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Summary. - The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing coronavirus
disease 2019 (COVID-19), and SARS-CoV-2 variants pose an increased risk to global health. Therefore,
monitoring of SARS-CoV-2 variants of concern (VOCs) is of high importance for the implementation of
disease control methods, for timely public health decisions, and the development of vaccines against
SARS-CoV-2 variants. In this study, which was performed before the delta and omicron variants of concern
became dominant, atotal of 111 SARS-CoV-2 positive samples from our hospital staff in Cologne, Germany,
collected from March 2020 to May 2021 were analysed for VOCs. For determination of VOCs, mutation
genotyping analysis (MGA) using mutation-specific simple (MSS) probes based on quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) of ten spike protein variants (SPVs) was performed.
The MGA focuses on the detection of the spike protein mutation (SPM) of SPVs belonging to VOCs. By
successful determination of SPV, the work concludes that 24.66 % of the samples belong to VOC B.1.1.7and
1.37 % of the samples belong to VOC B.1.351. Based on these results, MGA proves to be a suitable alternative
to sequencing technologies as it is a rapid, cost-effective, widely available, and feasible method that
allows high sample throughput for the determination of circulating and monitored SARS-CoV-2 VOCs.
With focus on the novel variants such as SARS-CoV-2 omicron BA.4 and BA.5 similar approaches could
be used for a rapid initial screening, while, however, due to the increasing number of single nucleotide
polymorphisms that determine the variants of concern in depth screening becomes more cost efficient
by next generation sequencing.
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Introduction

The global corona pandemic caused by SARS-CoV-2
remains a global health challenge that became more
complicated by the occurrence of so-called variants of
concern (VOCs). On January 5%,2021,the WHO announced
the discovery of two novel variants of SARS-CoV-2. The

‘Corresponding author. E-mail: schildgeno@kliniken-koeln.
de, oliver.schildgen@uni-wh.de; phone: +49(0)221-890713467.
Abbreviations: MGA = mutation genotyping analysis; MSS =
mutation-specific simple; SARS-CoV-2 = severe acute respiratory
syndrome coronavirus 2; SPM = spike protein mutation; SPV =
spike protein variant; VOCs = variants of concern

first variant was detected in the United Kingdom (B.1.1.7)
and the second in South Africa (B.1.351) (WHO, 2021b). In
mid-March 2021, three VOCs, B.1.1.7; B.1.35]1, and P.1, were
recognised by WHO (WHO, 2021d). About two months
later, in May 2021, another VOC (B.1.617.2) was added to
the already known variants (WHO, 2021c).

In general,the number of SARS-CoV-2 cases and deaths
and the emergence of new variants increased enormously
inthis short period, either by the pure increasing number
of infected individuals or by altered pathogenicity. In any
case, it became an internationally accepted strategy to
monitor the occurrence and spread of novel variants. In
order to address this strategy and fulfil local requirement
for strain typing while taking into account economic


about:blank
about:blank
about:blank

SPOLGEN, G. et al.: SARS-CoV-2 GENOTYPING BY qPCRs 325

considerations that had to avoid high costs of next ge-
neration sequencing, this study aimed to validate arapid,
cost-effective, widely available, and feasible PCR-based
genotyping analysis that allows high sample through-
put and provides an alternative method to sequencing
technologies for the determination of the circulating and
monitored SARS-CoV-2 VOCs.

Similar approaches have been meanwhile described
from several countries in which VOC monitoring was
also performed by specific melting curve analyses of
RT-g-PCRs, either from patient samples but also from
wastewater (Ayadi et al.,2022; Fabiani et al.,2022; Gomes et
al.,2022; Norz et al., 2022; Oloye et al., 2022; Sit et al., 2022).
Although some of these reports have also considered
novel VOCs including omicron and delta, the experience
from our setting may be useful.

While in this report, the usage of a set of qPCRs for ty-
ping of alpha, beta, and gamma variants is described in
the pre-delta and pre-omicron phase of the pandemics,
the basic principle of identification of the most recent
VOCs by PCRs can be applied for future waves, while in
depthtyping that detects all relevant and known variants
of concern is likely to be more economic by next gen-
eration sequencing (Donzelli et al., 2022; Flechsler et al.,
2022; Nasereddin et al., 2022; Sun et al., 2022). However,
rapid gPCR based VOC detection in hospital staff may also
rapidly show if local transmission occurs from within or
from outside the hospital working setting and may give
insights into infection chain if implemented in the early
phase of anew VOC's occurrence.

Materials and Methods

Specimen description. All specimens were throat washings
obtained from the staff members testing during routine scree-
nings, and specimens used for the analysis were tested positive
for SARS-CoV-2 by RT-qPCR (RealStar SARS-CoV-2 Assay, Altona
Diagnostics, Germany) as previously described (Malecki et al.,
2020). The patient cohort exclusively consisted of staff members
working for the City of Cologne Hospital group and were col-
lected at our three major facilities in Cologne (i.e. three clinics,
namely the Hospital in Cologne-Holweide, the Children's Hos-
pital, and the Hospital of the Private University of Witten/
Herdecke in Cologne-Merheim) before being transported to our
laboratory at the location in Cologne-Merheim.

Atotal of 111 specimens were included for genotyping analy-
sis. The samples were collected in the period from March 24,
2020 (week 13, 2020), to May 5t, 2021 (week 18, 2021). The Ct
values of the SARS-CoV-2 obtained by the RealStar PCR assays
ranged from 12.29 to 39.61 for the spike gene (S-gene) and from
12.40to0 41.05 for the envelope gene (E-gene). The average Ct val-
ue of the tested samples for E-gene was 25.00 and for the S-gene

24.37.In12 specimens with only a single gene tested positive by
the RealStar assay, five specimens had no Ct value detected for
the E-gene and seven had no Ct value detected for the S-gene.

Mutation genotyping assay. The MGA was performed using
a set of commercially available assays (VirSNiP mutations
assays, TibMolbiol, Berlin, Germany). The following assays
according to figure 1 were used: RT-qPCR for SPV H69/V70 del,
K417N, N439K, Y453F, E484K, N501Y, A570D, D614G, P681H, and
V1176F. Assays for novel omicron variants as shown in Figure
1 were not available during the study period. All used assays
were performed exactly as recommended by the manufac-
turer's protocols.

Ethics statement. Reporting of this data was covered by
governmental general disposition act of the German Ministry
of Health (Bundesgesundheitsministerium, 2021).

Data recording/processing software and statistical evaluation
tools. Recording and processing of the data generated by RT-
gPCR for the determination of SPVs were conducted with the
LightCycler © 480 SW - user defined workflow for COBAS z 480
software (version 1.5.1.62 SP2 - UDF v2.0.0, Roche, Germany). The
recording and processing of the data obtained by RT-qPCR for
the Ct determination of SARS-CoV-2 were performed by Q-Rex
software (version 1.1.0.4) from Qiagen. The data collected in both
analyses were entered and organised in Microsoft® Excel® for
Microsoft 365 MSO software (version 2112 Build 16.0.14729.20224)
from Microsoft.

Genotyping RT-qPCRs. The analysis was carried out by usage
of several combined RT-qPCR assays (TIB MolBiol, Germany).
In particular, probe-based RT-qPCR for spike protein variants
(SPV)relevant for strain identification were H69/V70 del, K417N,
N439K, Y453F, E484K, N501Y, A570D, D614G, P681H, and V1176F
(Table 1). RNA was extracted from throat washings by using
the Promega Maxwell total viral nucleic acid kit (Promega,

Table 1. Description of the SPV used in this study

Amino acids with codon

v Ndeoute  Amnoscdsuitco
H69/V70del del21765-770 H=His (cat) deletion of
V=Val (gtc) HandV

Y453F A22920T Y=Tyr (tat) F=Phe (ttt)
E484K G23012A E=Glu (gaa) K=Lys (aaa)
N501Y A23063T N=Asn (aat) Y=Try (tat)
A570D C23271A A=Ala (get) D=Asp (gat)
D614G A23403G D=Asp (gat) G=Gly (ggt)
P681H C23604A P=Pro (cct) H=His (cat)
V1176F G25088T V=Val (gtt) F=Phe (ttt)

Spike protein variation (SPV) with corresponding nucleotide varia-
tion atthe nucleotide position and corresponding spike protein wild
type (SPWT)amino acid and spike protein mutation (SPM) amino acid
withitscodonused in this work. The highlighted letter in the codons
of SPWT and SPM represents the nucleotide exchange between them.
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Table 2. Variants of concern (VOC) circulating during the sampling period of this study

WHO label PANGO lineage GISAID Nexstrain Earliest documented sample Date of designation
vocC Alpha B.1.17 GR/ 201/ United Kingdom (UK), Sep-2020 18-Dec-2020
501Y.V1(GRY) 501Y.V1
Beta B.1351 GH/ 20H/ South Africa (ZA), May-2020 18-Dec-2020
501Y.V2 501Y.V2
Gamma P1 GR/ 20J/ Brazil, Nov-2020 11-Jan-2021
501Y.V3 501Y.V3

Nomenclature systems used for naming of SARS-CoV-2 VOCs. Presentation of the naming of each variant of concern (VOC) by WHO label,
PANGO lineage, GISAID and Nextstrain nomenclature system, the date and location of the earliest documented sample and the date of

designation of the corresponding WHO label. Based on WHO (2021a).

Germany). The LightCycler ® 480 SW software (Roche), the
LightCycler ® Cobas z480 (LC) (Roche) and PCR reagents con-
taining VirSNiP SARS-CoV-2 spike kits for SPVs (TIB Molbiol)
and LightCycler Multiplex RNA virus master mix assay (Roche)
were used for genotyping.

Results
Overview of the central results of SPV determination

A total of 111 samples were tested by MGA using MSS
probe-based RT-gPCR for SPV H69/V70 del, K417N, N439K,
Y453F, E484K, N501Y, A570D, D614G, P681H, and V1176F
with melting curve analysis to determine Tm values of
these SPVs (Table 1). The determination of this mutation
patterns allowed discriminating between the variants
of SARS-CoV-2 that were circulating during the sampling
period of this study (Table 2), which are characterized by
several key mutation patterns (Table 3).

Table 3. Key mutation patterns of spike protein variations of
VOC Alpha, Beta, and Gamma (Based on (Tegally et al., 2021) and
(Galloway et al., 2021)

B.1.1.7 B.1.351 P.1
H69/V70 del L18F L18F
Y144 del D80A T20N
N501Y D215G P26S
A570D L424 2441 del D138Y
D614G R2461 R190S
SPV P681H K417N K&l17T
T7611 E484K E484K
S982A N501Y N501Y
D1118H D614G D614G
A701V H655Y
T10271

Specimens that displayed the SPMs H69/V70 del, Y501,
D570, G614, and H681 were categorised as VOC B.1.1.7
(WHO label: alpha). Samples with SPMs N417, K484, Y501,
and G614 were assigned as VOC B.1.351 (WHO label: beta).
Finally, samples that showed SPMs T417, K484, Y501,
and G614 were classified as VOC P.1 (WHO label: gamma).
Gamma specimens were not identified during the entire
observation period.

In total 65.77% (73/111) of the specimens included
in this study were determined for all ten SPVs tested,
whereas 34.23% (38/111) were identified as not typable by
RT-gPCR, mainly due to the lack of one or more key muta-
tions relevant for the strain identification (Table 4). In
three cases (2.7%) all PCRs were successfully performed,
but the resulting mutation patterns did not allow a dis-
tinct determination of the variant. Figure 2 shows the
distribution of the variants among the specimens in
which all genotyping PCRs were successfully conducted.
The 24.66% (18/73) samples resulted in the detection of
VOC B.1.1.7, whereby the mutation pattern H69/V70 del,
Y501, D570, G614, and H681 was detected (Fig. 2). In ad-

Unsuccessful VOC determination
411 %

9
Wr2Ts% B.1.17 (18/73)

B.1.351 (1773)
B1.17
=l B.1(49/73)
WT (2173)

Unsuccessful VOC determination
(3/73)

~B.1.351
137 %

Fig.2

Distribution of the central results of successful SPV
determination
The numbers in brackets indicate the number of samples to which
the previous categorisation applies in relation to the successfully
tested SPV samples.
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dition, the sample chronologically classified as the first
VOC B.1.1.7 was collected on February 4%, 2021.

Since that date, all samples that were successful for
the strain determination were identified as VOC B.1.1.7.

Furthermore, in 1.37% (1/73) of the successful SPV de-
termination samples, the VOC B.1.351 were determined
by detection of the SPMs N417, K484,Y501, and G614. This
sample was collected on January 28, 2021. The remain-
ing 54 samples could not be determined as VOCs. A wild
type amino- acid pattern of the type regions known for
the Wuhan strain was observed in 2.74% (2/73) of the
tested samples, which were accordingly classified as
wild type. In addition, these samples were from March
27% and April 1%, 2021. Moreover, while typing for of the
mutation G614 a WT pattern for the remaining typed
regions was observed in 67.12 % (50/73) of these sam-
ples. Since the single presence of the D614G SPV did not
indicate a VOC, the Lineage Mutation Tracker was used
to search for a matching variant. With this tracker, the
samples could be identified as likely belonging to the
B.1 lineage (PANGEA_Outbreak_Info, 2022). Moreover,
the first sample belonging to B.1 variant dated back to
March 24, 2020.

Furthermore,in 4.11% (3/73) of the samples tested, the
spike-protein determination was successful, but SPM
was missing to determine a VOC.

Moreover, of the total of 111 samples tested, the RT-
gPCR based genotype determination failed for 34.23 %
(38/111) of these samples, as amplification errors took
place for one or more SPVs, thus the results were classi-
fied as invalid according to the manufacturer's protocol.
Furthermore, the Ct values of the E-gene and S-gene of the
pre-characterised samples as determined by the RealStar

Table 4. Results of RT-qPCR based genotyping of SARS-CoV-2
variant

Numberof Percentage of

samples samples (%)
B.1.1.7 18 16.22
B.1.351 1 0.90
Successful SPV  B.1 49 4414
determination 65.77
WT 2 1.80
Unsuccessful VOC 3 2.70
determination
Unsuccessful SPV determination 38 34.23
(amplification error)
Total amount of samples 111 100.00

B.1.1.7, B.1.35], B.1 and wild type (WT) represent the SARS-CoV-2
variants classified by the successful spike protein variant deter-
mination. Unsuccessful VOC determination means an insufficient
number of spike protein mutations detected to determine an exact
variant.

RT-qPCR assay (Altona, Germany) were consulted for
further analysis. The average of the S-gene Ct values was
30.16 and that of the E-gene Ct values was 29.13. The lo-
west Ctvalue for the S-gene was 18.88 (sample 23) and the
highest was 41.05 (sample 21). For the E-gene, the lowest
Ct value was 18.36 (sample 53) and the highest was 39.61
(sample 23).

Discussion

Monitoring of variants of concern (VOCs) including
their spike protein variations (SPVs) is of high impor-
tance for the implementation of disease control methods,
timely public health decisions and vaccine development
against new variants of SARS-CoV-2 (WHO, 2021c; WHO,
2021d). Tracking SARS-CoV-2 VOCs with sequencing tech-
nologies has several limitations, including that it is time-
consuming and expensive, needs technical expertise,
and is not widely available and feasible (Grubaugh et al.,
2021; Wang et al., 2021). Therefore, molecular diagnostic
PCR based tests represent an alternative to sequencing
techniques to obtain more information about circulat-
ing VOCs, as they are cost-efficient, rapid, more readily
available, and feasible and allow a high sample through-
put. Some studies report on molecular diagnostic tests
that indicate the presence of SPM of SPVs. In addition,
there are some studies that can also conclude on VOCs
independently of confirmation by sequencing. In early
2021, Bal et al. (Bal et al., 2021) and Borges et al. (Borges
et al., 2021) described a method to suspect the H69/V70
deletion by the presence of a spike protein target failure
(SPTF) or a spike gene target late detection (SGLT). Fur-
thermore, Wang et al. published a study on a one-step
multiplex allele-specific qualitative RT-qPCR assay to
assume the presence of B.1.1.7 and B.1.351 in their tested
samples. The studies by Durner et al. (2021), Matic et al.
(2021) and Camp et al. (2021) refer to the same VirSNiP-
SARS-CoV-2 spike kit from TIB Molbiol as used in the
underlying work. Durner et al. (2021) used SPV N501Y,
whereas Matic et al. (2021) used five SPVs (N501Y, H69/
V70 del, K417N, E484K and V1176F) to detect VOC. In the
study by Camp et al. (2021) 9 laboratories performed an
external quality assessment using the four SPVs N501Y,
H69/V70 del, K417N and E484K.

In this work, we retrospectively analysed specimens
collected during the first three waves of VOC, namely
alpha, beta, and gamma variant.

Based on the successful SPV determination, VOC
B.1.1.7 could be identified in 24.66 % of the samples while
VOC B.1.351 was detected in 1.37%. Furthermore, 2.74% of
the 73 samples were identified as full Wuhan wild type
while a total of 67.12% could be associated with lineage
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B.1, as only the SPM G614 of SPV D614G was detected. In
addition, the sample that was chronologically detected
for the first time as VOC B.1.1.7 was collected on Februa-
ry 4%, 2021. The samples following the aforementioned
date were identified as VOC B.1.1.7. This indicates that
from February 4, 2021, until the end of the analysis,
VOCB.1.1.7 was predominant over other variants, at least
in our setting. The B.1 lineage was also predominant
over the wild type until the first detection of B.1.1.7 and
B.1.351, as WT was not detected after the first detection
of B.1. Thus, this study was able to confirm Lauring and
Hodcraft's statement (Lauring and Hodcroft, 2021) that
dominant variants of SARS-COV-2 such as B.1.1.7 could
replace existing SARS-CoV-2 populations. Nevertheless,
for a total of 34.23% of the samples, amplification failed
for some SPV, so the results were classified as invalid. In
any case, however, we observed that there wasatime gap
between the first communication of a newly emerging
VOC, the governmental advice to test for this particular
variant, and the laboratory assays being available. As
a consequence, the novel variant has twice taken over
epidemiological dominant role before broad diagnostics
were established, and the relevance of gPCR-based typing
rapidly vanished.

However, our study has some limitations. First, the
number of samples tested was rather low compared to
other studies and included 111 specimens, however, all
collected form health care staff members. Moreover, due
to the lack of staff member capacities and difficulties
regarding reimbursement, we were not able to confirm
the detected SNPs by next generation sequencing, which
we assumed to be a minor weakness as we successfully
passed an external quality assessment scheme for SARS-
CoV-2 typing (INSTAND eV., Diisseldorf, Germany; data
not shown).

In addition, the retrospective analyses may have been
accompanied by a decrease in the RNA quality, although
the samples were sufficiently stored at -80° until RNA
extraction and subsequent genotyping was performed.
However, earlier studies faced similar limitations.

In addition, Maticet al. (Matic et al.,2021) implemented
TIB Molbiol's VirSNiP-SARS-CoV-2 spike kit for SPV
N501Y,H69/V70 del, K417N, E484K and V1176 F using sam-
ples from Vancouver, British Columbia and Canada. They
used two test approaches, whereby SPV N501Y was used
for the first test approach to distinguish between wild
type and VOCs (B.1.1.7, B.1.351 and P.1) because SPV N501Y
is presentin all VOCs. Only if this test was positive, these
samples were tested with the other SPVs (H69/V70 del,
K417N, E484K, V1176F) to distinguish between the VOCs.
Atotal of 2,430 SARS-CoV-2 positive samples were tested.

Of these samples, 38 samples (1.6 %) failed in amplifi-
cation for SPV N501Y, which Matic et al. and (Matic et al.,

2021) attributed to late Ct values and low viral load. In
total, 57 samples were detected with VOC B.1.1.7,7 samples
with VOC B.1.351, and 13 samples with VOC P.1. Similar
to Wang et al. (2021), the authors described this testing
approach as rapid, with results available within 24 h, as
well as cost-effective. They also pointed out that even
if the SPV N501Y was present in all known VOCs at the
time, other variants that also contained this SPV could
remain undetected by this testing approach. Compared
tothe other studies, this test approach, and the use of the
aforementioned test kits from TIB Molbiol allowed the
VOCstobe determined directly. Therefore,identification
by sequencing would not be necessary. Consequently,
this test was sufficient to detect the variants of concern
present at that time (Galloway et al., 2021).

The last study by Camp et al. (2021) focused on an ex-
ternal quality assessment of 25 laboratories, including
15 laboratories that used the TIB-Molbiol kit. Of the 15
laboratories, a maximum of 11 SPV (H69/V70 del, K417N,
N439K, Y453F, E484K,N501Y,A570D, D614G, P681H, F888L,
V1176F) were tested. For this study, five samples were
pre-tested for SARS-CoV-2 variants using whole genome
sequencing (WGS), resulting in the identification of VOCs
B.1.1.7, B.1.351, and additional variants, B.1.177, B.1.1.7 +
G75V and B.1.258. Of the 15 participating laboratories, all
tested SPV were N501Y, 11 tested SPV were H69/V70 del,
11 tested were SPV K417N, and 9 tested SPV were E484K.
Samples B.1.1.7 and B.1.351 were identified correctly by all
laboratories. Furthermore, for the other samples, false,
unclear, and unreported results were obtained for some
SPVs. The authors' evaluation showed that one sample
(B.1.L7 + G75V) yielded false test results due to a substi-
tution near SPV H69/V70 del, which caused a change in
the melting peaks.

For sample B.1.258,they suspected a test failure, caused
by an insufficient amount of the template. Moreover, the
authors suggested that the reported unclear results of
some laboratories occurred because of the usage of less
than four SPVsin screening. Thus, only little information
would be available for a successful interpretation. They
concluded that, among other tests, the VirSNiP SARS-
CoV-2 spike kit was suitable for the classification of VOCs,
as VOC B.1.1.7 and VOC B.1.351 were successfully deter-
mined by all 15 laboratories. Camp et al. pointed out that
careful interpretation and quality assurance was highly
important for identifying variants. In comparison to the
previously reported studies, Camp et al. concluded, that
acertain number of SPV should be investigated to provide
areliableresult for variants. In addition, it was confirmed
that,asin other test approaches, other variants could also
be determined besides VOCs. In conclusion, in the study
by Camp et al. (2021) and in Matic et al. (2021), the VOCs
could also be reliably determined, so that identification



330

SPOLGEN, G. et al.: SARS-CoV-2 GENOTYPING BY qPCRs

or confirmation by sequencing would theoretically not
be necessary (Camp et al., 2021).

In summary, the MGA based on MSS probe RT-qPCR
by VirSNiP SARS-CoV-2 spike kit (TIB Molbiol) was suit-
able for the determination of already known VOCs such
as B.1.1.7and B.1.351 as well as lower priority variants e.g.,
samples belonging to lineage B.1. However, in order to
timely monitor and react on novel variants of concern,
more rapid and embracing WGS is required combined
with more rapid communication, as e.g. performed in
other countries such as UK. With the rapidly upcoming
variants of concern, most recently the variants BA.4 and
BA.5, one may ask what the most cost-effective strategy
will be. Most likely, gPCR-based typing could be used to
detect one or two characteristic leader mutations, while
next generation sequencing will be the method of choice
forin depth determination of variant screenings (Donzelli
et al., 2022; Flechsler et al., 2022; Nasereddin et al., 2022;
Sun et al., 2022). Additionally, it could be asked if broad
routine typing is relevant and superior to random and
sporadic monitoring at all unless the clinical severity of
the VOCs does not increase.
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Summary. - This study aims to fill a knowledge gap in our understanding of Omicron variant
receptor-binding domain (RBD) interactions with host cell receptor, angiotensin-converting enzyme
2 (ACE2). Protein-protein docking, scoring, and filtration were all performed using the HDOCK server.
A coarse-grained prediction of the changes in binding free energy caused by point mutationsin Omicron
RBD was requested from the Binding Affinity Changes upon Mutation (BeAtMuSiC) tools. GROMACS
was utilized to perform molecular dynamics simulations (MD). Within the 15 mutations in Omicron
RBD, several mutations have been linked to increased receptor affinity, immunological evasion, and
inadequate antibody response. Wild-type (wt) SARS-CoV-2 and its Omicron variant have 92.27% identity.
Nonetheless, Omicron RBD mutations resulted in a slight increase in the route mean square deviations
(RMSD) of the Omicron structural model during protein-protein docking, as evidenced by RMSDs of
0.47 and 0.85 A for the wt SARS-CoV-2 and Omicron RBD-ACE2 complexes, respectively. About five-point
mutations had essentially an influence on binding free energy, namely G6D, S38L, N107K, E151A, and
N158Y. The rest of the mutations were expected to reduce the binding affinity of Omicron RBD and
ACE2. The MD simulation supports the hypothesis that Omicron RBD is more stably bound to ACE2
than wt SARS-CoV-2 RBD. Lower RMSD and greater radius of gyration (Rg) imply appropriate Omicron
structure 3D folding and stability. However, the increased solvent accessible surface area (SASA) with
a greater Omicron shape may have a different interaction with receptor binding and regulate virus
entrance. Omicron RBD's mutations help it maintain its structural stability, compactness, ACE2 bind-
ing, and immune evasion.

Keywords: Omicron variant; SARS-CoV-2; COVID-19; phylogenetics
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Introduction

There have been more than 577 million confirmed cases
and more than 6.4 million deathsin the global coronavirus
disease 2019 (COVID-19) pandemic caused by SARS-CoV-2

E-mail: mkandeel@kfu.edu.sa; phone: +966568918734.
Abbreviations: COVID-19 = coronavirus disease 2019; RBD = re-
ceptor-binding domain; ACE2 = angiotensin-converting enzyme
2; NSP = nonstructural proteins; MD = molecular dynamic;
RMSD =route mean square deviations; Rg = radius of gyration;
SASA = solvent accessible surface area

(WHO COVID-19 pandemic, https://covid19.who.int/, ac-
cessed on 2022/8/3). Despite extensive vaccination, the
COVID-19 pandemic continues,as SARS-CoV-2 evolves into
many forms. Since the November 24th, 2021 discovery of
thennovel SARS-CoV-2 variation of concern (VOC) Omicron
in an immunocompromised patient in South Africa, the
variant has quickly surpassed Delta as the most common
lineage in the country and spread to over 40 countries
(Wang and Cheng, 2022).

Omicron possesses a slew of previously identified
mutationsin other VOCs, including at least 32 mutations
in the spike protein alone (compared to 16 mutations
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in the already highly infectious Delta form), as well as
mutations in other viral replication proteins including
nonstructural proteins (NSP), NSP12 and NSP14 (Gao et
al., 2022). It is possible that SARS-CoV-2 could generate
crucial mutations to boost transmission and annul ear-
lier vaccination under the influence of immunological
selection (Wang and Cheng, 2022).

Various issues have been raised as a result of the
Omicron variant's emergent character, including the
source of emergence, the effect of Omicron mutations
on vaccination response, the role of mutations on the
regulation of host immunity, clinical data, and Omicron
spreading potency and lethality. This research aims to
1) determine the impact of Omicron spike mutations on
variations in binding free energy between Omicron and
the wt SARS-CoV-2 RBD and the host cell receptor ACE2.
In this regard, all mutations are studied, including those
atthe RBD-ACE2 interface and those that donot share the
direct virus spike-cell receptor interface.2) Omicron RBD
protein-protein docking with the host ACE2 receptor,and
changes in binding confirmation. 3) Wt SARS-CoV-2 and
its Omicron variant MD simulation. The analysis criteria
include binding stability, changes in protein surface area,
protein compactness, and integrity of the 3D structure.

Materials and Methods

Retrieval and handling of Omicron data. The genomes of Omi-
cron variants were retrieved from GISAID website (https://www.
gisaid.org/) (Shu and McCauley, 2017). The spike sequence, con-
version of DNA to protein, and allocation of RBD sequences were
handled by in-house Geneious prime software (Kearse et al.,2012).

Structure preparation. In this study, Omicron RBD was built
utilizing the previously disclosed structure of wt SARS-CoV-2
RBD in conjunction with the human cell receptor ACE2. The
RBD-ACE2 of wt SARS-CoV-2 was obtained from the Protein
Data Bank (PDB ID 6m0j). In preparation for docking, water
was removed, free forms of RBD and ACE2 were generated and
energy was minimized. The Omicron RBD structure was built
using the wt SARS-CoV-2 RBD using the SWISS-MODEL server
(Waterhouse et al., 2018). The resulting RBD was used for tem-
plate-based homology modeling on the server. The modeling
procedure and confirmation of model quality were done as
previously described (Kandeel et al., 2020, 2021a).

Protein-protein docking. The structure of the Omicron RBD and
human ACE2 complex was built using HDOCK server, a hybrid
protein-protein docking method (Yan et al., 2020). HDOCK uses
a fast Fourier transform (FFT)-based search approach to sample
all possible binding modes between the interacting partners
(He et al., 2020). To process the structure by HDOCK program,
the wt SARS-CoV-2 RBD and the host receptor ACE2 were used
as a starting position. An iterative knowledge-based scoring ap-

proach called ITScorePP was used to evaluate all of the binding
possibilities that were tested in the sample. The binding modes
were sorted according to their binding energy levels at the end of
the process, and all viable binding modes were downloaded for
further investigation. In the docking computations for the RBD-
ACE2, all of the default settings were utilized. In a summary, the
grid spacing for 3D translational search was set to 1.2, the angle
interval for rotational sampling was set to15,and the PDBbinding
interfaceinformation for individual structures was automatically
utilized during template-based modeling of individual structures.

SARS-CoV-2 spike-receptor interface mutational analysis. Re-
quests for the effect of mutations on spike-RBD binding affinity
were submitted to the BeAtMuSiC server (Dehouck et al., 2013).
Themethodisbased onacoarse-grained prediction of the binding
free energy changes that result from point mutations. Mutation-
induced changes to the stability of the complex can be predicted
by using statistical probabilities that are derived from known
protein structures. The input structures were the wt SARS-CoV-2
RBD-ACE2 (6m0j) or wt SARS-CoV-2 RBD spike-ACE2 (7df4) com-
plexes and the Omicron RBD-ACE2 generated structure model.

Molecular dynamic (MD) simulations. To execute molecular
dynamics simulations on the protein, GROMACS v. 2021 was
used. The simulations made use of the nucleic AMBER94 force-
field and the AMBER99SB-ILDN protein. The protein system
composed of 3036 atoms was immersed in a 1.2 nm cubic box
containing 3-point model (TIP3P) water, and the complex was
ionized using NaCl molecules and neutral pH conditions. Each
simulated system was subjected to energy minimization using
the steepest descent approach in a maximum of 2000 steps, fo-
llowed by two stages of equilibration simulations with position
restraints. At 310 K, the constant-temperature and constant-
volume (NVT) ensemble was used for 100 ps, followed by the
constant-temperature and constant-pressure ensemble (NPT).
The MD simulation was run for 100 ns at 310 Kwith no position
constraints. Periodic boundary conditions were applied to all
directions. Bond limitations were modeled using the LINCS al-
gorithm, with atime step of 2 fs. The PME technique was used to
describe short-range nonbonded interactions with atwin-range
cutoff of 0.8 nm and long-range electrostatic interactions with
aFourier grid spacing of 0.12 nm. To evaluate simulation results,
various GROMACS utilities were utilized. Secondary structure
was determined using the do_dssp tool, hydrogen bonds using
the hbond tool, surface accessible area using the sasa tool, and
gyration using the gyrate tool. The diagrams were created using
Grace, and the frames were visualized using Pymol.

Results and Discussion

The location of Omicron variant RBD mutations

In Omicron RBD, there were 15 mutations. Seven mu-
tations were facing the solvent (G6D, S38L, S40P, S42F,
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Fig.1

Pairwise sequence alignment of RBD from wt SARS-CoV-2 and its Omicron variant
The conserved residues are highlighted in red. The mutations at RBD-ACE2 interface are enclosed in boxes.

N107K, S144N, and T145K) and eight mutations were at
the RBD-ACE2 interface (K84N, G113S, E151A, G163S,N158Y
Q160R, Q165R,and Y172H) (Fig.1). The significant number
of mutations found at the RBD necessitated additional
research using mutational analysis of the wt SARS-CoV-2
RBD to determine its impact on binding free energy.

The significance of Omicron mutations

For attachment, fusion and internalization, the SARS-
CoV-2 spike glycoprotein interacts with the human ACE2

Omicron

receptor. As a result, most prophylactic drugs and vac-
cinations are designed to prevent attachment or entry
steps by preventing or neutralizing spike and ACE2
interactions. Therefore, mutations in this part of the
virus could be associated with changes in virus infectiv-
ity and interfere with the response to immunization. In
the Omicron variant, several mutants as K84N, S144N,
T145K, E151A, and N158Y were found to improve affinity
with receptors or immune escape (Ho et al., 2021; Li et
al., 2020; Starr et al., 2020). A shift to basic residues was
detected among the eight alterations at the Omicron

SARS-CoV-2

Fig.2

Surface representation of wt SARS-CoV-2 and Omicron RBD
(a) The interface colored by charge in wt SARS-CoV-2 and Omicron RBD. Positive charge is represented by blue, whereas the negative charge
is represented by red. (b) The solvent-facing surfaces of wt SARS-CoV-2 and Omicron RBD.
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receptor-binding motif. Three acidic residues were found
in close proximity to the receptor at the receptor-binding
motif, Y172H, Q160R, and Q165R (Fig. 2). At the interface
of RBD-ACEZ2, three important mutations were found
E151A, Q160R, and Q165R. More importantly, the formal
mutation E151A has been associated with resistance
and poor immunological response, while the latter two
mutations Q160R and Q165R have been associated with
stronger binding with the receptor, inferring higher
infectivity (Greaney et al., 2021). The susceptibility to
pseudotyped Omicron, as well as other variants like
Alpha, Beta, Gamma, and Delta, was tested in serum sam-
ples from COVID-19 convalescent patients infected with
the original SARS-CoV-2 strain. In comparison to 1.2-4.5
foldsin other variations, the mean neutralization ED50
of these sera against Omicron was lowered by 8.4 times
(Zhang et al., 2022). This shows that the Omicron ver-
sion was able to evade the consolidated immunological
response to SARS-CoV-2.

N158Y, E151K, S144N, and most importantly, Q156R
were the mutations fixed for increased affinity binding
(Zahradnik et al., 2021). A large number of mutational
changesin Omicronresultinasignificant decreaseinthe
neutralizing capacity of immunological serum and the
failure of immune protection (Dejnirattisai et al., 2022).
Though it appears to have a negative impact on vaccine
efficacy and vaccine breakthroughs are expected, there
are hopes for T-cell-mediated protection from severe dis-
easeintheevent that vaccines do not fully fail. The com-

Table 1. List of mutations in Omicron RBD and their impact on
the binding free energy AAGBind (kcal/mol). The values were
estimated by the BeAtMuSiC server

No. (spike) No.(RBD) AAGBind At the RBD/ACE2
(kcal/mol) interface.
G339D G6D -0.07 No
S371L S38L -0.08 No
S373P S40P 0.32 No
S375F S42F 0.25 No
K417N K84N 0.27 Yes
N440K N107K -0.07 No
GL446S G113S 0.97 Yes
S477N S144N 0.08 No
T478K T145K 0.31 No
E484A E151A -0.02 Yes
Q493R Q160R 0.71 Yes
G496S G163S 0.36 Yes
Q498R Q165R 0.55 Yes
N501Y N158Y -0.08 Yes
Y505H Y172H 1.43 Yes

bination of several mutations can increase the binding
affinity several folds, for instance, Q498R in combination
with N501Y mutation showed a 26-fold increased affinity
(Dejnirattisai et al., 2022).

There are restrictions on ACE2 folding and binding,
according to a recent SARS-CoV-2 RBD mutational scree-
ning (Starr et al.,2020). Multiple modifications, including
thoseinthe ACE2 interface residues that varied between
coronaviruses connected to SARS, increased or mai-
ntained RBD production and ACE2 binding despite the
fact that the majority of these mutations were harmful
(Starr et al., 2020).

Protein-protein docking

Molecular modeling tools are gold standards in mi-
crobial evolution and drug discovery against selected
molecular targets (Kandeel et al., 2021a,b; Mahmoud
Kandeel Elsayed, 2021). Figure 3 shows the docking of
Omicron RBD with ACE2 receptor. Wt SARS-CoV-2 and
its Omicron variant have a 92.27% sequence identity.
Nonetheless, mutations in Omicron RBD, as well as the
high sequenceidentity of wt SARS-CoV-2 and its Omicron
variant, resulted in aslight increase in RMSD of the Omi-
cron structural model during protein-protein docking, as
indicated by the wt SARS-CoV-2 and Omicron RBD-ACE2
complexes RMSD of 0.47 and 0.85 A, respectively (Fig. 3b).

Fig.3

Protein-protein docking of RBD and ACE2
(a) The produced model for RBD binding with ACE2. (b) Alignment
of Omicron and wt SARS-CoV-2 RBD-ACE2 structures.
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The mutations caused a slight increase in Omicron struc-
ture RMSD.

Analysis of mutations impact on the binding force by
BeAtMusSiC server

Table 1 summarizes the mutations in Omicron struc-
ture and its calculated changesinthe binding free energy
estimated by the BeAtMuSiC server. The effect of point
mutations on binding free energy was almost negative,
with five variants related to negative AAGBind, namely
G6D, S38L, N107K, E151A, and N158Y, indicating improved
binding strength. As aresult of the mutations discovered
in RBD, ten mutations were projected to decrease binding
affinity and five mutations to increase the binding affin-
ity of Omicron RBD and ACE2. While experimental data
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on Omicron infectivity continue to expand, recombinant
Omicron proteins are currently being produced in order
to determine their ACE2 binding affinity. A limitation of
this technique is that it does not incorporate all probable
mutations into a single estimate of affinity alterations.
Rather, it examines the impact of specific alterations. As
aresult, an energy maturation experiment that includes
all previously identified RBD mutations could reveal al-
tered binding strength.

In order to examine the binding interactions between
the human ACE2 protein and Omicron RBD, atomistic
MD simulations have been performed (Lupala et al.,
2022). Researchers have found a stronger affinity be-
tween the human ACE2 protein and the Omicron RBD
strain. By boosting hydrogen bonding contact and
expanding hidden solvent accessible surface area, the
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Fig. 4

MD simulations of RBD
(a) The RMSD of wt SARS-CoV-2 RBD-ACE2 complex during 100 ns MD simulation. (b) The RMSD of Omicron RBD-ACE2 complex during
100 ns MD simulation. (¢) The hydrogen bonds of wt SARS-CoV-2 and Omicron RBD-ACE2 complex during 100 ns MD simulation. (d) The
Rg of wt SARS-CoV-2 and Omicron SARS-CoV-2 and Omicron RBD-ACE2 complex during 100 ns MD simulation. (e) The SASA of wt SARS-
CoV-2 and Omicron SARS-CoV-2 and Omicron RBD-ACE2 complex during 100 ns MD simulation.
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alterations at the ACE2-RBD interface improve tight
binding.

Comparison of wt SARS-CoV-2 and Omicron RBD-ACE2
stability and compactness

After 100 ns of MD simulation, it was evident that the
Omicron RBD-ACE2 complex had more stable binding
than the wt SARS-CoV-2. The RMSD of the alpha carbon
atom of the RBD-ACE2 complexesis shown in Fig. 4a,b.The
Omicron structure exhibits a smaller RMSD and gained
stability faster than the wt SARS-CoV-2 structure, as seen
intheimage. The average RMSD for Omicron and wt SARS-
CoV-2 structures were 0.357 and 0.523 nm, respectively.
This displays Omicron's reduced RMSD value and greater
stability. During the simulation, both structures formed
nearly identical hydrogen bonds (Fig. 4c). The Omicron
RBD-ACE2 complex had lower Rg values (Fig. 4d), indica-
ting that both structures are compact and that the Omi-
cron structure has greater structure compactness. During
the simulation, the Omicron SASA structure was slightly
larger than the wt SARS-CoV-2 structure, as aresult of the
Omicron mutations (Fig. 4e). Owing to a large number
of mutations in Omicron RBD, SASA of wt SARS-CoV-2
structure cannot be compared with the Omicron structure.

The wt SARS-CoV-2 RBD and ACE2 receptors have been
studied using computational modeling and dynamic
simulations. The Omicron RBD and ACE2-RBD complexes
according to the MD simulation were well-defined and
stable (Kandeel and El-Deeb, 2022; Wang et al., 2020).

Conclusion

Several assumptions were made to predict the Omicron
variant's likely emerging pattern, one of which was, that
spike mutations boosted the spike's ability to attach to
the ACE2 receptor on the host cells. The Omicron variant
binding has suggested a stable binding with ACE2 in this
work using several methods. Within 15 mutations, only
five mutations had negative free energy and support the
strong binding, albeit 10 other mutations negatively con-
tributed to the binding. The MD simulation supports the
premise that Omicron RBD is more likely to show stable
structures than wt SARS-CoV-2 RBD with ACE2. Within
these parameters,lower RMSD and higher Rgindicate the
proper Omicron structure 3D folding and stability. The
higher Omicron structure SASA might also suggest altered
interaction with receptor binding and modulation of the
virus entry process.
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