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Tracking the amino acid changes of spike

proteins across diverse host species of severe

acute respiratory syndrome coronavirus 2
Srinivasulu Yerukala Sathipati,’>* Sanjay K. Shukla,” and Shinn-Ying Ho?3#

SUMMARY

Knowledge of the host-specific properties of the spike protein is of crucial impor-
tance to understand the adaptability of severe acute respiratory syndrome corona-
virus-2 (SARS-CoV-2) to infect multiple species and alter transmissibility, particu-
larly in humans. Here, we propose a spike protein predictor SPIKES incorporating
with an inheritable bi-objective combinatorial genetic algorithm to identify the
biochemical properties of spike proteins and determine their specificity to human
hosts. SPIKES identified 20 informative physicochemical properties of the spike
protein, including information measures for alpha helix and relative mutability,
and amino acid and dipeptide compositions, which have shown compositional dif-
ference at the amino acid sequence level between human and diverse animal coro-
naviruses. We suggest that alterations of these amino acids between human and an-
imal coronaviruses may provide insights into the development and transmission of
SARS-CoV-2 in human and other species and support the discovery of targeted anti-
viral therapies.

INTRODUCTION

The outbreak of SARS-CoV-2 in the city of Wuhan, China, in 2019 led to the coronavirus disease-2019
(COVID-19) pandemic causing millions of deaths worldwide. The World Health Organization has reported
nearly 178 million confirmed cases and 3,864,180 deaths globally as of June 21, 2021 (World Health Orga-
nization, 2021). Despite the implementation of effective vaccines to control COVID-19, mutations in the
SARS-CoV-2 genome, particularly in the spike (S) protein, led to emergence of variants against which
the current vaccines may be partially effective. COVID-19 is the third outbreak of coronavirus (CoV) asso-
ciated disease in the past 100 years; the first two epidemics were severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syndrome (MERS), respectively. These CoVs are single-
stranded positive-sense RNA viruses belonging to the Coronaviridae family (Gorbalenya et al., 2020)
and infect both animals (bats, snakes, pangolin, etc.) and humans (Jones et al., 2008; Karesh et al., 2012;
Cleaveland et al., 2001). SARS-CoV was transmitted to humans from exotic animals (Guan et al., 2003),
whereas MERS was transmitted from dromedary camels (Sabir et al., 2016) with bats being the primary
reservoir for both viruses (Cui et al., 2019; Perlman, 2020). The continued evolution and genetic diversity
in variants of SARS-CoV have increased the possibility of crossing the species barrier and transmission
of disease to humans (Li et al., 2005b). However, the steps involved in the natural selection and adaptability
of SARS-CoV-2 to its human host from animals remains unclear. Thus, a comprehensive analysis of SARS-
CoV 2 across diverse host species may help determine their diversity and transmissibility of COVID-19.

SARS-CoV-2 shares ~79% nucleotide sequence identity to SARS-CoV (Zhou et al., 2020) and is even more
similar to several bat CoVs (Chen et al., 2020; Zhou et al., 2020). In contrast to the earlier SARS and MERS
outbreaks, the SARS-CoV-2 outbreak has proven to be highly infectious (World Health Organization, 2021;
Luetal., 2015) and global in nature. Several molecular factors have contributed to increase the infectivity of
SARS-CoV-2, particularly the recombination events in the S gene, which encodes the S glycoprotein (Hu
etal., 2017). The S proteins of SARS-CoVs are critical for host cell recognition, entry, and infections (Shang
et al., 2020). Increasing evidence has shown the role of S protein in binding with the host receptor and sub-
sequent viral entry causing COVID-19 (Belouzard et al., 2012; Li, 2016). The S protein consists of two sub-
units S1, which is responsible for membrane binding (Millet and Whittaker, 2018), and S2 for membrane
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the host cell by binding to the receptor angiotensin-converting enzyme 2 (ACE2) (Walls et al., 2020), a cell
surface enzyme with transcripts present in the lungs, heart, kidney, alveolar epithelial type 2 cells, and in-
testine (Donoghue et al., 2000; Zhang et al., 2020). The S proteins of SARS-CoV and SARS-CoV-2 have a
high degree of homology and share ~76% of amino acid sequence similarity (Li et al., 2005z; Xu et al.,
2020). Although the receptor-binding motif that binds to the ACE2 is similar to that in SARS-CoVs,
SARS-CoV-2 recognizes the human ACE2 more efficiently than SARS-CoV, which helps to enhance its trans-
missibility (Wan et al., 2020). Various therapeutic strategies have been developed against the SARS-CoV-2.
Choudhury et al. demonstrated a significant binding between the S protein and Toll-like receptors (TLRs),
TL3, TL7, and TL9 TLR, that could serve as potential targets for SARS-CoV-2 (Choudhury et al., 2021; Choud-
hury and Mukherjee, 2020). These characteristics make the S protein a potential target for vaccine design
and CoV disease treatments (Ge et al., 2021).

Analysis of the physicochemical properties (PCPs) and amino acid changes of the S protein across diverse
species could reveal the evolutionary changes that contributed to increase the infectivity of SARS-CoV-2.
Previously, potential roles of the PCPs in SARS-CoV-2 proteins, including molecular weight, thermal stabil-
ity, and pH, have been examined to develop quality control measures for vaccines (Scheller et al., 2020).
Hasan et al. compared the PCPs of protein ORF8 from SARS-CoV-2, pangolin-CoV, and bat-RaTG13-
CoV and reported that some PCPs of SARS-CoV-2 ORF8 showed higher correlation with bat-RaTG13-
CoV and less correlation with pangolin-CoV (Hassan et al., 2021). We have previously reported some infor-
mative PCPs, including normalized van der Waals volume, delta G values, normalized frequencies of turn in
/P class, normalized positional residues frequency at helix termini N”, and relative mutability, which were
potential predictors for differentiating human and non-human host CoVs (Yerukala Sathipati and Ho, 2021).
These changes in the properties of S protein is of particular value for the development and refinement of
artificial intelligence (Al) and bioinformatics-based approaches to analyze and predict the emergence of
SARS-CoV-2 variants, identify alterations in treatment response, and highlight areas of concern for
increased transmissibility (Cave et al., 2021; Arora et al., 2020; Auwul et al., 2021; Brierley and Fowler, 2021).

Here, we propose an S protein predictor SPIKES to determine the host-species specificity of SARS-CoV-2 S
proteins across human and diverse animal species, with the goal of providing comprehensive knowledge
about the biochemical properties of the S protein at the amino acid sequence level to understand its func-
tions in host cell infection. SPIKES was developed based on support vector machine to distinguish S pro-
teins of CoVs across human and diverse animal species and uses an optimal feature selection algorithm,
inheritable bi-objective combinatorial genetic algorithm (IBCGA) (Ho et al., 2004), to select informative
properties from four major protein features including amino acid composition (AAC), dipeptide composi-
tion (DPC), pseudo amino acid composition (PseAAC), and PCPs. SPIKES was developed using information
retrieved from the large-scale S protein sequences of human and animal host CoVs from the Global Initia-
tive on Sharing All Influenza Data (GISAID) and the National Center for Biotechnology Information (NCBI)
databases. The predictive ability of SPIKES was compared with those of seven machine learning algorithms,
and the results showed its excellent discriminative ability. Identified PCPs and amino acid and dipeptide
compositions were further analyzed to identify the critical changes that occurred in the S protein. Informa-
tion obtained from SPIKES may be applicable for guiding the refinement of vaccine and therapeutic targets
against emerging SARS-CoV-2 variants.

RESULTS

SPIKES prediction performance

SPIKES identifies the distinguishing features of the S proteins of human and animal-host coronaviruses. The
Spike-training, Spike-test, and All-Spike datasets were used for the training and independent test evalua-
tion. SPIKES produced four different SPIKES models, SPIKES-PCP, SPIKES-AAC, SPIKES-DPC, and SPIKES-
PseAAC for the four feature descriptors of PCP, AAC, DPC, and PseAAC, respectively. The flowchart of
SPIKES development and inputs are shown in Figure 1.

The performance of the four individual SPIKES models using the Spike-training and Spike-test datasets is
given as follows. SPIKES-PCP had a 10-fold cross-validation (10-CV) accuracy, sensitivity, specificity, Mat-
thews correlation coefficient (MCC), and area under the receiver operating curve (AUC) of 99.28%, 0.99,
0.99, 0.98, and 0.99, respectively, and obtained a test accuracy, sensitivity, specificity, MCC and AUCs of
94.44%,0.95, 0.93, 0.88, and 0.98, respectively. SPIKES-AAC obtained a 10-CV accuracy, sensitivity, spec-
ificity, MCC, and AUCs of 97.63%, 0.97,0.97, 0.95, and 0.98, respectively; SPIKES-DPC obtained a10-CV
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Figure 1. System overview of SPIKES
(A-D) (A) Collection of spike protein sequences, (B) preprocessing and feature extraction, (C) method in brief, and (D) the
analysis of identified spike proteins between human and animal host coronaviruses.

accuracy, sensitivity, specificity, MCC, and AUCs of 99.05%, 0.99, 0.99, 0.98, and 0.99, respectively; and
SPIKES-PseAAC obtained a 10-CV accuracy, sensitivity, specificity, MCC, and AUCs 98.81%, 0.98, 0.98,
0.97, and 0.99, respectively, as shown in Table 1.

We compared the four SPIKES models using the Spike-Balanced dataset with other machine learning
methods, such as Naive Bayes (NB), Multilayer perceptron (MLP), Logistic Regression (LR), Sequential
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Table 1. The prediction performance of SPIKES with some standard machine learning classifiers

Feature 10-CV

descriptor Method accuracy Sensitivity Specificity MCC AUC

PCP Naive Bayes 88.62 0.98 0.82 0.78 0.95
MLP 95.73 0.94 0.96 0.91 0.97
Logistic-Regression 95.97 0.95 0.96 0.91 0.98
SMO 92.18 0.96 0.88 0.84 0.92
Simple Logistic 95.73 0.96 0.94 0.91 0.98
J48 92.41 0.91 0.93 0.84 0.93
Random Forest 96.2 0.97 0.96 0.93 0.99
SPIKES-PCP 99.28 0.99 0.99 0.98 0.99

AAC Naive Bayes 83.64 0.98 0.75 0.7 0.87
MLP 93.6 0.93 0.93 0.87 0.97
Logistic Regression 94.13 0.94 0.94 0.88 0.97
SMO 88.86 0.98 0.82 0.79 0.88
Simple Logistic 94.54 0.95 0.93 0.89 0.97
J48 94.07 0.94 0.93 0.88 0.95
Random Forest 96.2 0.96 0.95 0.92 0.99
SPIKES-AAC 97.63 0.97 0.97 0.95 0.98

DPC Naive Bayes 94.78 0.93 0.96 0.89 0.98
MLP 95.73 0.94 0.96 0.91 0.96
Logistic Regression 94.54 0.94 0.94 0.89 0.95
SMO 92.89 0.93 0.92 0.85 0.92
Simple Logistic 95.26 0.96 0.94 0.9 0.96
Ja8 95.26 0.94 0.95 0.9 0.94
Random Forest 95.73 0.94 0.97 0.91 0.98
SPIKES-DPC 99.05 0.99 0.99 0.98 0.99

PseAAC Naive Bayes 88.86 0.99 0.82 0.79 0.95
MLP 95.49 0.96 0.94 0.91 0.98
Logistic Regression 91.7 0.92 0.91 0.83 0.98
SMO 93.12 0.98 0.88 0.86 0.93
Simple Logistic 92.18 0.96 0.88 0.84 0.97
J48 91.7 0.9 0.93 0.83 0.91
Random Forest 96.20 0.97 0.95 0.92 0.98
SPIKES-PseAAC 99.05 0.98 0.99 0.98 0.99

PCP, physicochemical property; AAC, amino acid composition; DPC, dipeptide composition; PseAAC, pseudo amino acid
composition; AUC, area under the receiver operating curve; CV, cross-validation; MCC, Matthews correlation coefficient;
MLP, multilayer perceptron; SMO, sequential minimal optimization.

Minimal Optimization (SMO), Simple Logistic (SL), J48 decision tree, and Random Forest. SPIKES-PCP
performed better when compared with these machine learning methods with respect to 10-CV, sensi-
tivity, specificity, MCC, and AUC. Although the ensemble classifier Random Forest using a large number
of decision trees obtained an AUC of 0.99 comparable with that of SPIKES-PCP, the SPIKES outperformed
it in terms of 10-CV, sensitivity, specificity, and MCC (Table 1). The other prediction models, SPIKES-AAC,
SPIKES-DPC, and SPIKES-PseAAC, performed better when compared with these machine learning
methods.

In addition, the prediction performance of SPIKES-PCP was compared with these machine learning

methods using Spikes-all dataset. SPIKES-PCP obtained a 10-CV accuracy, sensitivity, specificity, MCC,
and AUCs of 98.46%, 0.97, 0.98, 0.96, and 0.99, respectively, whereas well-known machine learning
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Table 2. The prioritization of physicochemical properties

Rank AAindex ID Feature description MED score

1 RACS820104 Average relative fractional occurrence in EL(i) 13.17
(Rackovsky and Scheraga, 1982)

2 ROBB760101 Information measure for alpha-helix (Robson 12.50
and Suzuki, 1976)

3 RACS820109 Average relative fractional occurrence in AL(i-1) 11.14
(Rackovsky and Scheraga, 1982)

4 GEIM800105 Beta-strand indices (Geisow and Roberts, 9.79
1980)

5 QIAN880137 Weights for coil at the window position of 4 7.09
(Quian and Sejnowski, 1988)

6 PRAM820103 Correlation coefficient in regression analysis 6.41
(Prabhakaran and Ponnuswamy, 1982)

7 JOND920102 Relative mutability (Jones et al., 1992) 5.74

8 NAKH920103 Amino acid composition of EXT of single- 4.39
spanning proteins (Nakashima and Nishikawa,
1992)

9 OOBM850101 Optimized beta-structure-coil equilibrium 3.04
constant (Oobatake et al., 1985)

10 CHAMB830104 The number of atoms in the side chain labeled 2.36
2 + 1 (Charton and Charton, 1983)

11 ROBB760103 Information measure for middle helix (Robson 0.33

and Suzuki, 1976)

AAindex ID, amino acid index identification; MED, main effect difference.

methods obtained 10-CV prediction accuracies, sensitivities, specificities, MCCs, and AUCs in the ranges of
92.30%-96.66%, 0.90-0.98, 0.90-0.97, 0.80-0.91, and 0.87-0.98, respectively. The predictive performance
of SPIKES-PCP is better than these machine learning methods in terms of 10-CV, specificity, sensitivity,
MCC, and AUC, whereas the sensitivity (0.98) of SMO is higher than the sensitivity (0.97) of SPIKES-PCP.

Furthermore, we used S protein of five variants of SARS-CoV-2, including Alpha (VOC 20212/01 GRY
[B.1.1.7]), Beta (B.1.351, 20H/501Y.V2), Gamma (20J/501Y.V3[P.1, B.1.1.28.1]), Delta (B.1.617.2, 20A/452R),
and Wuhan strain (hCoV/wuhan/WIV05/2019), as an independent validation set for SPIKES and seven ma-
chine learning methods previously mentioned. SPIKES achieved 100% (5/5) accuracy on distinguishing the
variants as human CoVs. Among the seven machine learning methods, five of these, NB, MLP, LR, SMO, and
Random Forest, obtained a test accuracy of 100% while distinguishing the variants as human CoVs, whereas
two methods, J48 and SL, failed to distinguish the variants as human CoVs.

Prioritization of informative properties

SPIKES identified informative PCPs, AAC, DPC, and PseAAC that could distinguish the S proteins of hu-
mans and animal CoVs. SPIKES-PCP selected 11 PCPs that were potential descriptors of S proteins. We
further prioritized the PCPs based on their predictive performance capability using main effect difference
(MED) analysis. The MED scores and their ranks for the 11 PCPs, RACS820104, ROBB760101, RACS820109,
GEIM800105, QIAN880137, PRAM820103, JOND920102, NAKH20103, OOBM850101, CHAM830104, and
ROBB760103 are listed in Table 2.

PCPs of spike protein

SPIKES-PCP was employed to identify the biochemical and biophysical properties of S proteins across
diverse species, as listed in Tables 2 and 3. The properties RACS820104 and RACS820109 were described
as the "Average relative fractional occurrence in EL()"” and “Average relative fractional occurrence in
AL(i-1),” respectively. Rackovsky and Scherage examined the various structural features on the C* length
scale associated with some specific amino acids (Rackovsky and Scheraga, 1982). RACS820104 highlighted
a group of amino acids consisting of Pro, Gly, His, Tyr, Cys, Asn, and Trp, which are responsible for

iScience 25, 103560, January 21, 2022 5
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Table 3. The physicochemical properties based on feature frequency score

AAindex ID Feature description Frequency score

QIAN880129 Weights for coil at the window position of 4 0.88
(Quian and Sejnowski, 1988)

AURR980120 Normalized positional residue frequency at 0.86
helix termini C4' (Aurora and Rose, 1998)

NAKH920106 Amino acid composition of CYT of multi- 0.60
spanning proteins (Nakashima and Nishikawa,
1992)

GEIM800105 Beta-strand indices (Geisow and Roberts, 0.56
1980)

YUTK870104 Activation Gibbs energy of unfolding, pH9.0 0.42
(Yutani et al., 1987)

LEVM780105 Normalized frequency of beta-sheet, 0.32
unweighted (Levitt, 1978)

ROBB760103 Information measure for middle helix (Robson 0.14
and Suzuki, 1976)

FAUJ880113 pK-a(RCOOH) (Fauchere et al., 1988) 0.12

JOND920102 Relative mutability (Jones et al., 1992) 0.12

AAindex ID, amino acid index identification.

nucleation of extended structures; this feature showed significant conformational behavior on C* unit
(Rackovsky and Scheraga, 1982). In contrast, RACS820109 described the amino acid conformational pref-
erences at bends on the C* unit. To examine the amino acid conformational preferences on the C* unit of S
proteins, we measured the properties for the S proteins of human and animal CoVs of RACS820104 and
RACS820109. For RACS820104, slight differences were observed for amino acids Pro, Leu, Phe, Cys, Gly,
Ala, and lle in a range of 1%-2% between the S proteins of human and animal CoVs, whereas the largest
differences were noticed for the amino acids Gly, Phe, Pro, and Asp with 11%, 5%, 3%, and 2%, respectively,
between human and animal CoVs for RACS820109, as shown in Figure 2.

The property ROBB760101 was derived by Robson and Suzuki and is described as an “information measure
for alpha-helix” (Robson and Suzuki, 1976). This measurement was based on an analysis of the conforma-
tional properties of amino acids in the alpha helix of 25 proteins using the information theory approach. The
information measures for the alpha helical conformations shows that Glu and Ala are the strongest helix
formers when compared with other amino acids. We calculated the conformational measurement for the
alpha helices of S proteins using the property values of ROBB760101. Larger differences in the amino acids,
Ala, Gly, Pro, Glu, and Leu, were observed for the alpha helix conformational preferences of S proteins,
whereas no difference was observed for Val, His, Trp, and Asp between human and animal host CoVs. Pre-
vious research has shown that alpha helices are critical for SARS-CoV infection (Millet and Whittaker, 2018).
In SARS-CoV, fusion domains are enriched in alpha helices and heptad repeats containing some hydropho-
bic residues involved in the membrane fusion process (Millet and Whittaker, 2018). The domain structure of
S proteins is similar between SARS-CoV and SARS-CoV-2; however, the contact amino acid sites between
SARS-CoV and human ACE-2 are different from those between SARS-CoV-2 and human ACE-2 (Walls et al.,
2016, 2020). We performed protein sequence alignment of two helix fusion cores of S proteins, PDB: 6LXT
(SARS-CoV-2) and PDB: TWYY (SARS-CoV), using the SIM alignment tool (Huang and Miller, 1991), Expasy.
The alignment analysis showed that both sequences shared 85.6% sequence similarity with an SIM align-
ment score of 536. The smaller changes in the amino acid core could affect the binding affinity of SARS-
CoV-2 to its host receptor. The helix cores of SARS-CoV-2 and SARS-CoV are shown in Figure 3.

The property of GEIM800105 was also associated to the beta sheet protein secondary structure, described as
"Beta-strand indices” by Geisow and Roberts (Geisow and Roberts, 1980). Evolution of the degree of individual
preference of amino acids for a polypeptide were calculated using the Chou and Fasman method (Chou and
Fasman, 1978) and revealed that conformational indices were not constant in a-helical, B, and a/B protein classes.
We measured the conformational preferences for beta-strand indices using the property of GEIM800105 to
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Figure 2. The comparison of physicochemical properties
The property comparison of spike protein between human and animal host coronaviruses (A) RACS820104, (B) ROBB760101, (C) RACS820109, (D)
GEIM800105, and (E) JOND920102.

observe the difference between human and animal CoVs. A larger difference was observed for the amino acids,
Leu, Phe, Ala, lle, and Gly, between S proteins of human and animal CoVs.

The extracellular domain of S protein consists of S1 and S2 subunits, which mediate membrane binding and
membrane fusion, respectively. We measured the differences in the identified 11 PCPs of S1 and S2 sub-
units of S protein. For each PCP, some amino acid compositions are significantly different between S1
and S2 subunits. For instance, in PCP1, amino acids Cys, lle, GIn, Ala, and Thr showed a larger difference
between S1 and S2 subunits, as shown in Figure S1. The significant amino acid compositional differences
for the 11 PCPs between S1 and S2 domains are listed in Table S3.
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Figure 3. The helix core of spike protein
(A and B) (A) Structures of post-fusion core of 2019-nCoV S2 subunit (PDB: 6LXT) and (B) post-fusion hairpin conformation

of the SARS-CoV spike glycoprotein (PDB: TWYY). Close-up view of helix core (HR1 domain) from the helix bundle and

arrangement of amino acids shown as ball-and-stick model.

Mutation analysis

An important property of JOND920102 is its degree of sequence differences among species, which
is described as “Relative mutability” by Jones et al. (1992). Jones and colleagues generated muta-
tion data matrices from a large number of protein sequences based on a mutation frequency ma-
trix proposed by Dayhoff et al. (1978). The relative mutability of amino acids as calculated by Dayh-
off et al. highlights the number of amino acid changes that occur in a given evolutionary interval.
Genomic diversity and recurrent mutations might be the underlying mechanism for ongoing adap-
tion of SARS-CoV-2 to the human host (van Dorp et al., 2020). Several amino acid changes were
noted between the receptor-binding domains of SARS-CoV and SARS-CoV-2 (Ortega et al,
2020). We calculated the relative mutability of S proteins between human and animal CoVs based
on the information contained in the JOND920102 PCP. A larger difference was observed for the
amino acids, Ala, Leu, lle, Phe, Gly, Pro, Glu, GIn, Arg, and Asp, between the S proteins of human

and animal host CoVs.
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Figure 4. The comparison of mutations in spike protein across different variants of coronaviruses

Spike glycoprotein (PDB: 6ACJ) in complex with ACE2 (green ribbon) and amino acid changes occurred between (A)
hCoV-19/bat/Yunnan/Prc3/2018 and hCoV/Wuhan/WIV05/2019, (B) Delta strain VOC G/452R.V3 (B.1.617+) and hCoV-19/
Wuhan/WIV04/2019, and (C) Alpha strain VOC 20212/01 GRY (B.1.17) and hCoV-19/Wuhan/WIV04/2019. The mutations in
different strains are shown in color balls.

Mutations in the S protein of different strains

Mutations in the S protein have led to the emergence of new strains with increased infectivity (Harvey et al.,
2021). To determine the significance of compositional changes in amino acids in S protein from different
strains of CoVs, we compared changes between the bat CoV strain, hCoV-19/bat/Yunnan/Prc3/2018 strain,
and hCoV/wuhan/WIV05/2019 strain. The S protein of the hCoV-19/bat/Yunnan/Prc3/2018 was 82.7% iden-
tical to the S protein of the hCoV/wuhan/WIV05/2019 with 244 amino acid differences (Table S2). Next, the
S protein of the hCoV/wuhan/WIV05/2019 was compared with the Delta variant, VOC G/452R.V3
[B.1.6.1.7+]. Seven amino acid differences were noted between these two variants. Furthermore, 12 amino
acid differences were noted when hCoV-19/Wuhan/WIV04/2019 was compared with the S protein of the
Alpha strain, VOC 20212/01 GRY (B.1.1.7) (Table S2). The comparison of mutations within the S proteins
of different strains is shown in Figure 4.

Next, we examined the infectivity of new variants with amino acid changes in the S protein. The most
commonly reported mutation in S protein of SARS-CoV-2 is an amino acid substitution from aspartic
acid to glycine at the 614t position (D614G mutation) (Korber et al., 2020). As of now, 124 amino acid
changes have been reported to occur in the S protein from SARS-CoV variants from at least 10 geograph-
ical locations (https://www.gisaid.org/). The specific amino acid changes in S protein have been implicated
to increase the infectivity and virulence in new variants. We used GISAID data statistics to examine the
amino acid changes in S protein that increased the infectivity in emerging new variants. The amino acid
changes in Spike_T19R, Spike_E156G, and Spike_D950N increased the infectivity of the variant 452R-
572K-681R, shown in Figure 5. The number and location of the amino acid changes of different variants
within the S protein of SARS-CoV-2 are highlighted in Figures 5A and 5B.

Other important PCPs emerged from the SPIKES, specifically PRAM820103, NAKH$20103, OOBM850101,
CHAMB830104, and ROBB760103, which appear to be better predictors for species-specific S proteins ac-
cording to the MED analysis, as shown in Figure S2. The optimized SPIKES-PCP was generated after 50 in-
dependent runs of SPIKES-PCP. To explore the additional important PCPs beyond the eleven major prop-
erties, we measured the feature frequency scores across the 50 independent runs of SPIKES-PCP. There
were nine PCPs that appeared frequently during the SPIKES-PCP optimization process. These nine fea-
tures, including QIAN880129, AURR980120, NAKH920106, GEIM800105, YUTK870104, LEVM780105, and
NAKH920103, have frequency scores in a range of 0.8-0.24. A detailed list of PCPs and feature frequency
score are listed in Table 3.

Amino acid and dipeptide compositions

Although the overall structures of human and animal CoVs are similar, there are some key differences in the
compositions of particular amino acids and dipeptides. To examine the compositional differences, amino
acid compositions were compared between the S proteins of human and animal CoVs. A larger difference
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Figure 5. Recent variants emerging in SARS-CoV-2
(A) Top variants that are emerging with mutations in the spike protein.
(B) Number of amino acid changes that occurred in the variants over the 3 months (March, April, and May 2021).

in the amino acid compositions was observed for amino acids, including Leu, Ala, Gly, Phe, Arg, Asp, Cys,
Glu, Gln, lle, Met, Pro, and Thr, with a difference range of 1%-3%, whereas there was no difference noticed
for the remaining amino acids, Asn, His, Lys, Ser, Trp, Tyr, and Val, between the S proteins of human and
animal host CoVs, as shown in Figure 6A. The statistical significance of the amino acid compositions was
analyzed using multiple testing corrections. We measured the false discovery rate (FDR) for the amino
acid compositional differences between S proteins of human and animal host CoVs using the Benjamini,
Krieger, and Yekutieli method (Benjamini et al., 2006). These amino acid compositional differences were
significant between S proteins of human and animal host CoVs after FDR adjustment (FDR g-value
<0.005). The FDR-adjusted g-values for the amino acid compositional differences are shown in Table S4.

A small change in these amino acid compositions may result in a notable change in structure and func-
tion (Bogatyreva et al., 2006; Tekaia and Yeramian, 2006). Previously, dipeptide compositions have been
used to predict the infection risk of CoVs (Qiang et al., 2020). SPIKE-DPC identified some important di-
peptides, NQ, LG, GI, AL, PL, TM, GT, EW, HW, PW, and DV, derived from dipeptide compositions that
could accurately predict the S proteins of human and animal CoVs. We compared the dipeptides be-
tween the S proteins of human and animal CoVs and observed a larger difference for five dipeptides,
PL, DV, GT, NQ, and Gl, which showed more than a 20% difference between the S proteins of human
and animal host CoVs, as shown in Figure 6B. Next, we measured the FDR for the dipeptide
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Figure 6. Compositional difference analysis
(A and B) (A) Amino acid compositional difference between spike proteins of human and animal corona viruses and (B)
dipeptide compositional differences between spike proteins of human and animal coronaviruses.

compositions between S proteins of human and animal host CoVs. Among the 11 DPCs, except HW, the
remaining showed significant differences between S proteins of human and animal host CoVs after FDR
adjustment (FDR g-value <0.005). The FDR-adjusted g-values for the DPC compositions are shown in Ta-
ble S5. These significant changes in the specific DPCs between human and animal host CoVs may have
effect on S protein properties.

To further identify deviations in physical properties between human and animal CoVs, we compared some
of the properties of S proteins, including molecular weight, number of charged residues, estimated half-
life, stability, and aliphatic index using the structure of human (PDB: 6VXX_1) and animal host (GenBank:
YP_009380521.1) S proteins. The S protein of human-host CoV has a molecular weight of 141,410.94, which
is slightly larger than that of the animal host CoV at 126,219.51. The numbers of positively charged (Arg +
Lys) and negatively charged (Asp + Glu) residues in the human S protein were 111 and 99, respectively,
which were larger than those in the S protein of animal CoV with 101 and 66, respectively. In contrast,
the aliphatic index in the S protein of human CoV was 83.32, which is slightly lower than that of animal
CoV at 87.21. Despite these variations, the estimated half-life (30 h) of the two S proteins were similar
and stable.
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Hydrophobic surface

Figure 7. Surface hydrophobicity difference between PDB: 6VXX and 6ACC
Secondary structure and surface hydrophobicity of (A) PDB: VXX and (B) PDB: 6ACC, respectively.

Hydrophobicity of spike proteins

Previous research has highlighted the importance of hydrophobic regions in virus entry and cell fusion in
CoVs (Chambers et al., 1990). The hydrophobic contact at the interfaces of the RBD-ACE2 complex contrib-
utes to the receptor binding affinity of the SARS-CoV-2 S protein (Wang et al., 2020b). We compared the
hydrophobicity between the S proteins of human and animal-host CoVs using the hydrophobicity index
proposed by Kyte and Doolittle (Kyte and Doolittle, 1982). We observed that the average hydrophobicity
index for the hydrophobic amino acids of the S proteins in human host CoVs (0.18 + 0.18) was slightly larger
than those in animal CoVs (0.17 + 0.14). Among the hydrophobic amino acids, a larger hydrophobic index
difference was observed for the amino acids, Leu, lle, Phe, Ala, Cys, and Pro, within the range of 11 to £2%,
between the S proteins of human and animal host CoVs, as shown in Figure 7.

DISCUSSION

Because of its fundamental role in infection, the S protein in SARS-CoV-2 is an important target for vaccine
development and anti-viral therapies. To track the amino acid changes and properties of S proteins across
diverse animal hosts, we proposed a prediction method called SPIKES. The advantage of SPIKES is 2-fold:
one is to identify the properties of S protein of SARS-CoV-2 and the other is to determine its specificity
across diverse species. SPIKES accurately distinguished S proteins of diverse species and identified
some informative PCPs, AAC, DPC, and PseAAC, which possess diverse roles in SARS-CoVs. A comparison
of the predictive performance of our method highlighted enhanced predictive ability of SPIKES to some
well-known machine learning classifiers.

Analysis of informative properties associated with proteins revealed that the secondary structure proper-
ties found in PCPs ROBB760101, RACS820109, GEIM800105, and RACS820104 and relative mutability were
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important features of S proteins that showed differences between the S proteins of human and animal
CoVs. Amino acid compositional changes were also observed for the remaining top-ranked PCPs,
including QIAN880137, PRAM820103, NAKH920103, OOBM850101, CHAM830104, and ROBB760103, be-
tween the S proteins of human and animal CoVs. We also reported nine additional PCPs based on feature
frequency scores. In our previous work (Yerukala Sathipati and Ho, 2021), we attempted to discover the
properties of CoV proteins and identified some PCPs of interest based on differences in van der Waals vol-
ume (FAUJ880103), helix and beta turns properties (ONEK900101, PALJ810116, AURR980102, and
MONM990101), and relative mutability (DAYM780201) that distinguish the human host from animal host
species CoVs. In this study, we exclusively focused on S proteins. Our analyses showed that secondary
structure properties and relative mutability were important PCPs that have the potential to determine
and alter the species specificity of CoVs. The helix bundle in SARS-CoVs appears to play an essential
role in protein fusion and virus entry. In the S proteins of SARS-CoV and MERS-CoV, heptad repeat 1
(HR1) and heptad repeat 2 (HR2) form a helix bundle that is essential for S protein fusion and entry into
the host cell. A sequence alignment study by Xia and colleagues showed that the S2 subunits of SARS-
CoV-2 and SARS-CoV S2 are highly conserved with more than 90% identity, whereas the HR1 core region
showed nearly 38% difference due to mutations (Xia et al., 2020). The ROBB760101 property analysis re-
vealed a larger difference in the compositions of amino acids, Ala, Gly, Pro, Glu, and Leu, at the alpha helix
of S protein between human and animal CoVs. These amino acid differences may increase the affinity of S
proteins to the ACE 2 receptor in SARS-CoV-2. In addition, hydrophobicity index analysis revealed that the
larger difference in hydrophobic amino acids, including Leu, Phe, and lle, was noticed in a range of 6%-11%
between human and animal host CoVs. These amino acid changes in the S protein might influence the bind-
ing affinity to the S protein in the viral fusion process. Results from Li and colleagues indicate that hydro-
phobic interaction between SARS-CoV-2 and ACE2 is higher than those in SARS-CoV (Li et al., 2020), which
supports our findings. We also observed significant differences in amino acids, Ala, Leu, Phe, Gly, Pro, Glu,
lle, and GlIn, for the relative mutability of S proteins between human and animal host CoVs. Based on our
analysis and previous evidences, these identified PCPs and amino acid compositional differences might
affect the viral fusion in human host CoVs when compared with the animal host CoVs. However, further
study is needed to validate the association between amino acid substitutions in the S protein and increased
infectivity of SARS-CoV-2.

The unique properties of S protein of SARS-CoV-2, including higher binding affinity to its receptors (Wrapp
et al., 2020; Yan et al., 2020); more amino acids at the interaction sites, which forms hydrogen bonds and
van-der-Waal contacts; and antigenicity (Wang et al., 2020a; Lan et al., 2020), differ from those of other
CoVs and facilitate receptor binding and membrane fusion between the virus and host to enhance disease
transmission. Applications of Al and machine learning techniques may help predict amino acid changes
that could lead to the emergence of more infective and transmissible SARS-CoV-2 variants. We developed
amachine learning method SPIKES that identified changes at the amino acid and secondary structure levels
that could determine the species specificity of S protein. Knowledge on PCPs will aid in developing appro-
priate quality control measures for vaccine designs (Scheller et al., 2020). The amino acid substitutions in S
protein that interacts with ACE-2 receptor may play a key role in viral fusion and transmissibility of SARS-
CoV-2 in humans. Owing to its crucial role in viral infection, S protein has therefore been selected as a po-
tential target for S protein-based target therapies and vaccine development (Harvey et al., 2021). Hence,
exploration of PCPs and amino acid changes in S proteins could be beneficial to understand the immune
response and neutralize the antigenicity in SARS-CoV-2. Accordingly, this study aims to track the amino
acid changes in S proteins from animal to humans that could facilitate the PCPs and amino acid composi-
tional differences that may have affected the viral fusion process. We anticipate that the identified proper-
ties of these viruses will help in comprehensive understanding of S proteins and guide the implementation
of S protein-based control measures.

Limitations of the study

This study has some limitations. First, this work was solely focused on amino acid sequence-based analysis
of S protein of SRAS-CoV-2. However, the function of a protein could be influenced by other physiological
factors in a host including stoichiometry of its complex with ACE2 receptor. Second, this study used data
from GISAID until a certain period (May 2021) and therefore inclusion of data after the cutoff date could
have further added to the significance of PCPs. Third, in vivo-based experimental validations could further
strengthen the findings.
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Deposited data
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Data

National Center for Biotechnology Information

GISAID - Initiative https://www.gisaid.org/

National Center for Biotechnology Information
(nih.gov)

Software and algorithms
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Protein structure visualization
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https://www.rbvi.ucsf.edu/chimera/
Inheritable genetic algorithm for biobjective 0/
1 combinatorial optimization problems and its
applications - PubMed (nih.gov)
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RESOURCE AVAILABILITY
Lead contact

Further information and request for resources and reagents should be directed to and will be fulfilled by the
lead contact, Srinivasulu Yerukala Sathipati (sathipathi.srinivasulu@marshfiledclinic.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The paper does not report original data.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

METHOD DETAILS

Spike protein dataset

We retrieved the S protein sequences of human-host CoVs (spike-H) and animal-host CoVs (Spike-A) for 96
diverse host species of the Coronaviridae family (as shown in Table S1) from GISAID and NCBI databases,
respectively. Initial dataset consisted of 827,075 and 2,095 S protein sequences of spike-H and spike-A,
respectively. Since the amino acid change is a crucial factor for disease transmission but to reduce the am-
biguity, we considered 99% sequence identity in the redundancy reduction process. After sequence redun-
dancy reduction and accounting for uncertainties, the final dataset, called All-Spike, consisted of 211 and
611 S protein sequences of spike-H and spike-A, respectively. A balanced dataset, called Balanced-Spike,
consisted of the 211 sequences of spike-H and 211 sequences of spike-A, which were randomly chosen. To
evaluate the predictive performance of SPIKES on an independent test, the Balanced-Spike was divided
into a training (Spike-training) and test (Spike-test) in a 7:3 ratios.

Proposed SPIKES method

The SPIKES method was developed using SVM incorporating an optimal feature selection algorithm, IBCGA, to
select m informative features from a large number n of candidate features. The optimized SVMs incorporated
with IBCGA is well-suited for solving various biological modeling problems, such as cancer survival and stage
predictions (Yerukala Sathipati and Ho, 2017, 2018, 2020; Yerukala Sathipati et al., 2019; Sathipati and Ho,
2021), protein function predictions (Srinivasulu et al., 2015; Yerukala Sathipati and Ho, 2021), and modelling
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gene regulatory networks (Tsai et al., 2020; Chen et al., 2015). IBCGA uses an intelligent evolutionary algorithm
(IEA) to select a small set of informative features while optimizing predictive performance. In IBCGA, the genetic
algorithm (GA) terms such as ‘gene’ and ‘chromosome’ were placed with ‘GA-gene’ and ‘GA-chromosome’ for
distinction. The GA-chromosome consists of binary GA-genes for selecting m informative features of PCPs, di-
peptides, AAC, and PseAAC, and two 4-bit GA-genes for encoding the parameters C and y of SVM. IBCGA can
simultaneously obtain a set of solutions, Xr, where r=rong, fong + 1,---, I'start iN @ single run. In SPIKES, the radial
basis function (RBF) kernel was used for the implementation of SYM (Chang and Lin, 2011). The scoring function
of the RBF kernel is computed in the feature space between the two data points, x;and y;. The RBF kernel func-
tion is defined as follows:

K(Xn y/'> = eXP( =l —y/||>2 (Equation 1)

The feature process in the SPIKES method can be described in two parts, (1) feature representation and (2)
feature selection, described as follows:

(1) Feature representation

SPIKES used four feature descriptors including physicochemical property (PCP), amino acid composition
(AAC), and dipeptide composition (DPC), and pseudo amino acid composition (PseAAC).

(a) PCP representation

SPIKES adopted 531 PCPs retrieved from the AAindex database (Kawashima et al., 2008) as candidate fea-
tures to distinguish S proteins of diverse species CoVs. The original CoVs' amino acid sequences were con-
verted into AAindex numerical indices according to the 531 PCP values. The feature representation of the
531 PCPs is described as follows:

Collect the spike-H and spike-A protein sequences from the dataset.

L

c

Calculate the amino acid composition flaa) of a sequence for the it amino acid aa; of 20
amino acids and encode the protein sequence of variable length into the feature vector
with a length of 531 properties.

) Calculate the feature value of the p*" physicochemical property, PCP(p), of a spike protein,
where p=1, 2, ..., 531.

PCP(p) = Ziszf(aa,-).PCPp(aa,v) (Equation 2)

where PCP(aa)) is the value of the aa; amino acid of the p'" physicochemical property.

(b) AAC, DPC and PseAAC representation

The values of f(aai) were calculated for the spikes-H and spikes-A where i=1,..., 20. The feature set of DPC is
represented as a feature vector of length 400 for the dipeptides, (i.e., AA, AC.... YY). The feature set of
PseAAC is represented as a feature vector of length 80 for the AAC and PseAAC for hydrophilicity and
hydrophobicity.

(2) Feature selection

Step 1: (Data Preparation) Compile the training sets from the spike-H and spike-A for developing
and evaluating the SPIKES method, which is a combination of four predictive models, SPIKES-
PCP, SPIKES-AAC, SPIKES-DPC, and SPIKES-PseAAC.
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Step 2: (Initialization) Randomly generate an initial population of Npop individuals. Npop = 50,
Istart = 50, Fend = 10, and r = Istart

Step 3: (Evaluation) Evaluate the fitness value of all individuals using the fitness function that is the
prediction accuracy in terms of 10-fold cross-validation (10-CV).

Step 4: (Selection) Use a conventional tournament selection method that selects the winner from two
randomly selected individuals to generate a mating pool.

Step 5: (Crossover) Select two parents from the mating pool to perform an orthogonal array cross-
over operation of [EA.

Step 6: (Mutation) Apply a conventional bit mutation operator to GA-genes of SVM parameters and
a swap mutation to the binary GA-genes for keeping rselected features. The best individual was not
mutated for the elite strategy.

Step 7: (Termination test) If the stopping condition for obtaining the solution Xris satisfied, output
the best individual as the solution Xr. Otherwise, go to Step 2.

Step 8: (Inheritance) If r > repg randomly change one bit from 1 to 10 in the binary genes for each
individual. Decrease the number r by one and go to Step 2. Otherwise, stop the algorithm.

Step 9: (Output) Obtain a set of m features in total for PCPs, AAC, DPC, and PseAAC from the best
solution Xm among the solutions Xr, where r = reng, rend + 1,--+ , Istare

Machine learning classifiers

The predictive performance of SPIKES was evaluated by comparison with seven popular machine learning
methods such as Naive Bayes (NB), Multilayer perceptron (MLP), Logistic regression (LR), Sequential min-
imal optimization (SMO), Simple logistic (SL), J48 decision tree, and Random forest. The Weka data mining
software (Hall et al., 2009) was used for implementing the machine learning methods to distinguish Spike-H
and Spike-A. The subset evaluator and the best first search feature selection was employed to design clas-
sifiers for feature descriptors PCP, AAC, DPC, and PseAAC.
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