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In large biomolecular systems such as protein complexes, there are huge numbers of combinations of inter-residue interactions whose
comprehensive analyses are often beyond the intuitive processing by researchers. Here we propose a computational method to allow for a
systematic analysis of these interactions based on the fragment molecular orbital calculations, in which the inter-fragment interaction energies are
comprehensively processed by the singular value decomposition. For a trimer complex of SARS-CoV-2 spike protein, three-body interactions
among residues belonging to three chains are analyzed to elicit a small number of essential interaction modes or networks crucial for the structural
stability of the complex. © 2021 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

Supplementary material for this article is available online

ecently, the advance in cryogenic electron micro-
scope (cryo-EM) technology'” has significantly
spurred the structure determinations of huge biomo-
lecular systems such as membrane proteins and protein-DNA
(or RNA) complexes, which were highly intractable pre-
viously. This trend necessarily demands, in the context of
computational structural biology, the analyses of complicated
interactions between many residues or nucleotides involved
in the molecular complexes. On the other hand, the progress
in ab initio calculation techniques for biomolecular systems
as seen in the fragment molecular orbital (FMO) method®™®
has enabled the accurate interaction analysis on large
biomolecular complexes. These examples include the com-
plexes associated with influenza” and measles® hemagglu-
tinin proteins, and SARS-CoV-2 spike proteins,” ' whose
multimer structures contain more than thousands of residues.
More specifically, in a recent study on SARS-CoV-2 spike
protein composed of a trimer of chains A—-C (three mono-
mers) with more than a thousand residues each, the electron-
correlated FMO calculations at the perturbative Mgller—
Plesset second-order (MP2) to fourth-order (MP4) levels
were carried out'” on the Fugaku supercomputer with the
world’s highest performance currently.'” It is striking that,
since FMO-MP3 calculations'® on these systems can be
performed only by about twice computational cost compared
with FMO-MP2 on the Fugaku supercomputer, we can obtain
the MP2.5 level evaluations'” for the inter-fragment inter-
action energies (IFIES)5 ) in terms of a scaled MP3 approach,
which are comparable in accuracy to very accurate CCSD(T)
level values. These accurate results on the IFIEs have then
provided useful information about the molecular recognition
in biomolecular complexes.
Here, our problem consists of the fact that there are too
many inter-residue interactions to be analyzed. For example,

if we consider the inter-residue interactions between two
protein monomers with a thousand (103) residues each, we
should take account of (10%?2 = 10° interaction pairs.
Furthermore, if we simultaneously consider the inter-residue
interactions in a trimer with a thousand residues each, the
number of combinations of three-body interactions amounts
to (10%?3 = 10°, whose comprehensive analysis gives a big
challenge in data science. It is noted in this context that we
cannot confine our consideration to the short-range interac-
tions between nearby residues due to the involvement of
long-range electrostatic interactions. The purpose of the
present study is thus to propose a novel prescription to
analyze the FMO-based inter-residue interactions (or IFIEs)
in huge trimer or higher complexes, in which the information
of many combinations of three-body interactions is efficiently
compressed to extract the essential interactions crucial for
molecular recognition and structural stability of complexes.
Employing the trimers of SARS-CoV-2 spike protein as a
prototypical system, we perform the FMO2-MP2.5/6-31G*
calculations'? to obtain the IFIEs between all the amino-acid
residues contained in the trimer, where “FMO2” means the
two-body  expansion approximation™®  conventionally
adopted in the FMO method. We then use a data compression
technique based on the singular value decomposition
(SVD)'®*2" in which the important residues in each
monomer (chain) are selected at the preliminary level of
dimer interaction analysis and employed as bases to find the
crucial interaction networks at the trimer level. While higher-
accuracy analyses based on higher-cost basis set and FMO3
or higher expansion method™® would be optionally feasible,
the primary aim of this work is to provide a basic computa-
tional framework for coping with a huge number of IFIE
combinations. With the aid of the proposed methodology, we
will elucidate the differences in trimer interactions between
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the closed and open structures of SARS-CoV-2 spike
proteins, which would be useful for understanding the
infection mechanism of COVID-19 viruses.

In the following, let us consider three-body interaction
energies Ej; among three fragments, i, j, and k. In this study
we specifically consider three amino-acid residues labeled by
i, j, k, that belong to each monomer, A, B, C, respectively,
composing a trimer complex protein. For instance, each
monomer contains more than 107 residues in the case of
the spike protein of SARS-CoV-2,*? thus providing a
challenge to the analysis of three-body interaction energies
Eijk'

The primary contribution to E;; comes from the combina-
tion of two-body interactions, which can be represented by
the IFIEs E;; in the FMO calculations. The details to obtain
the IFIEs for the spike protein of SARS-CoV-2 are illustrated
below. Here, using the IFIEs obtained by the present FMO2
calculations, the three-body interaction energies are simply
expressed by geometric mean,

Ej = (EjEj i)'/, (1)

while the direct three-body correction energies may be
included on demand via the costly FMO3 calculations.”

Since the number of elements for £, exceeds 10°, we need
significant data compression to perform a practical interaction
energy analysis. Considering also that the two-body interac-
tions, E;, Ejy, and Ej;, have more than 10 elements each, we
first attempt the CP (CANDECOMP/PARAFAC) decompo-
sition or the SVD'*72" for them as

Ej= Z Ay Vi @)
Iz

where ), is the (decremental) eigenvalue for mode p, and u,,;
and v, refer to the associated eigenvectors describing the
contributions from each fragment (amino-acid residue in this
case) of two monomers (chains) so that U= (u,) and
V=(v,) construct unitary matrices. Performing similar
procedures for E; and Ej; as well, we only keep higher-
value contributions (say, top 10) of the eigenvalues.
Retaining only the highly contributing residues (say, top
10) to each eigenvector, we can thus select about 10?
important residues for each monomer. In this way, the
remaining number of the elements for E;; becomes about
(10%)3 = 106.

Furthermore, for the three-body tensor interactions ob-
tained above, we carry out the CP decomposition as”"

Ej. = ZA#MW Vi Wik 3)
14

where A, is the (decremental) eigenvalue for mode u, and
u,;, v, and w, refer to the associated eigenvectors to form
unitary matrices, U= (u,;), V= (v,) and W= (w,). The
crucial residues for the three-body interactions are thus
extracted as important contributors to the higher-eigenvalue
modes in a systematic way. We consider the top 20 modes in
the present work. The SVD (CP decomposition) was per-
formed with TensorLy library (http://tensorly.org/stable/
index.html).¥

Both closed and open structures of the SARS-CoV-2 spike
protein for FMO calculations were prepared from cryo-EM
structures,”**> where the corresponding PDB IDs were
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6VXX and 6VYB, respectively. Note that the open structure
is assumed to be responsible for the infection into human
cells via the binding of receptor binding domain (RBD)*® to
angiotensin-converting enzyme 2 (ACE2). Because the data
on both structures lacked several amino-acid residues due to
their relatively low resolutions, homology modeling was
conducted to reproduce the missing parts with the MOE
program.”” The total number of residues was 3363 for the
trimer. The positions of generated hydrogen atoms were
optimized also with MOE. For these processed 6VXX
(closed) and 6VYB (open) structures, a molecular dynamics
(MD)-based relaxation was performed with the AMBERIS
program.zx) These processed structures of 6VXX and 6VYB
are illustrated in Fig. 1, where chains A, B, and C are colored
red, green, and blue, respectively, and the dark-colored parts
correspond to RBD (Thr333-Pro527 of each chain). All three
RBDs are facing inward in the closed structure, whereas the
RBD of chain-B is facing outward in the open structure.
RBDs are crucial in binding with ACE2 located at the host
cell surface. These two protein models were then subjected to
a series of FMO calculations. Further details on the protein
structure preparations are described in the supplementary
material (SM) available online at stacks.iop.org/APEX/15/
017001/mmedia.

In the present study, the second and third-order Mgller—
Plesset (MP2 and MP3) perturbation calculations with
6-31G* basis set were performed for the spike proteins'?
with an integral-direct parallelism in ABINIT-MP program™®
in the framework of two-body expansion FMO2 method. The
incremental correlation energies of MP3'® were halved and
added to the MP2 energies, thus obtaining the MP2.5
energies.'” Details of the FMO calculations on the super-
computer Fugaku at the RIKEN Center for Computer Science
(R-CCS) are provided in SM including the conditions of job
execution.

Then, we have carried out the three-body (trimer) SVD
analysis on the basis of the FMO-IFIE values for closed and
open structures of SARS-CoV-2 spike proteins. First, for
each pair combination of the three chains of A, B and C, we
have performed the dimer SVD based on Eq. (2) in order to
select the important residues for protein-protein interactions.
We retained the top-10 eigenmodes with higher eigenvalues,
and selected the top-10 residues with higher amplitudes in
each eigenvector, whose rationale may be found below.
Removing the duplication of residues, we have thus chosen
63, 56 and 59 individual residues for chains A, B and C,
respectively, in the case of the closed form, and 69, 60 and 63
individual residues for chains A, B and C, respectively, in the
case of the open form. Next, the trimer SVD was carried out
in terms of Eq. (3), where only the key residues selected
above were employed to construct the basis space.

The distributions of the eigenvalues in the trimer SVD are
shown for the highest 20 values in Fig. S1 of SM for both the
cases of closed and open forms. As seen in this figure, the
eigenvalues of SVD become very small at the 20th mode, and
we have confirmed that approximately two-thirds of accu-
mulated eigenvalue sums of the 20 modes are contributed by
the highest 10 modes. Then, selecting the top-3 eigenvectors
with higher eigenvalues, we show the top-10 residue com-
ponents with higher amplitudes in each eigenvector in Tables

S1-S6 of SM. It is noted here that the top-10 and top-20
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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residues with higher amplitudes give approximately two-
thirds and 80% contributions, respectively, for the first three
modes in the case of closed structure. Figures 2 and 3 then
depict the key residues in each chain for the top-3 eigenvec-
tors visually on the three-dimensional chain structures. In
order to see the locational relation among the key residues
belonging to three chains, we also show the three-dimen-
sional map for the whole complex structures in Fig. S2 of
SM.

Let us first focus on the second and third eigenmodes for
the closed structure. For the second eigenmode with the
eigenvalue of 607, the contributions of Glul031 and
Argl039 are dominant in all three chains of A, B and C.
For the third eigenmode with the eigenvalue of 565, the
contributions of Argl091 and Aspl1118 are dominant in all

three chains of A, B and C. These facts thus imply that these
key residues belonging to the central helix, [-hairpin and
(-sheet domains (see Table S7 in SM) are essential for
keeping the stability of trimer structure primarily due to the
salt bridges among charged residues. Similarly, we observe
the dominance of the same residues in the cases of the first
and second eigenmodes for the open structure as well.

As for the first eigenmode with the eigenvalue of 782 for
the closed structure, we find as the important residues
Arg983, Asp745, Asp737 and Arg44 in the chain A,
Arg765, Argd57, Lys458, Asp737 and Lys417 in the chain
B, and Arg319 and Asp614 in the chain C. In contrast to the
second and third eigenmodes addressed above, this eigen-
mode illustrates the collective residue interactions over
widely spread domains of the three chains including the

Fig. 1.

(Color online) Closed (Left, PDB entry: 6VXX) and open (Right, PDB entry: 6VYB) structures of SARS-CoV-2 spike protein trimers. Red, green,

and blue colors indicate chains A, B, and C, respectively. (a) Side view. (b) Top view. The dark-colored parts refer to the receptor binding domain (RBD).
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Arg1000;

(a) First mode, chain A

Glu1031

(d) Second mode, chain A

(€) Second mode, chain B (f) Second mode, chain C

Fig. 2. Key residues with higher amplitudes in each eigenvector of SVD analysis for the closed structure of SARS-CoV-2 spike protein trimer. Red and blue
colors refer to the positive and negative values of vector components, respectively, whose amplitudes are indicated by their deepness. Results for (a)—(c) first,
(d)—(f) second, and (g)—(i) third eigenmodes with higher eigenvalues are depicted for the chains A—C.

© 2021 The Author(s). Published on behalf of
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P——Asp1139

£ T~Glulldd

(i) Third mode, chain C

(Continued.)

RBD, s1? domain, N-terminal domain (NTD), central
(-strand, downward helix and heptad repeat region (see
Table S7 in SM), reflecting the significance of long-range
electrostatic interactions. It is thus supposed that this inter-
action mode represents the association between the motion of
RDB and the stability of the whole complex, which should be
essential for the viral infection through the binding of RDB to
ACE2 receptor. In particular, Asp614 in chain C is known®”
to play a key role, whose mutation into Gly614 (D614G)
significantly enhances the infection efficiency through the
structural changes of spike protein. In addition, the mutations
of Lys417 belonging to RBD are considered to be
crucial*?” in recent variants of concern.’’** Then, this
interaction mode corresponds to the third eigenmode for the
open structure, where Lys786 and Lys854 in the chain A,
Arg765 and Argl019 in chain B, and Asp614 and Arg646 in
the chain C show dominant interactions. It is remarkable that
the interactions associated with Arg44, Arg319, Lys417,
Argd57, Lys458, Asp737 and Asp745 are substantially
reduced in this case through the transformation from the
closed to open structures.'” Overall, such a finding of

017001-5

essential interaction networks would be helpful for the
elucidation of those allosteric effects induced by the occur-
rence of amino-acid mutations.

By using the decomposition technique proposed in the
present work, one can easily identify a small number of
important interaction networks in biomolecular complexes
(e.g. trimers) from a huge number of combinations of inter-
residue interactions which may amount to the order of
billions if naively treated. In the present FMO-based study
we have applied the proposed prescription to the trimer
complexes of SARS-CoV-2 spike protein, and succeeded in
the efficient data compression concerning the extraction of
inter-residue interaction network crucial for the structural
stability and dynamics associated with the viral transmission
into host cells. It is then remarked in the framework of FMO
methodology that the intended applications incorporating the
pair interaction energy decomposition analysis (PIEDA)**
and FMO3 expansion” are fairly straightforward. For ex-
ample, the similar SVD analysis focusing on the electron-
correlated, dispersion interaction part would be interesting in

order to discuss the significance of relatively short-range
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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chain B (f) Second mode, chain C

(e) Second mode,
Fig. 3. Key residues with higher amplitudes in each eigenvector of SVD analysis for the open structure of SARS-CoV-2 spike protein trimer. Red and blue
colors refer to the positive and negative values of vector components, respectively, whose amplitudes are indicated by their deepness. Results for (a)—(c) first,
(d)—(f) second, and (g)—(i) third eigenmodes with higher eigenvalues are depicted for the chains A—C.

© 2021 The Author(s). Published on behalf of
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(g)Thil'd mode, chain A

(h)Third mode, chain B

(|) Third mode, chain C

(Continued.)

intermolecular interactions such as 7—z, CH—7z, and cation—z
interactions. Furthermore, the proposed methodology on the
basis of tensor decomposition””*" has more general applic-
ability also including the analysis on experimental or
observational results with high complexities.
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