographic water
molecules were removed prior to running UnionBall and AquaVit. For UnionBall, the ra-
dius of the water probe was set to 1.4 Å, so that even relatively shallow pockets could
be detected. The 12 parameters of AquaVit were set as described above. In Figure 12A
and B, we show, respectively, the five largest pockets detecting by UnionBall and anion
and hydrophobic particle occupancy maps detected by AquaVit, superimposed on the
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PDB structure of WNV NS2B-NS3pro complex without the ligand. Note that the pockets
identified by UnionBall can be hydrophobic or negatively charged. When the ligand BEZ is
superimposed to the protein complex structure and UnionBall pockets, we see that none
of those pockets include the ligand (Figure 12C). The ligand sits close to the boundary
between the protein and the solvent; as such, it fits in a very shallow region on the surface
of the protein that cannot be detected as a pocket by UnionBall (recall Figure 1; this shallow
region would correspond to one of the triangles C, D, or E that are ignored by UnionBall).
In contrast, the ligand BEZ superposes well with a pocket in the cation occupancy map
captured by AquaVit (Figure 12D).

UnionBall AquaVit

A) B)

C) D)

substrate substrate

A)

C) D)

B)

D)

Figure 11. Pockets (purple) and hydrophobic occupancy maps (black mesh) superimposed onto
the structure for WNV Mtase (PDB code 3LKZ). The pockets are computed with UnionBall, with a
water probe of 3.0 Å. The hydrophobic maps are derived from the densities of hydrophobic particles
computed by AquaVit, and represented at +20 σ. Both calculations are performed using the apo
structure of the protein, i.e., in the absence of all ligands and water molecules. In panels (A,B), we
show the pocket and hydrophobic maps superposed to the apo PDB structure, respectively, while
in panels (C,D), we add to the figures in (A,B) the hydrophobic ligand (SIN) in cyan. Note that all
images in the figure were generated using Pymol [111].
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UnionBall AquaVit
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II

III

IV

V

A

B

C

D2

E
A) B)

C) D)

substrate substrate

D1

Figure 12. (A) The five largest pockets (purple) and (B) hydrophobic (black mesh) and anion (red
mesh) occupancy maps superimposed onto the structure for WNV NS2B-NS3pro complex (PDB code
2FP7). The pockets are computed with UnionBall, with a water probe of 1.4 Å. The hydrophobic and
anion maps are derived from the densities of hydrophobic particles and negative ions computed
by AquaVit, and represented at +20 σ. Both calculations are performed using the apo structure of
the protein, i.e., in the absence of all ligands and water molecules. Note that pockets I, II, and III
identified by UnionBall match with hydrophobic pockets A, B, and C identified by AquaVit. Pocket V
corresponds to the negatively charged pocket E from AquaVit, while pocket IV is a combination of a
hydrophobic pocket D1 and anionic pocket D2 found by AquaVit. Panel (C) shows the inhibitor BEZ
(see text) in cyan. The position of the inhibitor does not match with any of the five pockets found by
UnionBall. Panel (D) shows the cation (dark blue) occupancy map superimposed onto the structure
for the NS2B-NS3pro complex, with the inhibitor BEZ shown in cyan. The images in the figure were
generated using Pymol [111].

5. Conclusions

Viruses are pathogens that raise serious threats for human health: the recent SARS-
CoV-2 pandemic can unfortunately attest to this statement. Fortunately, our knowledge of
those pathogens is improving. In particular, we have more and more structural information
on virions (the complete, infective form of a virus that includes its genomic material and
surrounding envelope) and on their gene products. This information is available in the
PDB database (see, for example, Ref. [30] for a review on icosahedral virus structures in
the PDB). It is important to adapt the tools and software platforms to enable the analyses
of such structural information on very large macromolecular assemblies. In this paper,
we have reviewed some of those methods. We focused on understanding the geometry
of virions and viral structural proteins, on their dynamics, and their energetics, with the
ambition that this understanding can help design antiviral agents [199]. We have discussed
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those methods in light of the specificities of those structures, mainly that they are very
large. We focused on three of our own methods that can analyze the geometry, dynamics,
and energetics of such structures within computing times that are compatible with the use
of regular desktop computers. We provided (brief) explanations of the theories behind
them and described the corresponding software platforms, i.e., UnionBall, NormalModes,
and AquaVit. Those programs are available in open source format at the address https:
//www.cs.ucdavis.edu/~koehl/Projects/. We showed examples of their applications on
the outer shell and some structural proteins of the West Nile Virus (WNV).

The main assumption behind all the analyses described in this review is that structural
information is available on the virus that is the target for drug development. Indeed,
experimental structural information on virions is becoming widely available, as mentioned
above. However, it remains that such information may sometimes be still insufficient. The
recent successes of AlphaFold [39] and its successor AlphaFold2 [40], two softwares that
are designed to predict the structure of a protein from its sequence only, raises hope that
experimental structure determination will not be a bottleneck from antiviral drug devel-
opments. The successes of using AlphaFold2 for drug discovery, however, are currently
limited [44], but provide hope for better computational drug design [45].

In this review, we treated geometry, dynamics, and energetics independently: this is
clearly a limitation that needs to be addressed. For example, AquaVit, our program for ana-
lyzing the environment of a protein is fast, and as such, compares favorably with the ligand
mapping in molecular dynamics simulations that have been designed for detecting and
characterizing binding sites in proteins. AquaVit relies, however, on the static conformation
of the protein of interest, while the molecular dynamics simulations account for its dynam-
ics. As such, they can detect cryptic binding sites in proteins [109,184,187,188], namely sites
that are not accessible unless a structural change occurs. Such conformational changes are
inaccessible for AquaVit. Finding ways to combine geometry, dynamics, and energetics is
our future task.

Author Contributions: Conceptualization, P.K.; methodology, M.D., H.O. and P.K.; software, Y.-C.H.
and P.K.; formal analysis, Y.-C.H., M.D., H.O. and P.K.; investigation, Y.-C.H., M.D., H.O. and P.K.;
writing—original draft preparation, Y.-C.H., M.D., H.O. and P.K. All authors have read and agreed to
the published version of the manuscript.

Funding: P.K. acknowledges support from the University of California Multicampus Research
Programs and Initiatives (grant No. M21PR3267).

Data Availability Statement: Not applicable.

Acknowledgments: The work discussed here originated from a visit by P.K. at the Institut de
Physique Théorique, CEA Saclay, France, during the fall of 2019. He thanks them for their hospitality
and financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. El Hamichi, S.; Gold, A.; Murray, T.G.; Graversen, V.K. Pandemics, climate change, and the eye. Graefe’s Arch. Clin. Exp.

Ophthalmol. 2020, 258, 2597–2601. [CrossRef]
2. Rothenberg, M.E. The climate change hypothesis for the allergy epidemic. J. Allergy Clin. Immunol. 2022, 149, 1522–1524.

[CrossRef] [PubMed]
3. Rupasinghe, R.; Chomel, B.B.; Martínez-López, B. Climate change and zoonoses: A review of the current status, knowledge gaps,

and future trends. Acta Trop. 2022, 226, 106225. [CrossRef] [PubMed]
4. Leal Filho, W.; Ternova, L.; Parasnis, S.A.; Kovaleva, M.; Nagy, G.J. Climate change and zoonoses: A review of concepts,

definitions, and bibliometrics. Int. J. Environ. Res. Public Health 2022, 19, 893. [CrossRef] [PubMed]
5. Bloom, D.E.; Kuhn, M.; Prettner, K. Modern infectious diseases: Macroeconomic impacts and policy responses. J. Econ. Lit. 2022,

60, 85–131. [CrossRef]
6. Callegari, B.; Feder, C. A literature review of pandemics and development: The long-term perspective. Econ. Disasters Clim.

Chang. 2022, 6, 183–212. [CrossRef]

https://www.cs.ucdavis.edu/~koehl/Projects/
https://www.cs.ucdavis.edu/~koehl/Projects/
http://doi.org/10.1007/s00417-020-04947-7
http://dx.doi.org/10.1016/j.jaci.2022.02.006
http://www.ncbi.nlm.nih.gov/pubmed/35192868
http://dx.doi.org/10.1016/j.actatropica.2021.106225
http://www.ncbi.nlm.nih.gov/pubmed/34758355
http://dx.doi.org/10.3390/ijerph19020893
http://www.ncbi.nlm.nih.gov/pubmed/35055715
http://dx.doi.org/10.1257/jel.20201642
http://dx.doi.org/10.1007/s41885-022-00106-w


Viruses 2023, 15, 1366 28 of 34

7. Msemburi, W.; Karlinsky, A.; Knutson, V.; Aleshin-Guendel, S.; Chatterji, S.; Wakefield, J. The WHO estimates of excess mortality
associated with the COVID-19 pandemic. Nature 2023, 613, 130–137. [CrossRef]

8. Johnson, N.P.; Mueller, J. Updating the accounts: Global mortality of the 1918-1920 “Spanish” influenza pandemic. Bull. Hist.
Med. 2002, 76, 105–115. [CrossRef] [PubMed]

9. Lamers, M.M.; Haagmans, B.L. SARS-CoV-2 pathogenesis. Nat. Rev. Microbiol. 2022, 20, 270–284. [CrossRef] [PubMed]
10. Puhach, O.; Meyer, B.; Eckerle, I. SARS-CoV-2 viral load and shedding kinetics. Nat. Rev. Microbiol. 2023, 21, 147–161. [CrossRef]
11. Telenti, A.; Hodcroft, E.B.; Robertson, D.L. The evolution and biology of SARS-CoV-2 variants. Cold Spring Harb. Perspect. Med.

2022, 12, a041390. [CrossRef]
12. Markov, P.V.; Ghafari, M.; Beer, M.; Lythgoe, K.; Simmonds, P.; Stilianakis, N.I.; Katzourakis, A. The evolution of SARS-CoV-2.

Nat. Rev. Microbiol. 2023, 21, 1–19. [CrossRef]
13. Carabelli, A.M.; Peacock, T.P.; Thorne, L.G.; Harvey, W.T.; Hughes, J.; COVID-19 Genomics UK Consortium; Peacock, S.J.; Barclay,

W.S.; de Silva, T.I.; Towers, G.J.; et al. SARS-CoV-2 variant biology: Immune escape, transmission and fitness. Nat. Rev. Microbiol.
2023, 21, 162–177. [CrossRef]

14. Diamond, M.S.; Kanneganti, T.D. Innate immunity: The first line of defense against SARS-CoV-2. Nat. Immunol. 2022, 23, 165–176.
[CrossRef]

15. McCallum, M.; Czudnochowski, N.; Rosen, L.E.; Zepeda, S.K.; Bowen, J.E.; Walls, A.C.; Hauser, K.; Joshi, A.; Stewart, C.; Dillen,
J.R.; et al. Structural basis of SARS-CoV-2 Omicron immune evasion and receptor engagement. Science 2022, 375, 864–868.
[CrossRef]

16. Hardenbrook, N.J.; Zhang, P. A structural view of the SARS-CoV-2 virus and its assembly. Curr. Opin. Virol. 2022, 52, 123–134.
[CrossRef]

17. Zhang, Z.; Nomura, N.; Muramoto, Y.; Ekimoto, T.; Uemura, T.; Liu, K.; Yui, M.; Kono, N.; Aoki, J.; Ikeguchi, M.; et al. Structure
of SARS-CoV-2 membrane protein essential for virus assembly. Nat. Commun. 2022, 13, 4399. [CrossRef] [PubMed]

18. Yan, W.; Zheng, Y.; Zeng, X.; He, B.; Cheng, W. Structural biology of SARS-CoV-2: Open the door for novel therapies. Signal
Transduct. Target. Ther. 2022, 7, 26. [CrossRef]

19. Li, S.; Zandi, R. Biophysical Modeling of SARS-CoV-2 Assembly: Genome Condensation and Budding. Viruses 2022, 14, 2089.
[CrossRef] [PubMed]

20. Dolan, K.A.; Dutta, M.; Kern, D.M.; Kotecha, A.; Voth, G.A.; Brohawn, S.G. Structure of SARS-CoV-2 M protein in lipid nanodiscs.
Elife 2022, 11, e81702. [CrossRef] [PubMed]

21. Patel, R.; Kaki, M.; Potluri, V.S.; Kahar, P.; Khanna, D. A comprehensive review of SARS-CoV-2 vaccines: Pfizer, moderna &
Johnson & Johnson. Hum. Vaccines Immunother. 2022, 18, 2002083.

22. Wagner, C.S.; Cai, X.; Zhang, Y.; Fry, C.V. One-year in: COVID-19 research at the international level in CORD-19 data. PLoS ONE
2022, 17, e0261624. [CrossRef] [PubMed]

23. Liu, W.; Huangfu, X.; Wang, H. Citation advantage of COVID-19-related publications. J. Inf. Sci. 2023. [CrossRef]
24. Holly, E. How a torrent of COVID science changed research publishing. Nature 2020, 588, 553.
25. Bernal, J.; Fankuchen, I.; Riley, D. Structure of the crystals of tomato bushy stunt virus preparations. Nature 1938, 142, 1075.

[CrossRef]
26. Winkler, F.; Schutt, C.; Harrison, S.; Bricogne, G. Tomato bushy stunt virus at 5.5-Å resolution. Nature 1977, 265, 509–513.

[CrossRef]
27. Bernstein, F.; Koetzle, T.; Williams, G.; Meyer, E.F., Jr.; Brice, M.; Rodgers, J.; Kennard, O.; Shimanouchi, T.; Tasumi, M. The Protein

Data Bank: A computer-based archival file for macromolecular structures. J. Molec. Biol. 1977, 112, 535–542. [CrossRef]
28. Berman, H.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.; Weissig, H.; Shindyalov, I.; Bourne, P. The Protein Data Bank. Nucl.

Acids. Res. 2000, 28, 235–242. [CrossRef]
29. Lawson, C.L.; Dutta, S.; Westbrook, J.D.; Henrick, K.; Berman, H.M. Representation of viruses in the remediated PDB archive.

Acta Crystallogr. Sect. D Biol. Crystallogr. 2008, 64, 874–882. [CrossRef]
30. Johnson, J.E.; Olson, A.J. Icosahedral virus structures and the protein data bank. J. Biol. Chem. 2021, 296, 100554. [CrossRef]
31. Reddy, V.S.; Natarajan, P.; Okerberg, B.; Li, K.; Damodaran, K.; Morton, R.T.; Brooks, C.L., III; Johnson, J.E. Virus Particle Explorer

(VIPER), a website for virus capsid structures and their computational analyses. J. Virol. 2001, 75, 11943–11947. [CrossRef]
[PubMed]

32. Shepherd, C.M.; Borelli, I.A.; Lander, G.; Natarajan, P.; Siddavanahalli, V.; Bajaj, C.; Johnson, J.E.; Brooks, C.L., III; Reddy, V.S.
VIPERdb: A relational database for structural virology. Nucleic Acids Res. 2006, 34, D386–D389. [CrossRef] [PubMed]

33. Carrillo-Tripp, M.; Shepherd, C.M.; Borelli, I.A.; Venkataraman, S.; Lander, G.; Natarajan, P.; Johnson, J.E.; Brooks, C.L., III;
Reddy, V.S. VIPERdb2: An enhanced and web API enabled relational database for structural virology. Nucleic Acids Res. 2009,
37, D436–D442. [CrossRef] [PubMed]

34. Ho, P.T.; Montiel-Garcia, D.J.; Wong, J.J.; Carrillo-Tripp, M.; Brooks, C.L., III; Johnson, J.E.; Reddy, V.S. VIPERdb: A tool for virus
research. Annu. Rev. Virol. 2018, 5, 477–488. [CrossRef]

35. Montiel-Garcia, D.; Santoyo-Rivera, N.; Ho, P.; Carrillo-Tripp, M.; Iii, C.L.B.; Johnson, J.E.; Reddy, V.S. VIPERdb v3.0: A
structure-based data analytics platform for viral capsids. Nucleic Acids Res. 2021, 49, D809–D816. [CrossRef]

36. Chapman, M.S.; Liljas, L. Structural folds of viral proteins. Adv. Protein Chem. 2003, 64, 125–196.

http://dx.doi.org/10.1038/s41586-022-05522-2
http://dx.doi.org/10.1353/bhm.2002.0022
http://www.ncbi.nlm.nih.gov/pubmed/11875246
http://dx.doi.org/10.1038/s41579-022-00713-0
http://www.ncbi.nlm.nih.gov/pubmed/35354968
http://dx.doi.org/10.1038/s41579-022-00822-w
http://dx.doi.org/10.1101/cshperspect.a041390
http://dx.doi.org/10.1038/s41579-023-00878-2
http://dx.doi.org/10.1038/s41579-022-00841-7
http://dx.doi.org/10.1038/s41590-021-01091-0
http://dx.doi.org/10.1126/science.abn8652
http://dx.doi.org/10.1016/j.coviro.2021.11.011
http://dx.doi.org/10.1038/s41467-022-32019-3
http://www.ncbi.nlm.nih.gov/pubmed/35931673
http://dx.doi.org/10.1038/s41392-022-00884-5
http://dx.doi.org/10.3390/v14102089
http://www.ncbi.nlm.nih.gov/pubmed/36298645
http://dx.doi.org/10.7554/eLife.81702
http://www.ncbi.nlm.nih.gov/pubmed/36264056
http://dx.doi.org/10.1371/journal.pone.0261624
http://www.ncbi.nlm.nih.gov/pubmed/35613122
http://dx.doi.org/10.1177/01655515231174385
http://dx.doi.org/10.1038/1421075a0
http://dx.doi.org/10.1038/265509a0
http://dx.doi.org/10.1016/S0022-2836(77)80200-3
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1107/S0907444908017393
http://dx.doi.org/10.1016/j.jbc.2021.100554
http://dx.doi.org/10.1128/JVI.75.24.11943-11947.2001
http://www.ncbi.nlm.nih.gov/pubmed/11711584
http://dx.doi.org/10.1093/nar/gkj032
http://www.ncbi.nlm.nih.gov/pubmed/16381893
http://dx.doi.org/10.1093/nar/gkn840
http://www.ncbi.nlm.nih.gov/pubmed/18981051
http://dx.doi.org/10.1146/annurev-virology-092917-043405
http://dx.doi.org/10.1093/nar/gkaa1096


Viruses 2023, 15, 1366 29 of 34

37. Cheng, S.; Brooks, C.L., III. Viral capsid proteins are segregated in structural fold space. PLoS Comput. Biol. 2013, 9, e1002905.
[CrossRef] [PubMed]

38. Sevvana, M.; Klose, T.; Rossmann, M.G. Principles of virus structure. Encycl. Virol. 2021, 1, 257–277.
39. Senior, A.; Evans, R.; Jumper, J.; Kirkpatrick, J.; Sifre, L.; Green, T.; Qin, C.; Žídek, A.; Nelson, A.; Bridgland, A.; et al. Improved

protein structure prediction using potentials from deep learning. Nature 2020, 577, 706–710. [CrossRef] [PubMed]
40. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,

A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef]
41. Callaway, E. “It will change everything”: DeepMind’s AI makes gigantic leap in solving protein structures. Nature 2020,

588, 203–205. [CrossRef] [PubMed]
42. Jones, D.; Thornton, J. The impact of AlphaFold2 one year on. Nat. Methods 2022, 19, 15–20. [CrossRef]
43. Nussinov, R.; Zhang, M.; Liu, Y.; Jang, H. AlphaFold, Artificial Intelligence, and Allostery. J. Phys. Chem. B 2022, 126, 6372–6383.

[CrossRef]
44. Wong, F.; Krishnan, A.; Zheng, E.J.; Stärk, H.; Manson, A.L.; Earl, A.M.; Jaakkola, T.; Collins, J.J. Benchmarking AlphaFold-enabled

molecular docking predictions for antibiotic discovery. Mol. Syst. Biol. 2022, 18, e11081. [CrossRef] [PubMed]
45. Nussinov, R.; Zhang, M.; Liu, Y.; Jang, H. AlphaFold, allosteric, and orthosteric drug discovery: Ways forward. Drug Discov.

Today 2023, 28, 103551. [CrossRef] [PubMed]
46. Twarock, R. Mathematical virology: A novel approach to the structure and assembly of viruses. Philos. Trans. R. Soc. A Math.

Phys. Eng. Sci. 2006, 364, 3357–3373. [CrossRef] [PubMed]
47. Cieplak, M.; Roos, W.H. Special Issue on the Physics of Viral Capsids. J. Phys. Condens. Matter 2018, 30, 290201. [CrossRef]

[PubMed]
48. Zandi, R.; Dragnea, B.; Travesset, A.; Podgornik, R. On virus growth and form. Phys. Rep. 2020, 847, 1–102. [CrossRef]
49. Twarock, R.; Bingham, R.J.; Dykeman, E.C.; Stockley, P.G. A modelling paradigm for RNA virus assembly. Curr. Opin. Virol. 2018,

31, 74–81. [CrossRef]
50. Twarock, R.; Luque, A. Structural puzzles in virology solved with an overarching icosahedral design principle. Nat. Commun.

2019, 10, 4414. [CrossRef]
51. Martín-Bravo, M.; Llorente, J.M.G.; Hernández-Rojas, J.; Wales, D.J. Minimal design principles for icosahedral virus capsids. ACS

Nano 2021, 15, 14873–14884. [CrossRef]
52. Indelicato, G.; Cermelli, P.; Twarock, R. Local rules for the self-assembly of a non-quasi-equivalent viral capsid. Phys. Rev. E 2022,

105, 064403. [CrossRef]
53. Tetter, S.; Terasaka, N.; Steinauer, A.; Bingham, R.J.; Clark, S.; Scott, A.J.; Patel, N.; Leibundgut, M.; Wroblewski, E.; Ban, N.; et al.

Evolution of a virus-like architecture and packaging mechanism in a repurposed bacterial protein. Science 2021, 372, 1220–1224.
[CrossRef] [PubMed]

54. Pinto, D.E.; Šulc, P.; Sciortino, F.; Russo, J. Design strategies for the self-assembly of polyhedral shells. Proc. Natl. Acad. Sci. USA
2023, 120, e2219458120. [CrossRef]

55. Li, S.; Orland, H.; Zandi, R. Self consistent field theory of virus assembly. J. Phys. Condens. Matter 2018, 30, 144002. [CrossRef]
[PubMed]

56. van der Holst, B.; Kegel, W.K.; Zandi, R.; van der Schoot, P. The different faces of mass action in virus assembly. J. Biol. Phys.
2018, 44, 163–179. [CrossRef]

57. Panahandeh, S.; Li, S.; Dragnea, B.; Zandi, R. Virus assembly pathways inside a host cell. ACS Nano 2022, 16, 317–327. [CrossRef]
[PubMed]

58. Gupta, M.; Pak, A.J.; Voth, G.A. Critical mechanistic features of HIV-1 viral capsid assembly. Sci. Adv. 2023, 9, eadd7434.
[CrossRef] [PubMed]

59. Timmermans, S.B.; Ramezani, A.; Montalvo, T.; Nguyen, M.; van der Schoot, P.; van Hest, J.C.; Zandi, R. The dynamics of
viruslike capsid assembly and disassembly. J. Am. Chem. Soc. 2022, 144, 12608–12612. [CrossRef] [PubMed]

60. Zhao, G.; Perilla, J.; Yufenyuy, E.; Meng, X.; Chen, B.; Ning, J.; Ahn, J.; Gronenborn, A.; Schulten, K.; Aiken, C.; et al. Mature HIV-1
capsid structure by cryo-electron microscopy and all-atom molecular dynamics. Nature 2013, 497, 643–646. [CrossRef] [PubMed]

61. Marzinek, J.K.; Huber, R.G.; Bond, P.J. Multiscale modelling and simulation of viruses. Curr. Opin. Struct. Biol. 2020, 61, 146–152.
[CrossRef] [PubMed]

62. Huber, R.G.; Marzinek, J.K.; Boon, P.L.; Yue, W.; Bond, P.J. Computational modelling of flavivirus dynamics: The ins and outs.
Methods 2021, 185, 28–38. [CrossRef] [PubMed]

63. Jones, P.E.; Pérez-Segura, C.; Bryer, A.J.; Perilla, J.R.; Hadden-Perilla, J.A. Molecular dynamics of the viral life cycle: Progress and
prospects. Curr. Opin. Virol. 2021, 50, 128–138. [CrossRef]

64. Lynch, D.L.; Pavlova, A.; Fan, Z.; Gumbart, J.C. Understanding Virus Structure and Dynamics through Molecular Simulations. J.
Chem. Theory Comput. 2023. [CrossRef]

65. Pierson, T.C.; Diamond, M.S. The continued threat of emerging flaviviruses. Nat. Microbiol. 2020, 5, 796–812. [CrossRef]
66. Corey, R.B.; Pauling, L. Molecular models of amino acids, peptides, and proteins. Rev. Sci. Instruments 1953, 24, 621–627.

[CrossRef]
67. Koltun, W.L. Precision space-filling atomic models. Biopolym. Orig. Res. Biomol. 1965, 3, 665–679. [CrossRef]
68. Eisenberg, D.; McLachlan, A.D. Solvation energy in protein folding and binding. Nature 1986, 319, 199–203. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pcbi.1002905
http://www.ncbi.nlm.nih.gov/pubmed/23408879
http://dx.doi.org/10.1038/s41586-019-1923-7
http://www.ncbi.nlm.nih.gov/pubmed/31942072
http://dx.doi.org/10.1038/s41586-021-03819-2
http://dx.doi.org/10.1038/d41586-020-03348-4
http://www.ncbi.nlm.nih.gov/pubmed/33257889
http://dx.doi.org/10.1038/s41592-021-01365-3
http://dx.doi.org/10.1021/acs.jpcb.2c04346
http://dx.doi.org/10.15252/msb.202211081
http://www.ncbi.nlm.nih.gov/pubmed/36065847
http://dx.doi.org/10.1016/j.drudis.2023.103551
http://www.ncbi.nlm.nih.gov/pubmed/36907321
http://dx.doi.org/10.1098/rsta.2006.1900
http://www.ncbi.nlm.nih.gov/pubmed/17090464
http://dx.doi.org/10.1088/1361-648X/aacb6c
http://www.ncbi.nlm.nih.gov/pubmed/29882747
http://dx.doi.org/10.1016/j.physrep.2019.12.005
http://dx.doi.org/10.1016/j.coviro.2018.07.003
http://dx.doi.org/10.1038/s41467-019-12367-3
http://dx.doi.org/10.1021/acsnano.1c04952
http://dx.doi.org/10.1103/PhysRevE.105.064403
http://dx.doi.org/10.1126/science.abg2822
http://www.ncbi.nlm.nih.gov/pubmed/34112695
http://dx.doi.org/10.1073/pnas.2219458120
http://dx.doi.org/10.1088/1361-648X/aab0c6
http://www.ncbi.nlm.nih.gov/pubmed/29460850
http://dx.doi.org/10.1007/s10867-018-9487-6
http://dx.doi.org/10.1021/acsnano.1c06335
http://www.ncbi.nlm.nih.gov/pubmed/35019271
http://dx.doi.org/10.1126/sciadv.add7434
http://www.ncbi.nlm.nih.gov/pubmed/36608139
http://dx.doi.org/10.1021/jacs.2c04074
http://www.ncbi.nlm.nih.gov/pubmed/35792573
http://dx.doi.org/10.1038/nature12162
http://www.ncbi.nlm.nih.gov/pubmed/23719463
http://dx.doi.org/10.1016/j.sbi.2019.12.019
http://www.ncbi.nlm.nih.gov/pubmed/31991326
http://dx.doi.org/10.1016/j.ymeth.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32526282
http://dx.doi.org/10.1016/j.coviro.2021.08.003
http://dx.doi.org/10.1021/acs.jctc.3c00116
http://dx.doi.org/10.1038/s41564-020-0714-0
http://dx.doi.org/10.1063/1.1770803
http://dx.doi.org/10.1002/bip.360030606
http://dx.doi.org/10.1038/319199a0
http://www.ncbi.nlm.nih.gov/pubmed/3945310


Viruses 2023, 15, 1366 30 of 34

69. Ooi, T.; Oobatake, M.; Nemethy, G.; Scheraga, H.A. Accessible surface-areas as a measure of the thermodynamic parameters of
hydration of peptides. Proc. Natl. Acad. Sci. USA 1987, 84, 3086–3090. [CrossRef]

70. Liang, J.; Edelsbrunner, H.; Fu, P.; Sudhakar, P.V.; Subramaniam, S. Analytical shape computation of macromolecules. I. Molecular
area and volume through Alpha Shape. Proteins Struct. Func. Genet. 1998, 33, 1–17. [CrossRef]

71. Liang, J.; Edelsbrunner, H.; Fu, P.; Sudhakar, P.V.; Subramaniam, S. Analytical shape computation of macromolecules. II.
Inaccessible cavities in proteins. Proteins Struct. Func. Genet. 1998, 33, 18–29. [CrossRef]

72. Lum, K.; Chandler, D.; Weeks, J.D. Hydrophobicity at small and large length scales. J. Phys. Chem. B 1999, 103, 4570–4577.
[CrossRef]

73. König, P.M.; Roth, R.; Mecke, K. Morphological thermodynamics of fluids: Shape dependence of free energies. Phys. Rev. Lett.
2004, 93, 160601. [CrossRef]

74. Lee, B.; Richards, F.M. Interpretation of protein structures: Estimation of static accessibility. J. Molec. Biol. 1971, 55, 379–400.
[CrossRef] [PubMed]

75. Shrake, A.; Rupley, J.A. Environment and exposure to solvent of protein atoms. Lysozyme and insulin. J. Molec. Biol. 1973,
79, 351–371. [CrossRef] [PubMed]

76. Legrand, S.M.; Merz, K.M. Rapid approximation to molecular-surface area via the use of boolean logic and look-up tables. J.
Comp. Chem. 1993, 14, 349–352. [CrossRef]

77. Wang, H.; Levinthal, C. A vectorized algorithm for calculating the accessible surface area of macromolecules. J. Comp. Chem.
1991, 12, 868–871. [CrossRef]

78. Futamura, N.; Alura, S.; Ranjan, D.; Hariharan, B. Efficient parallel algorithms for solvent accessible surface area of proteins.
IEEE Trans. Parallel Dist. Syst. 2002, 13, 544–555. [CrossRef]

79. Till, M.; Ullmann, G.M. McVol—A program for calculating protein volumes and identifying cavities by a Monte Carlo algorithm.
J. Mol. Model. 2010, 16, 419–429. [CrossRef]

80. Wodak, S.J.; Janin, J. Analytical approximation to the accessible surface-area of proteins. Proc. Natl. Acad. Sci. USA 1980,
77, 1736–1740. [CrossRef] [PubMed]

81. Hasel, W.; Hendrikson, T.F.; Still, W.C. A rapid approximation to the solvent accessible surface areas of atoms. Tetrahed. Comp.
Method. 1988, 1, 103–106. [CrossRef]

82. Petitjean, M. On the analytical calculation of van-der-Waals surfaces and volumes: Some numerical aspects. J. Comp. Chem. 1994,
15, 507–523. [CrossRef]

83. Street, A.G.; Mayo, S.L. Pairwise calculation of protein solvent-accessible surface areas. Fold. Des. 1998, 3, 253–258. [CrossRef]
[PubMed]

84. Cavallo, L.; Kleinjung, J.; Fraternali, F. POPS: A fast algorithm for solvent accessible surface areas at atomic and residue level.
Nucl. Acids. Res. 2003, 31, 3364–3366. [CrossRef] [PubMed]

85. Dynerman, D.; Butzlaff, E.; Mitchell, J. CUSA and CUDE: GPU-accelerated methods for estimating solvent accessible surface area
and desolvation. J. Comput. Biol. 2009, 16, 523–537. [CrossRef] [PubMed]

86. Richmond, T.J. Solvent accessible surface-area and excluded volume in proteins. Analytical equations for overlapping spheres
and implications for the hydrophobic effect. J. Molec. Biol. 1984, 178, 63–89. [CrossRef]

87. Connolly, M.L. Computation of molecular volume. J. Am. Chem. Soc. 1985, 107, 1118–1124. [CrossRef]
88. Gibson, K.D.; Scheraga, H.A. Exact calculation of the volume and surface-area of fused hard-sphere molecules with unequal

atomic radii. Mol. Phys. 1987, 62, 1247–1265. [CrossRef]
89. Edelsbrunner, H. The union of balls and its dual shape. Discret. Comput. Geom. 1995, 13, 415–440. [CrossRef]
90. Levitt, D.; Banaszak, L. POCKET: A computer graphics method for identifying and displaying protein cavities and their

surrounding amino acids. J. Mol. Graph. 1992, 10, 229–234. [CrossRef]
91. Hendlich, M.; Rippmann, F.; Barnickel, G. LIGSITE: Automatic and efficient detection of potential small molecule-binding sites in

proteins. J. Mol. Graph. Model. 1997, 15, 359–363. [CrossRef] [PubMed]
92. Venkatachalam, C.; Jiang, X.; Oldfield, T.; Waldman, M. LigandFit: A novel method for the shape-directed rapid docking of

ligands to protein active sites. J. Mol. Graph. Model. 2003, 21, 289–307. [CrossRef]
93. Weisel, M.; Proschak, E.; Schneider, G. PocketPicker: Analysis of ligand binding-sites with shape descriptors. Chem. Cent. J. 2007,

1, 7. [CrossRef] [PubMed]
94. Laskowski, R. SURFNET: A program for visualizing molecular surfaces, cavities, and intermolecular interactions. J. Mol. Graph.

1995, 13, 323–330. [CrossRef] [PubMed]
95. Brady, G.; Stouten, P. Fast prediction and visualization of protein binding pockets with PASS. J. Comput. Aided Mol. Des. 2000,

14, 383–401. [CrossRef] [PubMed]
96. Kawabata, T.; Go, N. Detection of pockets on protein surfaces using small and large probe spheres to find putative ligand binding

sites. Proteins: Struct. Func. Genet. 2007, 68, 516–529. [CrossRef] [PubMed]
97. Yu, J.; Zhou, Y.; Tanaka, I.; Yao, M. Roll: A new algorithm for the detection of protein pockets and cavities with a rolling probe

sphere. Bioinformatics 2010, 26, 46–52. [CrossRef] [PubMed]
98. Edelsbrunner, H.; Koehl, P. The weighted-volume derivative of a space-filling diagram. Proc. Natl. Acad. Sci. USA 2003,

100, 2203–2208. [CrossRef]

http://dx.doi.org/10.1073/pnas.84.10.3086
http://dx.doi.org/10.1002/(SICI)1097-0134(19981001)33:1<1::AID-PROT1>3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1097-0134(19981001)33:1<18::AID-PROT2>3.0.CO;2-H
http://dx.doi.org/10.1021/jp984327m
http://dx.doi.org/10.1103/PhysRevLett.93.160601
http://dx.doi.org/10.1016/0022-2836(71)90324-X
http://www.ncbi.nlm.nih.gov/pubmed/5551392
http://dx.doi.org/10.1016/0022-2836(73)90011-9
http://www.ncbi.nlm.nih.gov/pubmed/4760134
http://dx.doi.org/10.1002/jcc.540140309
http://dx.doi.org/10.1002/jcc.540120712
http://dx.doi.org/10.1109/TPDS.2002.1011399
http://dx.doi.org/10.1007/s00894-009-0541-y
http://dx.doi.org/10.1073/pnas.77.4.1736
http://www.ncbi.nlm.nih.gov/pubmed/16592793
http://dx.doi.org/10.1016/0898-5529(88)90015-2
http://dx.doi.org/10.1002/jcc.540150504
http://dx.doi.org/10.1016/S1359-0278(98)00036-4
http://www.ncbi.nlm.nih.gov/pubmed/9710572
http://dx.doi.org/10.1093/nar/gkg601
http://www.ncbi.nlm.nih.gov/pubmed/12824328
http://dx.doi.org/10.1089/cmb.2008.0157
http://www.ncbi.nlm.nih.gov/pubmed/19361325
http://dx.doi.org/10.1016/0022-2836(84)90231-6
http://dx.doi.org/10.1021/ja00291a006
http://dx.doi.org/10.1080/00268978700102951
http://dx.doi.org/10.1007/BF02574053
http://dx.doi.org/10.1016/0263-7855(92)80074-N
http://dx.doi.org/10.1016/S1093-3263(98)00002-3
http://www.ncbi.nlm.nih.gov/pubmed/9704298
http://dx.doi.org/10.1016/S1093-3263(02)00164-X
http://dx.doi.org/10.1186/1752-153X-1-7
http://www.ncbi.nlm.nih.gov/pubmed/17880740
http://dx.doi.org/10.1016/0263-7855(95)00073-9
http://www.ncbi.nlm.nih.gov/pubmed/8603061
http://dx.doi.org/10.1023/A:1008124202956
http://www.ncbi.nlm.nih.gov/pubmed/10815774
http://dx.doi.org/10.1002/prot.21283
http://www.ncbi.nlm.nih.gov/pubmed/17444522
http://dx.doi.org/10.1093/bioinformatics/btp599
http://www.ncbi.nlm.nih.gov/pubmed/19846440
http://dx.doi.org/10.1073/pnas.0537830100


Viruses 2023, 15, 1366 31 of 34

99. Bryant, R.; Edelsbrunner, H.; Koehl, P.; Levitt, M. The area derivative of a space-filling diagram. Discret. Comput. Geom. 2004,
32, 293–308. [CrossRef]

100. Edelsbrunner, H.; Koehl, P. The geometry of biomolecular solvation. Discret. Comput. Geom. 2005, 52, 243–275.
101. Yaffe, E.; Fishelovitch, D.; Wolfson, H.; Halperin, D.; Nussinov, R. MolAxis: A server for identification of channels in macro-

molecules. Nucl. Acids. Res. 2008, 36, W210–W215. [CrossRef] [PubMed]
102. Albou, L.P.; Schwarz, B.; Poch, O.; Wurtz, J.M.; Moras, D. Defining and characterizing protein surface using alpha shapes. Proteins

Struct. Funct. Bioinform. 2009, 76, 1–12. [CrossRef] [PubMed]
103. Mach, P.; Koehl, P. Geometric measures of large biomolecules: Surface, volume, and pockets. J. Comp. Chem. 2011, 32, 3023–3038.

[CrossRef]
104. Akopyan, A.; Edelsbrunner, H. The Weighted Mean Curvature Derivative of a Space-Filling Diagram. Comput. Math. Biophys.

2020, 8, 51–67. [CrossRef]
105. Akopyan, A.; Edelsbrunner, H. The Weighted Gaussian Curvature Derivative of a Space-Filling Diagram. Comput. Math. Biophys.

2020, 8, 74–88. [CrossRef]
106. Koehl, P.; Akopyan, A.; Edelsbrunner, H. Computing the Volume, Surface Area, Mean, and Gaussian Curvatures of Molecules

and Their Derivatives. J. Chem. Inf. Model. 2023, 63, 973–985. [CrossRef]
107. Li, J.; Mach, P.; Koehl, P. Measuring the shapes of macromolecules and why it matters. Comp. Struct. Biotech. J. 2013, 8, e201309001.

[CrossRef] [PubMed]
108. Edelsbrunner, H.; Facello, M.A.; Liang, J. On the definition and construction of pockets in macromolecules. Discret. Appl. Math.

1998, 88, 83–102. [CrossRef]
109. Tan, Y.; Verma, C. Straightforward incorporation of multiple ligand types into molecular dynamics simulations for efficient

binding site detection and characterization. J. Chem. Theory Comput. 2020, 16, 6633–6644. [CrossRef]
110. Hardy, J.M.; Newton, N.D.; Modhiran, N.; Scott, C.A.; Venugopal, H.; Vet, L.J.; Young, P.R.; Hall, R.A.; Hobson-Peters, J.; Coulibaly,

F.; et al. A unified route for flavivirus structures uncovers essential pocket factors conserved across pathogenic viruses. Nat.
Commun. 2021, 12, 3266. [CrossRef]

111. The PyMOL Molecular Graphics System, Version 2.4; Schrödinger, LLC: New York, NY, USA, 2020.
112. Modis, Y.; Ogata, S.; Clements, D.; Harrison, S. A ligand-binding pocket in the Dengue virus envelope glycoprotein. Proc. Natl.

Acad. Sci. USA 2003, 100, 6986–6991. [CrossRef]
113. Modis, Y.; Ogata, S.; Clements, D.; Harrison, S. Structure of the Dengue virus envelope protein after membrane fusion. Nature

2004, 427, 313–319. [CrossRef] [PubMed]
114. Dokland, T.; Walsh, M.; Mackenzie, J.M.; Khromykh, A.A.; Ee, K.H.; Wang, S. West Nile virus core protein: Tetramer structure

and ribbon formation. Structure 2004, 12, 1157–1163. [CrossRef] [PubMed]
115. Shang, Z.; Song, H.; Shi, Y.; Qi, J.; Gao, G.F. Crystal structure of the capsid protein from Zika virus. J. Molec. Biol. 2018,

430, 948–962. [CrossRef] [PubMed]
116. Xia, H.; Xie, X.; Zou, J.; Noble, C.G.; Russell, W.K.; Holthauzen, L.M.F.; Choi, K.H.; White, M.A.; Shi, P.Y. A cocrystal structure of

dengue capsid protein in complex of inhibitor. Proc. Natl. Acad. Sci. USA 2020, 117, 17992–18001. [CrossRef]
117. Tan, T.Y.; Fibriansah, G.; Kostyuchenko, V.A.; Ng, T.S.; Lim, X.X.; Zhang, S.; Lim, X.N.; Wang, J.; Shi, J.; Morais, M.C.; et al. Capsid

protein structure in Zika virus reveals the flavivirus assembly process. Nat. Commun. 2020, 11, 895. [CrossRef] [PubMed]
118. Byrd, C.M.; Dai, D.; Grosenbach, D.W.; Berhanu, A.; Jones, K.F.; Cardwell, K.B.; Schneider, C.; Wineinger, K.A.; Page, J.M.; Harver,

C.; et al. A novel inhibitor of dengue virus replication that targets the capsid protein. Antimicrob. Agents Chemother. 2013,
57, 15–25. [CrossRef] [PubMed]

119. Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to
all. Nat. Methods 2022, 19, 679–682. [CrossRef]

120. Shaw, D.; Deneroff, M.; Dror, R.; Kuskin, J.; Larson, R.; Salmon, J.; Young, C.; Batson, B.; Bowers, K.; Chao, J.; et al. Anton, a
Special-purpose Machine for Molecular Dynamics Simulation. Commun. ACM 2008, 51, 91–97. [CrossRef]

121. Stone, J.; Hardy, D.; Ufimtsev, I.; Schulten, K. GPU-accelerated molecular modeling coming of age. J. Molec. Graph. Model. 2010,
29, 116–125. [CrossRef]

122. Wang, Y.; Harrison, C.; Schulten, K.; McCammon, J. Implementation of accelerated molecular dynamics in NAMD. Comput. Sci.
Discov. 2011, 4, 015002. [CrossRef]

123. Pierce, L.; Salomon-Ferrer, R.; Augusto, F.; de Oliveira, C.; McCammon, J.A.; Walker, R.C. Routine access to millisecond time scale
events with accelerated molecular dynamics. J. Chem. Theor. Comput. 2012, 8, 2997–3002. [CrossRef] [PubMed]

124. Sweet, J.; Nowling, R.; Cickovski, T.; Sweet, C.; Pande, V.; Izaguirre, J. Long Timestep Molecular Dynamics on the Graphical
Processing Unit. J. Chem. Theor. Comput. 2013, 13, 3267–3281. [CrossRef]

125. Shaw, D.E.; Grossman, J.P.; Bank, J.A.; Batson, B.; Butts, J.A.; Chao, J.C.; Deneroff, M.M.; Dror, R.O.; Even, A.; Fenton, C.H.; et al.
Anton 2: Raising the Bar for Performance and Programmability in a Special-Purpose Molecular Dynamics Supercomputer. In
Proceedings of the SC14: International Conference for High Performance Computing, Networking, Storage and Analysis, New
Orleans, LA, USA, 16–21 November 2014; pp. 41–53.

126. Eastman, P.; Pande, V. OpenMM: A Hardware Independent Framework for Molecular Simulations. Comput. Sci. Eng. 2015,
12, 34–39. [CrossRef]

http://dx.doi.org/10.1007/s00454-004-1099-1
http://dx.doi.org/10.1093/nar/gkn223
http://www.ncbi.nlm.nih.gov/pubmed/18448468
http://dx.doi.org/10.1002/prot.22301
http://www.ncbi.nlm.nih.gov/pubmed/19089982
http://dx.doi.org/10.1002/jcc.21884
http://dx.doi.org/10.1515/cmb-2020-0100
http://dx.doi.org/10.1515/cmb-2020-0101
http://dx.doi.org/10.1021/acs.jcim.2c01346
http://dx.doi.org/10.5936/csbj.201309001
http://www.ncbi.nlm.nih.gov/pubmed/24688748
http://dx.doi.org/10.1016/S0166-218X(98)00067-5
http://dx.doi.org/10.1021/acs.jctc.0c00405
http://dx.doi.org/10.1038/s41467-021-22773-1
http://dx.doi.org/10.1073/pnas.0832193100
http://dx.doi.org/10.1038/nature02165
http://www.ncbi.nlm.nih.gov/pubmed/14737159
http://dx.doi.org/10.1016/j.str.2004.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15242592
http://dx.doi.org/10.1016/j.jmb.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29454707
http://dx.doi.org/10.1073/pnas.2003056117
http://dx.doi.org/10.1038/s41467-020-14647-9
http://www.ncbi.nlm.nih.gov/pubmed/32060358
http://dx.doi.org/10.1128/AAC.01429-12
http://www.ncbi.nlm.nih.gov/pubmed/23070172
http://dx.doi.org/10.1038/s41592-022-01488-1
http://dx.doi.org/10.1145/1364782.1364802
http://dx.doi.org/10.1016/j.jmgm.2010.06.010
http://dx.doi.org/10.1088/1749-4699/4/1/015002
http://dx.doi.org/10.1021/ct300284c
http://www.ncbi.nlm.nih.gov/pubmed/22984356
http://dx.doi.org/10.1021/ct400331r
http://dx.doi.org/10.1109/MCSE.2010.27


Viruses 2023, 15, 1366 32 of 34

127. Sener, M.; Strumpfer, J.; Singharoy, A.; Hunter, C.; Schulten, K. Overall energy conversion efficiency of a photosynthetic vesicle.
Elife 2016, 5, e09541. [CrossRef] [PubMed]

128. Phillips, J.; Hardy, D.; Maia, J.; Stone, J.; Ribeiro, J.; Bernardi, R.; Buch, R.; Fiorin, G.; Hénin, J.; Jiang, W.; et al. Scalable molecular
dynamics on CPU and GPU architectures with NAMD. J. Chem. Phys. 2020, 153, 044130. [CrossRef] [PubMed]

129. Jung, J.; Kobayashi, C.; Kasahara, K.; Tan, C.; Kuroda, A.; Minami, K.; Ishiduki, S.; Nishiki, T.; Inoue, H.; Ishikawa, Y.; et al.
New parallel computing algorithm of molecular dynamics for extremely huge scale biological systems. J. Comp. Chem. 2021,
42, 231–241. [CrossRef] [PubMed]

130. Gupta, C.; Sarkar, D.; Tieleman, D.; Singharoy, A. The ugly, bad, and good stories of large-scale biomolecular simulations. Curr.
Opin. Struct. Biol. 2022, 73, 102338. [CrossRef] [PubMed]

131. Mahajan, S.; Sanejouand, Y.H. On the relationship between low-frequency normal modes and the large-scale conformational
changes of proteins. Arch. Biochem. Biophys. 2015, 567, 59–65. [CrossRef] [PubMed]

132. Saunders, M.; Voth, G. Coarse-graining Methods for Computational Biology. Annu. Rev. Biophys. 2013, 42, 73–93. [CrossRef]
133. Lopez-Blanco, J.; Chacon, P. New generation of elastic network models. Curr. Opin. Struct. Biol. 2016, 37, 46–53. [CrossRef]
134. Noguti, T.; Go, N. Collective variable description of small-amplitude conformational fluctuations in a globular protein. Nature

1982, 296, 776–778. [CrossRef] [PubMed]
135. Brooks, B.; Bruccoleri, R.; Olafson, B. CHARMM: A program for macromolecular energy, minimization, and dynamics calculations.

J. Comp. Chem. 1983, 4, 187–217. [CrossRef]
136. Levitt, M.; Sander, C.; Stern, P. Protein normal-mode dynamics: Trypsin inhibitor, crambin, ribonuclease and lysozyme. J. Molec.

Biol. 1985, 181, 423–447. [CrossRef]
137. Tama, F.; Brooks, C., III. Symmetry, form, and shape: Guiding principles for robustness in macromolecular machines. Ann. Rev.

Biophys. Biomol. Struct. 2006, 35, 115–133. [CrossRef] [PubMed]
138. Dykeman, E.; Sankey, O. Normal mode analysis and applications in biological physics. J. Phys. Condens. Matter 2010, 22, 423202.

[CrossRef] [PubMed]
139. Lezon, T.; Shrivastava, I.; Yan, Z.; Bahar, I. Elastic Network Models For Biomolecular Dynamics: Theory and Application to

Membrane Proteins and Viruses. In Handbook on Biological Networks; Boccaletti, S., Latora, V., Moreno, Y., Eds.; World Scientific
Publishing Co: Singapore, 2010; pp. 129–158.

140. Hsieh, Y.C.; Poitevin, F.; Delarue, M.; Koehl, P. Comparative normal mode analysis of the dynamics of DENV and ZIKV capsids.
Front. Bio. Sci. 2016, 3, 85. [CrossRef] [PubMed]

141. Koehl, P. Large eigenvalue problems in coarse-grained dynamic analyses of supramolecular systems. J. Chem. Theory Comput.
2018, 14, 3903–3919. [CrossRef]

142. MacKerell, A.D.; Bashford, D.; Bellott, M.; Dunbrack, R.L.; Evanseck, J.D.; Field, M.J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al.
All-atom empirical potential for molecular modeling and dynamics studies of proteins. J. Phys. Chem. B 1998, 102, 3586–3616.
[CrossRef] [PubMed]

143. Kaminski, G.A.; Friesner, R.A.; Tirado-Rives, J.; Jorgensen, W.L. Evaluation and reparametrization of the OPLS-AA force field
for proteins via comparison with accurate quantum chemical calculations on peptides. J. Phys. Chem. B 2001, 105, 6474–6487.
[CrossRef]

144. Price, D.J.; Brooks, C.L. Modern protein force fields behave comparably in molecular dynamics simulations. J. Comp. Chem. 2002,
23, 1045–1057. [CrossRef] [PubMed]

145. Ponder, J.W.; Case, D.A. Force fields for protein simulations. Adv. Protein Chem. 2003, 66, 27–85. [PubMed]
146. Robustelli, P.; Piana, S.; Shaw, D.E. Developing a molecular dynamics force field for both folded and disordered protein states.

Proc. Natl. Acad. Sci. USA 2018, 115, E4758–E4766. [CrossRef] [PubMed]
147. Tirion, M. Large amplitude elastic motions in proteins from a single parameter, atomic analysis. Phys. Rev. Lett. 1996, 77, 1905–1908.

[CrossRef] [PubMed]
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