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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped virus which binds its
cellular receptor angiotensin-converting enzyme 2 (ACE2) and enters hosts cells through the action of its
spike (S) glycoprotein displayed on the surface of the virion. Compared to the reference strain of SARS-
CoV-2, the majority of currently circulating isolates possess an S protein variant characterized by an
aspartic acid-to-glycine substitution at amino acid position 614 (D614G). Residue 614 lies outside the

I;Zﬁ";’”édf; 5 receptor binding domain (RBD) and the mutation does not alter the affinity of monomeric S protein for
COVII-J-(1)9_ ACE2. However, S(G614), compared to S(D614), mediates more efficient ACE2-mediated transduction of

cells by S-pseudotyped vectors and more efficient infection of cells and animals by live SARS-CoV-2. This
review summarizes and synthesizes the epidemiological and functional observations of the D614G spike
mutation, with focus on the biochemical and cell-biological impact of this mutation and its consequences
for S protein function. We further discuss the significance of these recent findings in the context of the

Spike protein

current global pandemic.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of the COVID-19 pandemic. SARS-CoV-2 is an
enveloped, positive-sense single-stranded RNA virus, named for its
genetic similarity to SARS-CoV (referred to as SARS-CoV-1 herein
for clarity) which emerged in 2003. SARS-CoV-1 and SARS-CoV-2
are both members of the genus Betacoronavirus, a classification
also shared with human coronavirus (HCoV)-0C43, HCoV-HKUT1,
and Middle East respiratory syndrome-related coronavirus
(MERS-CoV). Among these human betacoronaviruses, only the
sarbecoviruses SARS-CoV-1 and SARS-CoV-2, which share 79%
nucleotide sequence identity [1], depend on angiotensin-
converting enzyme 2 (ACE2) for target-cell entry [2—6], which we
identified in 2003 as a receptor for SARS-CoV-1 [7]. Interestingly,
the distantly related human alphacoronavirus NL-63 also utilizes
ACE2 as its primary receptor [8]. The spike (S) glycoprotein, which
is necessary for receptor binding and cellular entry, is displayed on
the virion in the form of trimers. These S protein trimers give rise to
the viruses’ coronated appearance by electron microscopy [9]. The S
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protein of SARS-CoV-1 and SARS-CoV-2 are both comprised of an
N-terminal S1 subunit responsible for binding to the ACE2 receptor
and a C-terminal membrane-spanning S2 subunit which is neces-
sary for cellular fusion [10]. The receptor-binding domain (RBD)
within S1 interacts with ACE2 when the virus engages a target cell
[11—14]. During SARS-CoV-1 entry, following interaction of S1 with
ACE2, a cleavage site at the S1/S2 boundary is processed by pro-
teases such as TMPRSS2 on the surface of the target cell or by
lysosomal cathepsins to facilitate membrane fusion activity
[15—20]. In contrast to SARS-CoV-1 and all other described animal
sarbecoviruses, SARS-CoV-2 S protein has acquired a multibasic
cleavage site at the junction of the S1 and S2 subunits which is
processed by furin-like proprotein convertases in the virus-
producer cell [21]. Thus, like the entry proteins of HIV-1 and
some influenza A viruses, the S protein is cleaved before encoun-
tering target cells. Therefore, intermolecular association between
S1 and S2 is necessary to retain S1 on the virion. In both SARS-CoV-
1 and SARS-CoV-2, a second cleavage at a site internal to S2,
yielding a fragment known as S2’, is also necessary for membrane
fusion with the target cell [21—23].

Due to the clear importance of S protein in the entry process, a
number of tools have been developed to closely study its function.
Pseudovirus (PV) systems based on lentiviral, gamma-retroviral, or
vesicular stomatitis virus (VSV) vectors which are coated with the
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CoV S protein have facilitated rapid advances in understanding the
entry of SARS-CoV-2. PVs may be pseudotyped with full-length S
protein, although C-terminal truncation has often been observed to
improve efficiency of incorporation of SARS-CoV-1 and SARS-CoV-2
S protein into the pseudovirion [24—26]. Substitution of non-native
signal sequences to enhance pseudotyping has also been employed
by some groups based on observations with other viral entry pro-
teins, although a recent side-by-side comparison in SARS-CoV-2 S
protein did not observe a difference between native and optimized
signal peptide [27]. In general, experimental evidence reveals that
SARS-CoV-2 S-mediated entry into ACE2-expressing cells is less
efficient than that mediated by SARS-CoV-1 S and is more highly
dependent on TMPRSS2 [28,29]. This is consistent with lower ACE2
binding affinity of SARS-CoV-2 compared to SARS-CoV-1 spike
trimers, although the RBD of SARS-CoV-2 S in particular has a
higher affinity for ACE2 [14].

Coronaviruses and other members of the order Nidovirales
maintain the largest and most complex genomes known among
RNA viruses and therefore coronavirus replication makes use of
exonuclease proofreading activity of nsp14 to avoid accumulation
of deleterious mutations [30]. Despite this uniquely high fidelity of
replication, a number of mutations to the SARS-CoV-2 genome have
been observed throughout the present course of the COVID-19
pandemic, including in the S gene. Indeed, analysis of 3090 iso-
lates in June 2020 found that the number of unique alleles of S was
greater than the other structural genes M, N, and E, suggesting that
changes in S may provide an evolutionary benefit [31]. One non-
synonymous mutation of S gene in particular, an aspartic acid-to-
glycine substitution at amino acid position 614 (D614G), has
attracted immense attention following reports of its enrichment
discovered by epidemiological surveillance [32]. Initial responses
called into question the functional relevance of this change and
whether its predominance is due to a fitness advantage or founder
effect [32—34]. Further work has demonstrated a clear phenotypic
advantage conferred by D614G, including our own observation of
enhanced infectivity by PVs pseudotyped with S(G614) versus
S(D614) [35]. A consensus on the exact mechanism of this
enhancement has not yet been attained. However, the picture has
become increasingly clear with continued investigation in this area.
This review aims to assemble the work to date on the D614G mu-
tation, including published studies as well as unreviewed manu-
scripts available in pre-print.

2. S(G614) genotype of SARS-CoV-2 has supplanted S(D614)
globally as the predominant form

Initial attention to the D614G mutation was prompted by a
preprint from Korber et al. using an “early warning” bioinformatic
pipeline. SARS-CoV-2 bearing the S(G614) genotype was first
detected in late January 2020 and began emerging in March 2020 as
it steadily increased in global incidence to become the predominant
form relative to the S(D614) virus (Fig. 1) [32]. The investigators also
noted approximately 3-fold higher viral load in patients infected
with S(G614) virus compared to those infected with S(D614) virus, a
finding which was reproduced independently in a different patient
population [36]. In the initial absence of clear functional evidence
for a phenotype of S(G614), independent epidemiological analyses
using other methodologies concluded that the D614G mutation did
not confer a transmissibility advantage [33]. As attention to this
mutation increased, however, a multitude of studies have been
reported which supported the initial assertions of Korber and col-
leagues. Analysis of infection data from European countries, where
the S(G614) genotype is dominant, estimated the doubling time at
approximately 3 days [37], significantly shorter than the 6 day
doubling time of the initial outbreak in China [38]. Further, a small
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Fig. 1. Cumulative reported SARS-CoV-2 sequences harboring the D614 or G614 S gene.
Quantities for the indicated dates were retrieved from the COVID-19 Viral Genome
Analysis Pipeline hosted by the Los Alamos National Laboratory (https://cov.lanl.gov/
content/sequence/TRACK_MUT/trackmut.html) which utilizes the data of the Global
Initiative on Sharing All Influenza Data (GSAID).

but significant positive correlation was reported between the
prevalence of S(G614) in a given geographic area and case-fatality
rate in that region [39]. Another group observed a similar trend,
although not statistically significant in their dataset [40]. Moreover,
computational models of evolutionary dynamics suggest that
D614G is under strong selective pressure [31]. Further, quantitative
estimates of the basic reproductive number Ry from infection
incidence data suggest that viruses bearing S(G614) are 31% more
transmissible than those bearing S(D614), although this analysis
did not consider the effect of concomitant changes at other loci in
the circulating viral strains [41]. Various studies have identified co-
segregation of changes in other viral genes along with the D614G
mutation in spike, such as the P323L mutation in the viral poly-
merase RdRp which may attenuate replication to compensate for
the increased transmissibility of D614G viruses [40,42,43].

3. The D614G mutation enhances the infectivity of
pseudoviruses and live SARS-CoV-2

Enhanced entry by PVs displaying the S(G614) has now been
demonstrated in a number of different model systems, ranging
from roughly 2.5- to 45-fold over S(D614) depending on experi-
mental conditions including target cell type, pseudotyping system,
and infection procedure. At equal copy numbers, GFP reporter-
expressing Maloney murine leukemia virus (MLV) pseudotyped
with S(G614) versus S(D614) resulted in significantly higher
transduction of ACE2-overexpressing HEK293T cells with or
without TMPRSS2 overexpression, as well as ACE2-overexpressing
NCI-H1975 human lung epithelial cells [35]. Enhanced trans-
duction by lentiviral PVs carrying S(G614) has also been observed in
ACE2-overexpressing or ACE2- and TMPRSS2-overexpressing
HEK293T cells [25,28,32,39,40,44,45], ACE2-overexpressing A549
human lung epithelial cells [39], ACE2-overexpressing Huh7.5 hu-
man hepatocytes [39], Caco-2 human colon epithelial cells [39,44],
and Calu-3 human lung epithelial cells [44]. Similarly, VSV PVs
pseudotyped with S(G614) more efficiently infect Vero cells, ACE2-
overexpressing HEK293T cells, and ACE2- and TMPRSS2-
overexpressing HEK293T cells [32,45]. The effect of the D614G
mutation in virus infectivity was durable in the presence or absence
of TMPRSS2 overexpression and regardless of the modification of
the S protein cytoplasmic domain, namely, full-length or C-termi-
nally truncated S protein [35,40,45]. Work by Michaud and col-
leagues further augmented observations on D614G with
quantitatively focused approaches. Using a doxycycline-inducible
ACE2-expressing HEK293T cell line, investigators observed that
S(G614) lentiviral PVs mediated more efficient transduction than
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S(D614) PVs over a wide range of ACE2 expression levels, which
they argue are more representative of physiologically relevant cell
types than stable cells that abundantly express the receptor [25].
The same group also employed a two-color reporter system to
observe that GFP-expressing S(G614) PVs outcompete RFP-
expressing S(D614) PVs in ACE2-overexpressing HEK293T cells.
Cotransduction over a range of S(D614) to S(G614) PV ratios
consistently resulted in a greater proportion of GFP-expressing cells
relative to RFP expressing cells, compared to the control in which
both RFP- and GFP- expressing vectors were pseudotyped with
S(D614) [25].

Initial observations of the D614G effect from PV systems have
now been borne out with live SARS-CoV-2 in cell culture and in
animal models. Daniloski et al. developed a trans-complementation
assay, wherein HEK293T cells were transfected with ACE2 and
either S(D614) or S(G614), then infected with SARS-CoV-2 bearing
S(D614). The investigators observed significantly increased viral
replication in the cells transfected with S(G614), likely because
progeny virus produced in those cells incorporated the exogenously
provided S(G614) [39]. Mok et al. compared the infectivity in
hamsters of three live SARS-CoV-2 isolates, two with S(D614) (HK-8
and HK-13) and one with S(G614) (HK-95). Significantly higher viral
titers were observed in the lungs and nasal turbinates of naive
hamsters co-housed with HK-95-infected hamsters than in those
co-housed with HK-8- or HK-13-infected hamsters [46]. The find-
ings support the hypothesis that the D614G variant of S protein
promotes transmissibility of the virus in mammals. However, one
must consider that the viruses used in the study are not isogenic
and thus other genetic differences may have contributed to the
observed infectivity. Addressing this limitation, Plante et al. utilized
an infectious cDNA clone to produce isogenic SARS-CoV-2 bearing
either S(D614) or S(G614) [47]. The investigators observed
increased replication of G614 virus upon infection of Calu-3 human
lung epithelial cells [47]. This effect was also demonstrated in pri-
mary human airway cultures. Further, a competition experiment
produced similar results to those seen in a PV system; G614 virus
predominated in primary human airway cells even when co-
inoculated with a 9-fold excess of D614 virus [47]. Infection of
Syrian hamsters with the G614 virus also resulted in significantly
increased replication in nasal tissues, as well as relatively more
infectious (by PFU to RNA ratio) virus in nasal, tracheal, and lung
tissues, although only a handful of conditions and timepoints
attained statistical significance [47].

Hou et al. utilized an independently developed reverse genetics
system to generate isogenic SARS-CoV-2 clones encoding a lucif-
erase reporter and either S(D614) or S(G614). Consistent with the
findings by Plante et al., enhancement of infection by S(G614) was
observed in Vero-E6 cells, Huh7 cells, and ACE2-overexpressing
A549 cells [48]. Likewise, in primary large airway epithelial cells
infected with both D614 and G614 virus, the G614 virus became
dominant after three passages even when the starting inoculum
contained a ten-fold excess of D614 virus [48]. The same in-
vestigators also observed that infection of primary human nasal
epithelial cells and large airway epithelial cells infected with G614
SARS-CoV-2 resulted in significantly higher titers than those
infected with an equal amount of isogenic D614 virus [48]. This
effect was not seen, however, in small airway epithelial cells. With
the same isogenic viruses, investigators infected Syrian hamsters
and observed a modestly greater weight loss in G614 virus-infected
hamsters compared to D614, although viral titers in lung and nasal
tissues were similar. Importantly, although direct inoculation did
not reveal an appreciable effect of the D614G mutation, the G614
virus was remarkably more transmissible from infected hamsters to
naive hamsters. After 2 days of exposure, 5 of 8 hamsters exposed
to G614 virus-infected hamsters had detectable infection and virus
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shedding, while 0 of 8 hamsters exposed to D614 virus-infected
hamsters had detectable infection at the same timepoint [48].

4. Molecular mechanisms underlying the D614G effect are
incompletely understood

Extensive efforts have been undertaken to ascertain how the
D614G mutation increases infectivity of SARS-CoV-2 and S-pseu-
dotyped vectors. The hypotheses which have been discussed in the
literature may be distilled into several central ideas (Fig. 2): the
D614G mutation (a) modulates cleavage efficiency of S protein, (b)
promotes a conformation favorable for RBD-ACE2 interaction
(“openness” hypothesis), (c¢) facilitates more efficient S protein
incorporation into the virion (“density” hypothesis), and (d) stabi-
lizes the association of prefusion spike trimers (“stability” hy-
pothesis). It is noteworthy that the D614G mutation does not
modulate the S protein binding affinity for ACE2; independent
studies have found that monomers of S(D614) and S(G614) have
similar affinity for ACE2 as measured by surface plasmon resonance
[35] or bio-layer interferometry [39]. While others reported affinity
changes [44,49], caution should be taken to interpret the data,
depending on the nature of the S protein used in the study. If sol-
uble spike trimers are used, ACE2 binding is determined not only by
affinity but also by S1 shedding. On the other hand, if soluble spike
trimers containing a furin-null mutation is used, although this
mutation addresses the S1-shedding problem, the difference be-
tween D614 and G614 may no longer be observed.

4.1. Modulating S protein cleavage

Using in silico predictions, Bhattacharyya et al. proposed that the
D614G substitution introduces a cleavage site for elastase [50].
Another group used an independent software tool for prediction of
protease cleavage sites and identified the same novel cleavage site
introduced by the D614G substitution [51]. In that study, a cell
lysate Western blot of HEK293T cells overexpressing S protein
showed stronger S1 versus full-length S signal in cells transfected
with S(G614) than in those transfected with S(D614), and further
observed that the elastase inhibitor sivelestat significantly
decreased S1 band intensity [51]. However, sivelestat also appeared
to slightly decrease S1 intensity in the context of S(D614), and one
must note that observations of spike in cell lysate my not be
representative of that of mature virions. An independent group
further observed that protease cleavage at the furin site is more
efficient in S(G614) compared to S(D614) [52], which is supported
by computational predictions of furin affinity for the two variants
[53]. On the other hand, Daniloski et al. observed that S(G614)
compared to S(D614) was more resistant to cleavage as determined
by amount of uncleaved S in cell lysates and upon digestion with
furin in vitro [39].

4.2. Promoting open RBD conformation

By performing molecular dynamics simulations, Mansbach and
colleagues predicted that the D614G mutation effects changes in
intra-protomer energetics which favor a “one-up” conformation of
the spike trimer — one of three protomers in open conformation.
This “one-up” conformation is considered the infection-capable
state, because spike trimers in all-closed conformation do not
expose RBD to ACE2, and conversely two or three simultaneously
open protomers are unstable [54]. By applying global differential
contact analysis, they further observe that contacts in CT1-CT2
(528-685) and FP-FPR (816-911) regions are major contributors to
this effect, particularly the abolishment of the D614-T859 hydrogen
bond [54]. These interactions are implicated by other groups as well
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Fig. 2. Schematic comparison of two independent models explaining increased infectivity by SARS-CoV-2 isolates possessing D614G mutant spike. On the left, the “openness”
model explains increased infectivity by an increased propensity of S(G614) spike to assume the 1-up conformation thought to be necessary for ACE2 interaction with the RBD.
Magenta, blue, and green colors represent individual S protein monomers. Yellow asterisk indicates position of residue 614 near the S1/S2 interface. On the right, the “density-
stability” model explains increased infectivity by increased stability of S(G614) spike trimers, facilitating greater incorporation into virions and less shedding of the S1 subunit. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

[28,32,55,56]. Independent molecular dynamics simulations also
support the hypothesis that the S(G614) variant favors an open
conformation, specifically suggesting that the D614G mutation
disrupts the formation of an inter-protomer D614-K835 salt bridge
in the closed conformation [40]. Experimental data in support of
these claims have been reported in the evaluation of purified spike
trimers by cryo-electron microscopy (EM) [44] as well as negative-
stain EM [57]. With both methodologies, investigators observed
that the open states were more heavily populated in S(G614) spikes
whereas significantly greater proportion of S(D614) spikes were
observed in the “three-down” conformation thought to be unfa-
vorable for RBD-ACE2 interaction. A significant difference between
the two studies is that in negative-stain EM data from Weissman
et al.,, 84% of G614 spikes were in “one-up” conformation and the
remaining spikes were observed in “three-down” conformation
[57], while in contrast, cryo-EM data on spike timers reported by
Yurkovetskiy et al. exhibit “two-up” and “three-up” conformations
of S(G614) spikes, exceeding the limited proportion of “one-up”
spikes [44]. A limitation of both studies is that the S protein con-
structs had furin-null mutations and a di-proline mutation of res-
idues 986-987 to stabilize the pre-fusion conformation [44,57].
Therefore, the analyzed macromolecular structures were uncleaved
and effects of D614G on intermolecular association between S1 and
S2 of processed S protein trimers could not be ascertained. Gobeil
et al. studied the spike ectodomain structure with the native K986
and V987 residues while maintaining the furin-null mutation, and
found that D614 spike trimers had similar melting temperature
with or without the di-proline mutation [52]. Cryo-EM structures of
S(D614) and S(G614) spike lacking the di-proline mutation did not
identify any populations in “two-up” or “three-up” conformation,
while they do show an enrichment of the “one-up” conformation in
S(G614) [52].
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4.3. Facilitating higher S protein incorporation into the virion

In our own study, we produced virus-like particles (VLPs)
comprised of SARS-CoV-2 nucleoprotein (N), membrane protein
(M), envelope protein (E), and S(D614) or S(G614). By Western blot,
we found that VLPs with S(G614) had significantly higher density of
incorporated S protein than S(D614) VLPs, when same number of
VLP particles were analyzed and their quantities confirmed by N
protein band intensity [35]. We also observed higher incorporation
of S(G614) compared to S(D614) into MLV PVs. On the contrary,
several studies observed no effect of the D614G mutation on spike
density, using lentiviral PV or live SARS-CoV-2 [44,47,48]. Cyto-
toxicity can explain, at least partially, this apparent discrepancy.
Significant cytotoxicity is associated with the production of lenti-
viral and VSV PVs, as well as live SARS-CoV-2 infection. In contrast,
we found that MLV PV production exhibits no cytotoxicity at all,
while SARS-CoV-2 VLP production, particularly expression of M
protein, is toxic [35]. In the case of these cytotoxic systems, S pro-
tein released from lysed cells may have masked any difference in S
protein density on the virion. One caveat is that visualization of
isogenic D614 and G614 variant SARS-CoV-2 by scanning EM and
transmission EM did not reveal significant differences in spike
density [48], which cannot be explained by the masking effect of
contaminating S protein. Because many studies have observed
deletion of the furin cleavage site in live SARS-CoV-2 in as few as
two to three passages in Vero cells [58—61], care must be taken to
ensure that studies of live viruses are not impacted by artifacts of
this adaptation. In line with our own observations on VLPs and MLV
PVs, Turonova et al. visualized live SARS-CoV-2 G614 virions by
cryo-EM and observed much greater spike density than was re-
ported in prior studies with D614 viruses [61,62]. Consistently,
increased spike density associated with the D614G mutation was
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reproduced by Michaud et al. in a lentiviral PV system [25]. The
investigators also observed that S(G614), when co-expressed with
S(D614), is preferentially incorporated into pseudovirions, and that
chimeric spike trimers on pseduovirions contain more S(G614)
protomers than S(D614) protomers [25]. One explanation for
increased spike density on the G614 virion is a greater propensity of
the S(G614) monomer to form stable trimers, a requisite for virion
incorporation.

4.4. Enhancing S protein stability

The stability of S(G614) likely underlies observations that the
D614G mutation decreases S1 shedding. In our own study with
both the PV and VLP experimental models, we observed stronger
retention of the S1 subunit on the S(G614) compared to S(D614)
virion [35]. Stronger intermolecular association of S1 with S2 is
supported by biophysical analyses of Fernandez, implicating sta-
bilized S1—S2 interface in S(G614) [63]. Further, it is likely that S1
shedding is a limiting factor in the infectivity of S(D614) SARS-CoV-
2 as an early cryo-EM study of live virus observed a major popu-
lation of spikes in the post-fusion state which lacks S1 [62]. Several
independent studies have resulted in experimental data supporting
this hypothesis. Nguyen et al. expressed S protein alone in HEK293T
cells and found significantly lower shedding of S1 into cell culture
media by S(G614), while processing into S1 and S2 of S(G614) was
only slightly higher than that of S(D614) [45]. Zhang et al. also made
similar observations; full-length S protein was purified and
analyzed by size exclusion chromatography (SEC), and the in-
vestigators found that while S(D614) eluted in three peaks repre-
senting the prefusion S trimer, postfusion S2 trimer, and dissociated
S1 subunit, S(G614) eluted in only one major peak comprised 90% of
prefusion S trimer [49]. Similar SEC profiles for S(D614) versus
S(G614) were obtained by Gobeil et al., confirming greater S1
retention in S(G614) [52]. Additionally, Zhang et al. provide a
mechanistic explanation for reduced shedding in their interpreta-
tion of cryo-EM structures of S protein trimers. They explain that in
S(G614) trimers, a ~20-residue segment in the CTD2 was ordered,
whereas the same region was largely disordered in S(D614) trimers
[49]. The authors posit that this structured loop in S(G614) stabi-
lizes packing of the trimer by tucking between the NTD and CTD1,
as well as sealing a hydrophobic surface of the CTD2, which in turn
blocks S1 dissociation [49].

5. G614 virus is as sensitive to neutralization as D614 virus

One aspect of the D614G mutation which has been investigated
more extensively than the mechanism of increased infectivity is its
impact on vaccines and antibodies. Early discussions raised concern
of possible antigenic drift, suggesting that vaccines targeting
S(D614) may offer limited protection against viruses with S(G614)
and that antibodies in exposed individuals would not offer cross-
protection [64]. Indeed, though reinfections have been reported
with two independent isolates harboring the same S protein variant
[65], recent case reports identified first infection events with D614
virus followed by reinfection with G614 virus [66,67]. However,
many studies have shown that humoral immunity is likely pro-
tective against both variants. Yuan and Li employed in silico pre-
diction of 12 linear and 53 discontinuous B-cell epitopes from the S
protein and found that the D614G mutation had a negligible impact
on predicted epitopes [68]. Experimental data pertaining to
neutralization of S(G614) and S(D614) pseudoviruses have been
reported in abundance. The majority of experiments demonstrate
similar neutralization of both S(D614) and S(G614) PVs by anti-
bodies or patient antisera directed against one or the other S pro-
tein variant [28,35,51,69—78], while in some cases S(G614)
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exhibited greater susceptibility to neutralization [51,57]. Similar
neutralization or greater susceptibility of the S(G614) variant have
been reproduced with live SARS-CoV-2 as well [47,48]. Several
candidate vaccines have been evaluated in mouse, monkey, and
ferret models and elicited antibodies with comparable neutralizing
activity against S(D614) and S(G614) [79—81]. As underscored by
these experimental data, single-residue mutations will not likely
change viral sensitivity to neutralization unless they grossly alter S
protein conformation.

6. Discussion

Current literature makes it clear that the D614G variant in SARS-
CoV-2 S protein significantly enhances infectivity and trans-
missibility of the virus. In-depth functional virological studies
confirm the effect of this change, and scrutiny of epidemiological
data reveals that the proliferation of this genotype cannot be simply
explained by founder effect. The D614 variant was well established
in several regions before being supplanted by isolates harboring
G614 [32], and data analyses support the assertion that predomi-
nance of G614 is due to selection [82]. However, the exact molec-
ular mechanisms by which this mutation enhances infectivity are
still incompletely understood. For example, data indicating S(G614)
has equal or lower affinity for ACE2 than S(D614) are at odds with
conclusions that S(G614) promotes a conformation favoring inter-
action with ACE2. Obtaining a clear conclusion on this issue suffers
from technical difficulties to generate spike trimers without
introducing artificial trimerization motifs. It also suffers from the
complexity of data interpretation, owing to the furin-null mutation
introduced to stabilize spike trimers, which prevents natural S1
shedding. On the other hand, stabilization of intermolecular in-
teractions between S1 and S2, which leads to decreased S1 shed-
ding and more efficient spike incorporation onto virions, can
explain the enhanced infectivity of D614G viruses by an avidity
effect. Ultimately, the field has not reached a working model which
is consistent with the entirety of experimental data available at this
time. However, the rapid proliferation of research on this topic
which has resulted in an enormous amount of data is a testament to
the crucial role of basic molecular virology in responding to this
unprecedented pandemic. In addition to an incomplete under-
standing of the molecular mechanism by which the D614G muta-
tion exerts its effect, the full health impacts of this mutation are also
not yet clear. For example, Butowt et al. speculate that the con-
current emergence of S(G614) SARS-CoV-2 and clinical observa-
tions of anosmia are functionally linked [83]. The clinical and
epidemiological data reviewed above suggest that although the
D614G mutation confers an advantage in transmissibility, its effect
on disease severity is uncertain, partially because other mutations
frequently co-occur.

SARS-CoV-2 acquired a furin cleavage site not found in SARS-
CoV-1 or any other known sarbecovirus. Studies have shown that
acquisition of this furin cleavage site could be beneficial to the vi-
rus, because mutations at this site decrease viral infectivity
[4,14,21,58], but in other contexts or other mutations of the furin
cleavage site, infectivity is increased [4,35,58,59]. We currently do
not know whether viruses without the furin cleavage site would
replicate more efficiently in vivo. What we know is that none of the
viruses isolated from the presumed SARS-CoV-2 reservoir species
has the furin cleavage site and that its acquisition may have been
recent, perhaps close to the timeframe of zoonosis. It is possible,
then, that acquiring the furin cleavage site is critical to human
infection or transmission, a possibility supported by the continued
retention of this site during the pandemic. However, the furin
cleavage site may have made the S protein less stable and therefore
the virus may have acquired the D614G mutation to compensate for
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this instability. Regardless, the predominance of D614G indicates
that it, like the furin cleavage site, is beneficial to the virus. During
the current pandemic, there has so far been only one mutation in
the S protein, D614G, which confers an apparent fitness advantage
to the virus. It is not certain whether additional similar mutations
will emerge in a prolonged pandemic, but there are reasons to be
hopeful. First, there does not appear to be major selective pressure
on the S protein from the antibody response, likely because the
virus moves to a new host more quickly than a neutralizing anti-
body response can develop. Indeed, the single S protein mutation
that did emerge, D614G, is buried within the S protein and does not
have a significant impact on any critical antibody epitope. Second,
SARS-CoV-2 currently occupies an excellent evolutionary niche, as
demonstrated by its ability to sustain a global pandemic. The acute
selective pressure of S protein instability, which has been an
Achilles’ heel of the virus, was resolved by the D614G mutation.
There may not be any further selective pressure similar to that
posed by S protein instability.
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