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Abstract
Evaluation of immunogenic epitopes for universal vaccine development in the face of ongoing SARS-CoV-2 evolution
remains a challenge. Herein, we investigate the genetic and structural conservation of an immunogenically relevant
epitope (C662–C671) of spike (S) protein across SARS-CoV-2 variants to determine its potential utility as a broad-
spectrum vaccine candidate against coronavirus diseases. Comparative sequence analysis, structural assessment, and
molecular dynamics simulations of C662–C671 epitope were performed. Mathematical tools were employed to de-
termine its mutational cost. We found that the amino acid sequence of C662–C671 epitope is entirely conserved
across the observed major variants of SARS-CoV-2 in addition to SARS-CoV. Its conformation and accessibility
are predicted to be conserved, even in the highly mutated Omicron variant. Costly mutational rate in the context
of energy expenditure in genome replication and translation can explain this strict conservation. These observations
may herald an approach to developing vaccine candidates for universal protection against emergent variants of
coronavirus.
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Introduction
The ongoing Coronavirus disease 2019 (COVID-19) global
pandemic continues to pose an unprecedented health
threat to humankind and the potential for evolution of
more infectious and/or virulent SARS-CoV-2 variants
with resistance to vaccines remains a considerable con-
cern. Within 1 year after SARS-CoV-2 first emerged clinic-
ally, the United States Food & Drug Administration (FDA)
began issuing Emergency Use Authorization (EUA) for
COVID-19 vaccines for the general population. Less than
1 year out from their initial deployment, we began experi-
encing two setbacks in the fight against the virus. First, the
Delta and Omicron “Variants of Concern” (VOCs) have
proven to be more transmissible and more virulent than
other previously described variants. Second, immunologic-
al protection unfortunately appears to wane in the
months following either initial infection or full vaccination.
Although the FDA granted full approval for the Moderna
and Pfizer-BioNTech vaccines, COVID-19 vaccines in gen-
eral have been reported to have decreased effectiveness
against Delta and Omicron variant infection and symp-
tomatic illness (Fowlkes et al. 2021; Andrews et al. 2022).

The spike (S) protein, which is one of the main struc-
tural proteins of SARS-CoV-2 (Cao et al. 2021), is the pri-
mary target of neutralizing antibodies generated
following infection (Liu et al. 2020) and has formed the ba-
sis of nearly all first-generation COVID-19 vaccines (Dai
and Gao 2021; Jalkanen et al. 2021). A recent analysis of
more than 300,000 viral genomes suggested that muta-
tions within the S protein represent one of the main path-
ways of adaptive evolution in SARS-CoV-2 (Rochman et al.
2021), thereby raising concerns about the potential for re-
sistance to neutralizing antibodies acquired through either
vaccination or previous COVID-19 infection (Chen et al.
2021; Wang et al. 2021; Zhou and Wang, 2021). Despite re-
cent developments supporting the concept of “inescap-
able” monoclonal antibodies with broad activity against
multiple variants of SARS-CoV-2 (Starr et al. 2021) and
the FDA-approved antiviral drug, remdesivir, for treatment
of infected patients, the ongoing genetic evolution of the
virus continues to raise uncertainty regarding the possibil-
ity of new viral mutations that allow immune escape. Both
the World Health Organization (WHO, 2022) and the
United States Centers for Disease Control & Prevention
(CDC, 2021) actively monitor new variants; by definition,
the ones with greater numbers of mutations and high
transmissibility have been labeled VOCs (Chen et al.
2021; Harvey et al. 2021). In the face of the highly transmis-
sible Delta and Omicron VOCs, the FDA now recommends
an additional dose (booster) of vaccine for all eligible indi-
viduals at least 6 months post full vaccination.

The persistence of the COVID-19 pandemic strongly re-
emphasizes the need for adaptable strategies for immun-
ization that enhance efficacy and broaden the spectrum
of protection beyond those elicited by the vaccines cur-
rently in clinical use and under investigational research
and development. In previous work, we have established

alternative vaccine strategies based on targeted pulmon-
ary immunization with ligand-directed phage constructs
(Staquicini, Barbu, et al. 2021). Phage particles are generally
harmless to humans, but induce a potent nonspecific
humoral response; they are inexpensively produced and
distributed at an industrial scale with no temperature-
controlled supply cold-chain requirement (Staquicini,
Tang, et al. 2021), which represents one of the major impe-
diments to moving first-generation COVID-19 vaccines
into resource-limited settings. To drive the phage-based
vaccine concept towards clinical translation, phage parti-
cles were engineered to display a highly immunogenic cyc-
lic decapeptide epitope of the SARS-CoV-2 S protein
(residues C662–C671, sequence CDIPIGAGIC) (hereafter
referred to as the C662–C671 epitope) fused with a lung-
directed motif that facilitates uptake and distribution after
targeted aerosol delivery (Staquicini, Barbu, et al. 2021;
Staquicini, Tang, et al. 2021). The cyclization of this epitope
within the native full-length S protein is enabled by a disul-
fide bridge between the flanking cysteine residues. The
C662–C671 epitope closely recapitulates its native cyclic
conformation with the same disulfide bridge when dis-
played on the surface of the phage and elicits a strong
and specific antibody response in mice. This experimental
evidence strongly suggests that such a strategy fulfills the
functional attributes for induction of a broad immune re-
sponse to SARS-CoV-2 (Staquicini, Tang, et al. 2021). In or-
der to assess the utility of our approach against existing
and/or new variants of SARS-CoV-2, we herein investi-
gated the C662–C671 epitope further by serially perform-
ing comparative sequence, structural, simulation, and
computational analyses in the context of the emerging
mutational impact of the five current and former VOCs.

Results
C662–C671 Sequence is Conserved across Major
Variants
To examine the nature of mutational selective pressure on
SARS-CoV-2, we retrieved S protein sequences from 14
major variants that have arisen throughout the pandemic
(supplementary table S1, Supplementary Material online).
We observed that although these variants together harbor
substitutions or deletions at 86 different amino acid
positions distributed throughout the 1,273-residue pro-
tein, the C662–C671 epitope is strictly conserved
(supplementary fig. S1, Supplementary Material online),
an attribute that could be exploited towards the develop-
ment of a broad-spectrum, possibly universal, COVID-19
vaccine. Of note, mutations in the current and former
VOCs (Alpha, Beta, Gamma, Delta, and Omicron) are pri-
marily clustered in the N-terminal domain (NTD) and the
receptor-binding domain (RBD) of S protein (fig. 1A).
Based on the antibody repertoires identified in the plasma
of SARS-CoV-2-infected individuals, both RBD and NTD
are the targets of various neutralizing antibodies, with
RBD being immunodominant (Harvey et al. 2021).
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Moreover, selection pressure on the virus from neutraliz-
ing antibodies generated via natural infection, vaccines,
or antibody-based therapies is also consistent with the

rapid rise in mutations within the RBD, which is highly tol-
erant to immune-evading protein changes based on evolu-
tionary modeling (Van Egeren et al. 2021). The C662–C671

FIG. 1. Sequence and structural conservation of the C662–C671 epitope of SARS-CoV-2 S protein across variants. (A) Domain representation of
the residue sites affected by missense mutations or deletions present throughout the five current and former VOCs (Alpha, Beta, Gamma, Delta,
and Omicron) (magenta) and the unaffected C662–C671 epitope (cyan). Amino acid insertions (i.e., ins214EPE for Omicron) are not repre-
sented. The two arrows signify cleavage sites. NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR, heptapeptide
repeat sequence; TM, transmembrane; CT, cytoplasmic tail. (B) Atomic structural representation of one monomer (dim gray) showing all residue
sites affected by VOC mutations or deletions (magenta) and the C662–C671 epitope (cyan). SARS-CoV-2 particle created with BioRender.com.
(C ) The closed- and open-state (one RBD up) S protein structures of each VOC were simulated to assess the impact of mutations on the con-
formation of the C662–C671 epitope. The structural model of the Delta VOC that was used for simulations is shown on the left as a represen-
tative example. Shown (right) are the probability distributions of the spatial RMSD values (with respect to the wild-type strain conformation) of
the C662–C671 epitope backbone atoms in each variant, calculated from 500-ns explicit-solvent simulations without glycans. (D) SASA of C662–
C671 of each chain in the context of the trimeric S protein structure. Top: closed conformation; bottom: one-open (chain A) conformation. Bars
represent the average SASA computed for the five lowest-energy models out of 100 generated for each variant for each conformation. Error bars
indicate standard deviation. (E) Mutation effects analysis of the C662–C671 epitope, RBD, and NTD presented as a heatmap of the combined
average costs of single nucleotide and amino acid synthesis for the three sequences of interest. For RBD and NTD, 100 sub-sequences of
30-nucleotide length were sampled from the wild-type sequences to generate mutants. The color legend denotes the total cost of nucleotide
and amino acid production for mutants normalized to the cost of wild-type production. Each bar of the heatmap represents a single mutant.

Genetic and Structural Analysis of SARS-CoV-2 · https://doi.org/10.1093/molbev/msac091 MBE

3

https://doi.org/10.1093/molbev/msac091


epitope, which is located outside the NTD and the RBD,
has also been shown to be targeted by neutralizing anti-
bodies (Farrera-Soler et al. 2020; Li et al. 2020; Heffron
et al. 2021). While studies with patient convalescent serum
samples suggest that antigen escape from neutralizing
antibodies likely drives the rise and dominance of new var-
iants (Harvey et al. 2021), conserved epitopes across differ-
ent strains, such as C662–C671, may help guide the
development of a vaccine candidate against different
SARS-CoV-2 variants. Moreover, such mutations within
C662–C671 were only identified in 1,852 instances of
9,205,762 sequenced (a total of �0.02% for the 10-residue
epitope) SARS-CoV-2 isolates worldwide as of March 22,
2022 according to COVID-19 virusMutation Tracker
(Alam et al. 2021). It is also remarkable that the C662–
C671 epitope shares 100% identity with the S protein of
the previous zoonotic coronavirus (SARS-CoV) that
caused the original SARS outbreak in 2003 and partial
homology with the corresponding S protein of the
Middle East Respiratory Syndrome coronavirus from
2012 (supplementary fig. S1, Supplementary Material on-
line), indicating the potential role of this epitope for im-
munization against not only SARS-CoV-2, but also other
pathogenic coronaviruses. Collectively, these empirical re-
sults suggest that C662–C671 epitope might represent a
privileged motif for vaccine development and perhaps
even a potential target for inescapable antibodies (Starr
et al. 2021).

Epitope Conformation and Accessibility are Predicted
to be Stable Despite Adjacent Mutations
To gain further insight into the structural properties of
C662–C671, we performed comparative structural analysis
(fig. 1B) and molecular dynamics simulations (fig. 1C and
supplementary figs. S2–S6, Supplementary Material on-
line). Prior simulations suggest that the disulfide bridge-
enabled cyclization acts as a structural constraint that
enables the short peptide to retain a conformation with
minimal variation (Staquicini, Tang, et al. 2021). In add-
ition, all-atom explicit-solvent simulations of the S protein
indicate that mutations associated with VOCs do not im-
pact the structural properties of this epitope. For each in-
dividual variant, 500 ns simulations were performed, and
the spatial root-mean-square deviation (RMSD) of the
C662–C671 epitope was calculated, relative to its configur-
ation in the closed- and open-state structures of the wild-
type sequence (fig. 1C). For each variant, the probability
distribution as a function of RMSD (backbone atoms)
was very similar and peaked around 0.35 Å. RMSD values
that included the side-chain atoms were also very low
and centered around 0.4–0.6 Å (supplementary fig. S2,
Supplementary Material online). These observations
strongly suggest that this region remains conformationally
stable despite the presence of numerous mutations ac-
quired elsewhere in the protein during the global
COVID-19 pandemic. Further, this observation appears in-
dependent of the glycosylation state of the S protein,

though the sampled RMSD values are slightly smaller
when glycans were included (supplementary figs. S3–S5,
Supplementary Material online). The C662–C671 epitope
is partially located on the solvent-exposed surface in
both the closed- and open-state S protein (Staquicini,
Tang, et al. 2021), a central structural property for vaccine
development, because antibody binding requires access to
epitopes. To further evaluate this empirical observation,
we performed solvent accessibility surface area (SASA) cal-
culations of the C662–C671 epitope for the wild-type
strain and major variants. We demonstrate that opening
of the RBD of one protomer (chain A) results in a marked
increase in epitope accessibility of a separate protomer
(chain C); furthermore, S protein mutants of the current
and former VOCs do not display major changes in
SASA patterns for each protomer compared to the
wild-type strain (fig. 1D and supplementary table S2,
Supplementary Material online), revealing that epitope ac-
cessibility is likely not affected.

HighMutational Cost Supports Epitope Conservation
To understand the mechanistic basis of the relatively low
mutational rate of the C662–C671 epitope in comparison
to the RBD and NTD, we have reasoned that mutations
within the two latter protein domains—in addition to pro-
viding a functional advantage to the virus—may also be
energetically more favorable with respect to the cost of
genome replication and translation of mutant sequences.
Based on the observation that genome replication and
translation combined are the most expensive processes
of virus production for the host cells, energy limitation
could induce selection pressure and genetic drift on newly
incorporated elements in viral genomes (Mahmoudabadi
et al. 2017). Thus, the incorporation of “lower-cost” nu-
cleotides or amino acid residues [based on adenosine tri-
phosphate (ATP) utilization] resulting in energy
conservation could be advantageous for SARS-CoV-2
(Chen et al. 2016). To test this possibility, we used the
Monte Carlo technique to generate mutants of the
C662–C671 epitope, RBD, and NTD and to calculate the
cost of synthesis of nucleotides and amino acids relative
to the wild-type sequences of these three regions
(Supplementary Material online) (Dogra et al. 2020). We
have found that the evolutionary costs of production of
C662–C671 mutants (per nucleotide and per residue com-
bined) are significantly higher than those of RBD and NTD
mutants (P, 0.0001; one-way ANOVA and Tukey’s test)
(fig. 1E and supplementary fig. S7, Supplementary
Material online). At specific nucleotide positions, point
mutations can cause up to a 4% increase in the relative
cost of synthesis in the C662–C671 epitope, unlike in the
RBD or NTD (supplementary fig. S7, Supplementary
Material online). This value is based on the relative cost
of synthesis of individual nucleotides in the mutants com-
pared to the wild-type sequence. While these increments
in the relative cost may seem marginal, when scaled to
the infection level, the total cost of synthesis of millions
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of copies of such mutated sequences can be quite large.
Overall, this result indicates that point mutations in the
C662–C671 epitope may be evolutionarily costly for the
virus compared tomutations in the RBD and NTD, thereby
making the former less favorable for natural selection.
Such empirical analysis, while admittedly lacking an intim-
ate description of molecular mechanisms involved in virus
production, might have captured an essential phenom-
enon in the natural selection of mutations.

Discussion
The rapid evolution of the SARS-CoV-2 genome (Harvey
et al. 2021) highlights the need for developing a single vac-
cine (or a small number of vaccines) with a broad, ideally
universal, spectrum of activity against viral variants. To
achieve these desirable attributes, a candidate vaccine anti-
gen should be: (1) immunogenic, (2) highly conserved (i.e.,
free of non-conserved missense mutations and/or single-
residue deletions), (3) capable of recapitulating its endogen-
ous conformation when displayed in heterologous contexts,
and (4) surface solvent-exposed (either partially or fully)
and thus suitable for recognition by antibodies and other li-
gands from either the humoral or cellular immune response.
Several recent studies with different strategies such as arti-
ficial intelligence/machine learning (AI/ML) (Malone et al.
2020), phage display-based immunoprecipitation and
sequencing technology (Shrock et al. 2020), or systematic
site-directed mutagenesis (Starr et al. 2020) scanned and
predicted mutational hotspot regions for the design of
broad-spectrum vaccines, diagnostics, and antibody-based
therapies. Notwithstanding insights into epitope mapping,
it remains unclear whether these polypeptide chain seg-
ments are evolutionary stable and, therefore, suitable to con-
trol the spread of emerging COVID-19 variants worldwide.

We recently reported that the C662–C671 epitope of
SARS-CoV-2 elicits the generation of anti-S protein anti-
bodies when incorporated into an aerosol-delivered tar-
geted phage-based vaccine prototype (Staquicini, Barbu,
et al. 2021; Staquicini, Tang, et al. 2021). Here, we refined
and integrated structural, biophysical, and mathematical
tools to present additional experimental evidence that
C662–C671 meets all the desirable criteria of an epitope
for a potential broad-spectrum, hopefully universal, vac-
cine against SARS-CoV-2 variants. Indeed, computational
methods, including but not limited to AI/ML-based tools,
can facilitate timely insight into the impact of novel viral
mutations during the COVID-19 pandemic (Burley et al.
2021). As of March 2022, the Omicron sub-variant BA.2,
which also does not contain mutations within the
C662–C671 epitope, is rapidly spreading across the globe,
emphasizing the importance of our integrated strategies.
In the context of phage-based vaccines, such a versatile ap-
proach is highly amenable to simple cloning strategies that
would allow the display of other exposed and preserved
immunogenic epitopes from SARS-CoV-2 or other viral
surface glycoproteins. Targeted phage-based vaccines
could, therefore, be designed to include admixtures

(cocktails) of distinct epitopes of S protein, which may
help suppress the development of viral resistance or im-
mune evasion (Baum et al. 2020). Finally, targeted phage-
based vaccines are affordable to manufacture and robust
in cold-free supply chain conditions, which would be par-
ticularly impactful in low-income countries with vaccine
shortages and distribution challenges. From a broad per-
spective, this work provides an experimental framework
and rational tools for the discovery and evaluation of
SARS-CoV-2 epitopes with potentially universal features
along with the possible generation of inescapable monoclo-
nal antibodies as early therapeutics against COVID-19.

Supplementary Material
Supplementary data are available atMolecular Biology and
Evolution online.
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