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ABSTRACT

Severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) is the pathogen responsible for the
COVID-19 pandemic. The D614G substitution
appeared in the spike glycoprotein (SGP) of
SARS-CoV-2 at an early stage of the COVID-19
outbreak and the mutant carrying the substitution
quickly became the most prevalent SARS-CoV-2
variant at several COVID-19 epicenters across the
world. There has been a debate on the nature of
the mutation, some even suggesting that the
mutation is likely to be functionally neutral. One
of the ways to understand the nature of this mutation
is to study the evolutionary history of the 614™
amino acid position of the spike glycoprotein in
coronaviruses. In the present bioinformatics study
we analyzed a few hundred SARS-CoV (of 2003
outbreak), SARS-CoV-2 and animal SARS-Like
strains of the Sarbecovirus group to obtain
insights into the conservation of aspartic acid at
the 614™ amino acid position in the SGP of these
viruses, using our software tool Compare. After
analyzing the conservation profiles of several
Sarbecovirus sequences obtained from GenBank
we show here that the 614 amino acid residue is
located in an 11-amino acid densely hydrophobic
motif, vavlyqdvnct (11-aa) that is almost perfectly
conserved in the Sarbecovirus sub-genus and the
D614G substitution increased the hydrophobicity
of the motif by about 38%. We also identified one
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SARS-CoV genome in the pre-pandemic GenBank
records (Accession: FJ882963) that has the
D614G substitution. The fact that the original
strain of SARS-CoV-2 with aspartic acid at the
614" position (D-variant) is now almost extinct
emphasizes the importance of the D614G
mutation for the survival of the virus. We propose
that the D614G substitution altered the chemistry
of the 11-aa and helped in the spread and
continued survival of the virus by some yet to be
identified biochemical mechanisms.

KEYWORDS: SARS-CoV-2, D614G, SARS-
Like, coronavirus, COVID-19.

INTRODUCTION

The first cases of the present coronavirus pandemic
were reported in the Wuhan City of China in
December 2020 [1]. The pathogen causing the
syndrome was almost immediately identified as
a coronavirus strain and it was given the
designation SARS-CoV-2 to distinguish it from
the coronavirus strain, SARS-CoV, of the 2003
outbreak [2]. The World Health Organization later
declared the outbreak a pandemic and named the
disease as Coronavirus Disease-19 (COVID -19)
[3]. The genomic sequences of human SARS and
the animal SARS-like strains of coronaviruses
are annotated under the subgenus Sarbecovirus in
the GenBank records [4]. Coronaviruses of the
Sarbecovirus group are enveloped viruses that
carry positive stranded RNA as the genetic
material. The spike glycoprotein (SGP) and the
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nucleocapsid protein (NP) are the two structural
proteins that are the integral parts of the envelope
[5]. The SGP contains many functional domains
that are involved in the entry of the virus into
mammalian cells. These domains include the
receptor binding domain (RBD), the proteolytic
cleavage site (PCS), and the heptad-repeating-1
(HR1) domain, and heptad-repeating-2 (HR-2)
domains. Whereas the RBD facilitates the initial
binding of the virus to the cell, the PCS, HR1, and
HR-2 domains are involved in the fusion and
entry of the virus into the cells. Genomic
mutations in these viruses arise due to RNA
replication errors and the sequences carrying the
mutation are amplified only if the substitution is
beneficial to the virus in terms of its reproductive
fitness. Therefore, from this population genetic
view-point, genomic mutations once fixed always
have a positive effect on the multiplication of the
virus [6].

In the present study, in order to understand the
probable influence of the D614G substitution on
the propagation of the virus, we analyzed several
viruses of the Sarbecovirus group for SGP
mutations using our previously described software
tool Compare [7]. We learned that D614G is
located in an 1l1-amino acid peptide motif
vavlygdvnct that is extraordinarily conserved in
human SARS and animal SARS-like strains of
the Sarbecovirus subgenus. These virus strains
included bat, civet, and pangolin SARS-like
strains, human SARS strains including ExoN 1,
wtic-MB, SARS-CoV and SARS-CoV-2, with
the exception of the G-variants of SARS-CoV-2
and one G-variant of SARS-CoV (Accession:
FJ882963), where the aspartic acid is substituted
by glycine in the vavlygdvnct motif resulting in
vavlyggvnct. As explained later, we have also
identified three GenBank records of previously
unreported mutations in the 11-aa of the SARS-
CoV-2 strains.

MATERIALS AND METHODS

Software tools and the source of SGP
sequences

All the coronavirus spike glycoprotein sequences
analyzed in this study were obtained from the
publicly maintained database, GenBank. Three
software tools namely, Compare [7], Basic Local

Alignment Search Tool (BLAST) [8], and
Composition-20, were used in this study for the
analysis of the sequences. The Compare program
was written by one of the present authors (Babu
V. Bassa). Compare is a multipurpose program
which  compares biological sequences by
identifying domains that are common to the query
pair of sequences, each of which is at least three
residues long. The program can also be used to
query for the presence of shorter peptide motif or
parts of it in a larger sequence. Composition-20
(written and implemented in Visual Studio by one
of the present authors) computes amino acid
composition and the hydropathy index of any
peptide or protein query sequence. The program
computes the hydropathy index by the method of
Kyte and Doolittle [9].

Identification of the peptide motif (11-aa)
that harbors D614G

The 11-aa was first identified by comparing the
SGP sequences of SARS-CoV-2 (Accession:
NC_045512) and SARS-CoV  (Accession:
NC _004718) using Compare. Data on the
prevalence of the mutations were obtained from
GISAID database employing their query options
(filters) [10], and the frequencies were calculated
as percentages of the total available sequenced
genomes for the specified time periods. A sufficient
number of samples were analyzed in each case to
meet 95% confidence levels statistically.

Analysis for the conservation of 11-AA

Following its identification, the 11-aa was first
queried against the SGP sequences of coronavirus
strains from the sarbecovirus subgenus (n = 91).
The 11-aa was then queried in the GenBank
database using BLAST.

RESULTS AND DISCUSSION

The software tool Compare identifies common
permutations of three residues and longer
occurring between any queried pair of sequences.
In our previous report we published a panel of
common permutations (conserved motifs) that
appeared between SARS-CoV and SARS-Co-V-2
[7]. The peptide motif vavlyggvnct was one of the
members of that panel. However, the D614G
substitution was not very well known at that time.
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Upon reinvestigation following the recognition of
the D614G mutation [11, 12], we were able to
locate the substitution to the vavlygdvnct motif
(11-aa). There is a significant difference in the
sizes of the spike glycoproteins between SARS-
CoV (1255 aa) and SARS-CoV-2 (1273 aa)
strains of the coronavirus. Investigators have used
various criteria in locating the functional domains
of the SGP in SARS-CoV-2 [13, 14]. Our
identification of the vavlygdvnct in SARS-CoV
and SARS-CoV-2 strains is based on the assumption
that the probability of the 11-aa permutation to
have occurred independently in these two spike
proteins is infinitely small and that they both
originated from a common ancestor. The 11-aa is
present at the 608™ position in the SGP of SARS-
CoV-2 with the aspartic acid (D-variant) or
glycine (G-variant) residue being present at the
614™ position. The original Wuhan city variant of
SARS-CoV-2 has aspartic acid (d) at this position.
The 11-aa is present at the 594™ position of the
SGP in SARS-CoV with “d” being at 600. By
scanning the 11-aa against the SGP sequences of
sarbecovirus strains/isolates we found that the
vavlygdvnct is almost universally present in all
Sarbecovirus strains/isolates annotated in the
GenBank prior to the COVID-19 pandemic, as an
identical permutation with the exceptions of
FJ882963 (Human SARS-CoV), where “d” is
substituted by “g” and BAE93401 (Human SARS-
CoV) where the first amino acid residue valine
of 11-aa was substituted with phenylalanine (F).
The typical output of the query between SGP of
SARS-CoV and SARS-CoV-2 Wuhan strain (D-
variant) using Compare is presented in Figure 1.

BLAST analysis of vavlygdvnct yielded scores of
39.2 and 34.6 respectively for vavlygdvnct and
vavlyggvnct motifs. These scores represent the
degree of homology between the query motif and
the nearest matching sequences available in the
GenBank records. Out of the first 5000 items
retrieved in the BLAST query of vavlygdvnct
motif an estimated 1095 SARS-CoV-2 spike
proteins contained the vavlygdvnct motif and an
estimated 3862 SGP sequences contained the
vavlyggvnct motif. Please note that the GenBank
records contained several records that show “x” at
the 614™ position of the spike glycoproteins. The
GenBank deposits under the Sarbecovirus subgenus

are now overwhelmed with SARS-CoV-2 genomic
sequences and accessing other Sarbecovirus
genomes through a query with vavlyqdvnct is now
a difficult task. However, our BLAST data
accessed in May 2020 confirmed our earlier
Compare findings that the vavlygdvnct motif is
present as an identical permutation in all available
bat (n = 55), civet (n = 4) and pangolin (n = 6)
SARS-like strains of coronavirus. Mutations in
this motif appeared only in human SARS-CoV
and SARS-CoV-2 strains and the most prominent
of those mutations is the D614G. As revealed by
Compare one of the pre-pandemic GenBank
annotations of SARS-CoV contained the D614G
substitution (FJ882963) and one other SARS-CoV
annotation contained a substitution in 11l-aa
resulting in the motif favlygdvnct (Accession:
BAE93401). Both of these strains have human
as a host. However, the BLAST query with
vavlygdvnct revealed two previously unreported
substitutions in the 11-aa of SARS-CoV-2 namely,
vavlygdinct  (QN091763) and vavlyhdvnct
(QN091835.1).

The relative positions of 11-aa in SARS-CoV
and SARS-CoV-2, respectively, are shown
diagrammatically in Figure 2A. The 1l-aa is
located in close proximity to both the receptor
binding domain (RBD) and the protease cleavage
site (PCS). The proteolytic cleavage of the SGP
into S1 (N-terminal) and S2 (C-terminal) subunits
at the cleavage site is believed to enhance the
entry of the virus (S-2 subunit together with RNA
strand) into the mammalian cells [15]. The 11-aa
forms a densely hydrophobic motif. We used
the Kyte and Doolittle method through our
Composition 20 software tool for the calculation
of total side chain hydrophobicities of the 11-aa,
and two 11 amino acid motifs on the N-terminal
and the C-terminal sides of 11-aa (Figure 2B).
The total amino acid side chain hydrophobicity
is expressed as the hydropathy index which is
proportional to the hydrophobicity of a given
peptide. The D614G substitution increased the
hydrophobicity of 11-aa by about 38%. The effect
of this change on infectivity and replication of the
virus is not clear. However, some reports have
claimed that the substitution resulted in an
increased shredding of the virus particles from the
infected cells [11]. Nevertheless as shown in
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SARS-CoV-2 (Accession: NC_045512)

M flivliplvssgownittriglippaytnsirgprywpdkvirssvihstgd i pfsnviwihaihwvsgin gthridnpvip ind gvyiasteksniirgwifgttl dskigs! ivnnatnvvik vee ig f
cndpfigvwhknnkswmese frvwssanncfeywsopimdegkggnknirefr nidgykivsk htpinhrdipqo fsalephedipignitrigtialhrsvitpgdsss gwiagaa
ayyvgyigprifilkynengtitdavd caldpls etk ctik shvekgivgtsn fregptesiripnitnicp figevinatraswawnrkrisncvadysviynsas Blcygvspitkindicny
yvadsivirgdevrgiapoqtgkiadynykipddtgodawnsnnidsiggnynylyriik snik plerdist eivqgagstpengve g noyiplasyo kaptnovoyapynevvisielihap
atvegekkstnivinkownfingltgtgvitesnkkfipiggfgrdiaditdavidpgtieildipcsiggvsvipgintsngvaviygdvnctevpvaihadgltptwrysigsnvigimgd
igaehvnnsyecdipigagicasygtainsprarsvasgsiaytmslgaensvaysnnsiaipin tisviieipvemikiswddmyicgdste csniliqy gz fdqinratgiaveqdknt
geviagvikgividppikd fggin tsqilpdpskpsk rs Sedilinkviiadag fkqygdcigdisandicagkngitvippitidemiaqyisaliaglits gwifgagaalgipfamgmayring
igvtonviyengklianginsaigkiqds lsstasalgkigdwwingnagaintivieglssn fgaissvindilsridkveaewgidriitgrigsighyviqalimacsirasaniaatkmsecviggskr
vdfogk gyhimsipgsaphgwihwtyvpagekn ttapaichdgkah fpregv fvsngthwhdgrn fyepaitdnt s gnedwigmntvydplgpeids keeldky knhispdv
digdisginasvwnigkeidrinevaknineshidigel gkyeqyikwpwyiwgliagiaivmviimicemiscosdkgooscgscokdeddse pvik gvidht

SARS-CoV (Accession: NC 004718)

m filifthsgsdidrctt iddvgapnytohtssmrgvwyypdeifedihvitgd fp fysmvightinhtfignpvipfldgiyiaateksnywgwwigstmnnksgsvilinnstrviracnfielc
dnpfiavskpmgigthtmifdnafctieyisda fsldvseksgnfkhire fvk nkdg hywykgyqpidvrd] pag fntikpi idplgi nitn frailta fspagdi wgts-aaay fegylk pfmi
kydengtitdavdesgnplaelkcsvk sieidkgiygisn fvvpsadwripnitnicp fgev natk fosvya werkk isncvadysvinst fistk oygvs atkindic snvyads fvkg
ddwraiapgatgviadynykl pdd ingoviawntrnidatstignynykyndrh gkirp ferdisnvp spdgkpdppalincywpindyg ftttgigygpynosd sfelinapabvegpi st
diikngown hingtgtovitpssirigpiag fordvsd tdswdpkiseil dispcafggvsvitpatnassey aviygd vnctdvstaihadgltpawniyst onnvigtgagdigaehy
disyecdipigagicasyhtvsiirstsgksivaytm sigadssiaysnntiaiptn fEsttevmpyvsmakiswdenmyicgdstecanligygs Etginralsgiaaegdmireviagvkg
myktptikyfgg fn&qilpdplkptkrafedi fnk vtlada g imkgyge d gd nardii cagk fngivi ppl R ddmisaytaahs gtatag wi fgagaalg pfamgmayr ingiggnd
yengkgiang fnk aisgigesitiistalgklgdvwwngnagalntivkgissn fgaissvindilsridioveaevgidriitgrigsigtyviggliraaeimsanlaatkmsecviggskrvdicgk g

vhims fpqaaphgwihvtyvpsgem ttapaichegkayfpregy fvingts witgm fispaitidntfesgnodwaginnbvwdplgpeldskeeidk yknhtspdwdigdisgina
snnigkeidinevakninesidigelgkyeqyikwpwarowig fiaghanmvtilcemisccsdkgacscos ook fdeddsepvikgvkhyt

Common permutations (motifs):

1. algkigdwngnagainthkqlssnigaissvndisidiveaevgidditggsigyviqgiraasmsanlaatk msecd ggskrvdfcghgvhimsfpg 111 (944)

2. nntvydplgpekdsfieeldiyknhispdvdigdisginaswnigkeidrinevaknineslidigelgk yeqyik wpwy 82 (1134)

3. gwifgagaakyipfamgmayrhgigvionviyengk 37 (885) 4. cscoscckideddsepvikgvkihyt 26 (1248) 5. ardicagkfhoivippitd 22 (346)

6. pgittdntfesgncdwigi 21 (1112) 7. vripnitnlcpigevinat 19 (327) 8. syecdipigagicasy 16 (659) 9. krsfedll nkvtladagf 20 (B814)

10. wigfiaghaivmti 16 (1217} 11, nllkgygsEtginral 17 (751) 12, fogfhisgilpdp 13 (797) 13. cminfghtglogwt 16 (538)

14. Bncvadysviyns 14 (358} 15, aphgwihvtyvp 14 (1058) 16. gyapyrwwvistell 15 (S04) 17. keontscosdkg 13 (1224) 18, nitapaich
10 (1074) 19. agdigashv 10 (847) 20. kghgtsniry 11 (310) 21. fggvsviipgin 12 (552) 22. engitdavde 11 (281) 23. ladynykipddf 12
{418) 24 eviagvkg 8 (7B0) 25. vavlygdvnct 11 (608) 26. myicgdstec 10 (740) 27. Bitcygvs 10 (374) 26. plagfgrd & (S61) 29.
apatvegpk 9 (520) 30. vmiapogtg 10 (407) 31. aihadglip 9 (623} 32. tgdfipf8 (51) 33 tkindicf & (385) 34 ayimsiga & (B94) 35
Irefiikn 8 (188) 36 nvyadsfv B (394) 37. foregviv 8 (1089) 38, plerdis 7 (463) 39, rovyypd 7 (34) 40, nctiey & (165) 41, MsvdcE
(733) 42 iangi 6 (923) 41 iaiptnf7 (712} 44. wudlp 5(213) 45. dgdi 5 (840} 46. svyaw 5 (340) 47. eild 5 (583) 48. tgmf5 (1105)
49, ginit 5 (232) 50. aysan 5(706) 51. tekan 5{85) 52, kqyg4 (835) 53. nvigt 5 (641) 54, widp 4 (576) 55. vkip 4 (T83) 56. gnyny 5
(#47) 57. gnik 4 (184) S8, ystg 4 (B36) 59. tnwvi 5 (124) 60. vsgt 4 (FO) 61. pvsm 4 (728) 62. nnks 4 (148) 63. vgl 4 267) 64
aay 3 (263) 85 mia 3 (B89) 66 Itt 3 (18) &7. ygl 3 (495) 68 eghk 3 (180) 69 tHe 3 (723) 70. ky 3 277) 71.1gi 3 (768) T2 krl3
(77) 73.skp 2 B10) 74.eqd 3 (773) 7S.rgw 3 (102) T6. &l 3 (118) 77. awn 3 (352) 78.4k 3 (202) 79, ncy 3 (487) 80. ppa 3 (5)
81.1gt 3(676) 82 Ba 3 (B74) 83. d== 3 (253) 84 dgk 2(1084) 85 Ipl3 (B) 86 gov 3 (431) 87. =nvi 4 (B0) 88 pst 3(476) B9 vh
3091) 90 npv 3 (B1)91. ngt 3 (74) 92, 53 (43) 93. w2 (119)

NoMutations = 383; Len of Sequencel = 1273; Len of Sequence2 = 1355; %gLegacy = 69.7 (sequence
homology)

The output of a query between SARS-CoV-2 and SARS-CoV using Compare. The
GenBank reference SARS-CoV-2 sequence is used in this query. The length of each
motif and its location in the sequence are presented on the right of each motif. The
location numbers are indicated in the parentheses. The 11-aa in the sequences and the
output is shown in bold red font.

Figure 1. Comparison between the spike glycoproteins of SARS-CoV-2 and SARS-CoV using Compare.

Figure 3, the original D-variant that emerged out  distancing measures were able to control the
of Wuhan city, China, spread across the globe,  spread of the D-variant but not the G-variant of
and then disappeared rapidly in the ensuing  SARS-CoV-2. Based on the empirical data
months. This observation indicates that social  presented in Figure 3, the D614G mutation is
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A. The location of 11-aa in the spike glycoproteins relative to the
known functional domains

SGP SARS-CoV (1255 aa)

REM (424-494) PCS (667/668) HRZ (1145-1195)
N-Terminal + W e
| I ] | I
+ h
ll-aa(594-605) HR1(894 - 966)

SGP SARS-CoV-2 (1273 aa)

REM (437-508) PCS (685/656) HRZ (1163-1213)
N-Terminal L2 e o
[ | NI 17| ]
‘i i
ll-aa(608-618) HR1 (912-984)

The spike glycoproteins {SGP) of SARS-CoV and SARS-CoV-2 are depicted
diagrammatically. The D614G is embedded in the 11-aa. The 11-aa is located in close
proximity to both the receptor binding domain {RBM) and the proteclytic cleavage site
{PCS). The proteolytic cleavage divides the SGP into 51 (N-terminal) and 52 {C-terminal)
subunits. The heptad-repeating-1 {(HR1) and heptad-repeating-2 (HR2) domains
participate in the fusion of the virus with host cell plasma membrane.

B. The hydropathicity indices of 11-aa and its vicinity in D an G variants

SARS-CoV (D) —vitpgtnassevavlygdvnctdvstaihdgl-

(-15 (82 (0.9)
SARS-CoV (G) ~¥itpgtnassevavlyggvnctdvstaihdgl-
(-1.5) (1L.3) (0.9)

SARS-CoV-2(D) —wvitpgtntsngvavlygdvnctevpvaihdgl-

(-6.7) (82) (5
SARS-CoV-2 (G) —vitpgtntsngvavlyggvnctevpvaihdgl-
(-6.7) (1L3) (5)

The 11-aa is highly conserved in the Sarbecovirus group. The
hydropathy indices of 11-aa and 11 amino acids preceeding and 11-
amino acids following the 11-aa are determined by Kyte and Doolittle
method. The D614G mutation increased the hydrophobicity of the 11-aa
by approximately 38%. Shown in the parentheses are the hydropathy
indices which are proportional to total side-chain hydrophobicities.

Figure 2. A. The location of 11-aa in the spike glycoproteins relative to the known functional domains.
B. The hydropathicity indices of 11-aa and its vicinity in D and G variants.
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% Variant

20

10

proportions.

Feb Mar Rar May
Month and Year

=== Califormia-D [2189) == United Kingdom -D [17053)

Data from the GISAID database were analyzed using their query language (filters) to
retrieve data on the basis of sample collection dates and geographical locations. The
D-variant of the SARS-CoV-2 declined rapidly. In the course of the pandemic , the D-
variant existed in predominant numbers only in the January, February, and March
2020 samples of China. The G-variant appeared in the Chinese samples as early as
January and it was at 26% in the Chinese samples of February, 2020. This indicates
the propensity of the G-variant. Near complete extinction of the D-variant is
surprising because the D-variant contained the predominant structural changes in
the SGP except the D614G substitution. Therefore, our finding that the D614G is
located in a highly conserved peptide is significant. It is clear that the G-variant
made a major difference in prolongation of the pandemic. By March, 2020 most
COVID-19 epicenters across the world carried the G-variant in overwhelming

June, 20:0

Global-D (49115) GlobalG (38346)

Figure 3. The decline of the D-variant and the emergence of the G-variant at various COVID-19 epicenters.

present in the virus that prolonged the COVID-19
pandemic beyond the month of March 2020.

CONCLUSIONS

We have shown that the D614G mutation is
embedded in a densely hydrophobic amino acid
motif in the spike glycoprotein of the Sarbecovirus
strains. The motif did not have any substitutions

in any of the bat, civet, pangolin, and most human
SARS strains until the emergence of SARS-CoV-2.
Substitutions, however, appeared in the immediate
vicinity of this motif in the Sarbecovirus strains.
The extraordinary degree of conservation of the
11-aa motif indicates that it played an important
role in the replication and survival of the
Sarbecovirus strains. Thus, it may be presumed that
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the D614G substitution could not have established
itself unless it had a positive effect on the overall
survival of the SARS-CoV-2 strain. We have,
however, found one recorded case of the D614G
substitution from the GenBank deposits belonging
to the 2003 SARS outbreak. This finding is
consistent with the human source of this mutation.

The D614G mutation first appeared in the
February and March 2020 samples from COVID-
19 in China. It is likely that the same mutation
emerged also at other geographical locations
simultaneously. The frequency of the D-variant
has decreased rapidly across the world and the G-
variant became established at almost all global
COVID-19 epicenters. Based on the frequencies
of the D and G variants, much of the morbidity
and mortality caused by the pandemic is
empirically attributable to the G-variant and less
to the D-variant. This observation also means that
the D614G mutation most certainly is beneficial
to the virus in terms of its reproductive fitness.
A change in the chemistry of the 11-aa has more
likely contributed to this consequence.
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