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Abstract: The spread of SARS-CoV-2 variants of concern (VOCs), is of great importance to the whole commu-
nity, since their genetic changes may increase transmissibility, disease severity and reduce effectiveness of vac-
cines. Moreover, these changes may lead to failure of diagnostic measures, thus variant-specific diagnostic
methods are essential. To date, genetic sequencing is the gold standard method to discriminate between vari-
ants, however it is time consuming (several days) and expensive. Therefore, the development of rapid diag-
nostic methods for SARS-CoV-2 in accordance with its genetic modification is of great importance. In this
study, we introduce a Mass-Spectrometry (MS)-based methodology for the diagnosis of SARS-CoV-2 in clinical
specimens, a methodology which enables universal identification, alongside with variant-specific discrimina-
tion. The universal identification of SARS-CoV-2 is based on conserved markers shared by all variants, while
the identification of the specific variant relies on variant-specific markers. Determining a specific set of peptides
for a given variant consists of a multistep procedure, starting with in-silico search for variant-specific tryptic
peptides, followed by tryptic digest of a cell-cultured SARS-CoV-2 variant and identification of these markers
by HR-LC-MS/MS analysis. As a proof of concept, this approach was demonstrated for four representative
VOCs, in comparison with the wild-type Wuhan reference strain. For each variant, at least two unique markers,
derived mainly from the spike (S) and nucleocapsid (N) viral proteins, were identified. This methodology is
specific, rapid, easy to perform and inexpensive, therefore can be applied as a general diagnostic tool of path-
ogenic variants.

Keywords: COVID19; SARS-CoV-2; variants of concern; diagnosis; LC-MS/MS; Mass-Spectrometry;
spike; nucleocapsid

1. Introduction

Since the emergence of SARS-CoV-2 in late 2019, new variants of concern (VOCs) have emerged,
leading to a prolonged combat against COVID-19. Among them are the variants Alpha, Beta, Gamma
and Delta, originated from the UK, South Africa, Brazil and India, respectively. The spread of a new
VOC has great implications to public health, since genetic changes may increase virus transmissibility
and disease severity. Furthermore, it may reduce effectiveness of vaccines or lead to diagnostic fail-
ures [1, 2]. Single nucleotide polymorphisms in the SARS-CoV-2 RNA may cause false negative re-
sults in the diagnosis of the virus using genetic methods, originally developed for the wild-type strain
(Wuhan reference strain) [3]. RT-PCR, the gold standard method for SARS-CoV-2 detection, may miss
variant virus identification when the mutations interfere with primer binding [4, 5]. Vogel et al. aimed
to reduce false negative results by multiplexed RT-PCR, developing a set of dedicated primers for
variants sharing common mutations [6]. Mass spectrometry (MS) methods for SARS-CoV-2 identifi-
cation, based on unique peptides markers, were reported since the beginning of the pandemic [7-11].
In previous studies, we demonstrated a rapid SARS-CoV-2 identification assay, using mass spectrom-
etry (LC-MS/MS). The assay is based on the identification of six SARS-CoV-2 specific peptides, four
of them are derived from the spike protein (SFIEDLLENK, FLPFQQFGR, FQILLALHR and
HTPINLVR), and the other two are derived from nucleocapsid protein (GFYAEGSR and
AYNVTQAFGR) [10]. An improvement of the assay’s sensitivity up to 1x10° PFU/ml is achieved by
pre-concentration and purification step using immunomagnetic beads coated with SARS-CoV-2
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antibodies, combined with a sensitive MRM-based LC-MS/MS analytical method for the target mark-
ers [11].

Along with the emergence of VOCs and the accumulating knowledge of mutations occurring
during the spread of the virus, sequence conservation of the selected peptide markers among differ-
ent variants become a fundamental requirement for SARS-CoV-2 diagnosis assay. Therefore, inter-
strains conservation was one of the main criteria for marker selection in our previous study [10].
However, apart from preventing false negative results in the diagnosis process, and considering var-
iant infectivity and breakthrough infection, identification of the specific variant is of great im-
portance. To date, genetic sequencing is the gold standard method to discriminate between variants.
Yet, it is time consuming (days) and relatively expensive [12, 13]. Recently, researchers have begun
to evaluate the efficacy of MS-based proteomics approaches for the detection of SARS-CoV-2 variants
of concern. Mann et al. pioneered MALDI-FT-ICR MS, a peptide mass fingerprinting method, to de-
tect the Alpha, Beta, Gamma and Delta variants. As a peptide mass fingerprinting approach, MS/MS
spectra were not acquired, and the method required isolation of the S-protein. They successfully
measured the masses of mutated peptides and constructed a phylogenetic tree to track variant evo-
lution [3]. Maus et al. highlighted the importance of including variants of concern in assay design
and detected variant peptides from the N and ORF1lab proteins [14]. Starr et al. investigated the mu-
tational space of SARS-CoV-2, and assays have been performed to measure the effect of spike protein
mutations on binding to the ACE-2 receptor [15]. Suddnapas et al. studied the potential for LC-
MS/MS identification of Beta, Gamma, Delta and Omicron variants based on synthetic peptides that
mimic the unique tryptic peptides theoretically obtained from tryptic digestion of variants. This
study evaluates the analytical method sensitivity for synthetic theoretical variant peptides, however
this approach was not examined using the SARS-CoV-2 variants in real clinical specimens. Variant
detection is not only dependent on the prototypic peptides’ properties but also on the efficiency of
variant tryptic digestion process and the highly complex background matrix of clinical specimen [16].
Considering the current and probable future state of the growing repertoire of SARS-CoV-2 protein
mutations, a method combining universal detection of SARS-CoV-2 together with specific identifica-
tion for SARS-CoV-2 variants, would be valuable.

Here, we present a MS-based methodology for the diagnosis of SARS-CoV-2 in clinical speci-
mens that enables universal detection, independent of genetic mutations, alongside with variant-spe-
cific identification. The universal detection of all SARS-CoV-2 variants is based on markers common
to all variants, while the identification of the specific variant relies on variant-specific markers. De-
termining a specific set of markers for a given variant combines a multistep procedure starting with
a search for in-silico derived variant tryptic peptides originating from viral proteins, followed by tryp-
tic digest of a cell-cultured SARS-CoV-2 variant and HR-LC-MS/MS analysis of variant unique pep-
tides. This methodology can be further implemented for future SARS-CoV-2 variants or other emerg-
ing pathogens.

2. Materials and Methods

2.1. Reagents

All solvents and chemicals used in LC-MS/MS analysis were of LC-MS grade. Acetonitrile (Cat.
Number 120410100), water (Cat. Number 232141B1) and formic acid (99% purity, Cat Number
691413) were purchased from Bio Lab. Ammonium bicarbonate (NH4HCO3, Cat Number A6141-
500G) and Octyl-p-D-glucopyranoside (OG, Cat Number O8001-1G) were acquired from Sigma-Al-
drich. Phosphate-buffered saline (PBS, pH 7.4, Cat. Number 02-023-1A) and sequencing grade mod-
ified trypsin (Cat. Number V5111) were purchased from Biological Industries.

2.2. Cell lines and viruses

African green monkey kidney clone E6 cells (Vero E6, ATCC® CRL-1586™) were grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% Fetal bovine serum (FBS), MEM nones-
sential amino acids (NEAA), 2 mM L-Glutamine, 100 Units/mL penicillin, 0.1 mg/mL streptomycin,
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12.5 Units/mL Nystatin (P/S/N) (Biological Industries, Israel). Calu3 cells (ATCC HTB-55) were
grown in RPMI supplemented with 10% FBS, NEAA, 2 mM L-glutamine, P/S/N, and 1% Na-py-
ruvate. Cells were cultured at 37°C, in a 5% CO2 in 95% humidity.

SARS-CoV-2 wild-type strain (GISAID accession EPI_ISL_406862) was propagated (four pas-
sages) in Vero E6 cells. SARS-CoV-2 variants were provided by the Central Virology Lab of the Israel
Ministry of Health [17]. Alpha (B.1.1.7, GISAID accession EPI_ISL_4169857) was passaged once in
Vero E6, followed by two passages in Calu3 cells. Beta (B.1.351, GISAID accession EPI_ISL_4169885),
Gamma (P.1, GISAID accession EPI_ISL._4169886), and Delta (B.1.617.2, GISAID accession
EPI_ISL_4169986) variants were propagated in Vero E6 cells. All virus handling and work were con-
ducted in a BSL3 facility in accordance with the biosafety guidelines of the Israel Institute for Biolog-
ical Research (IIBR). All virus stocks were tittered on Vero E6 cells as previously described [10].

2.3. Tryptic digestion

Tryptic digestion was conducted as previously described [10, 11]. In brief, a total volume of 100
pL samples (SARS-CoV-2 buffer spiked viruses) were heated for denaturation (95°C, 10 minutes) in
the presence of 0.2% Octyl p Glucopyranoside (OG). After 2 minutes cooling, 2 uL of sequencing
grade modified trypsin (0.5 pg/pL) were added (final concentration 1 pg/100 pL) to the sample tubes,
followed by 2 hours incubation at 50°C with continuous rotating (600 RPM). The tryptic digestion
was stopped by adding 10 uL of 10% formic acid (final concentration 1%), followed by 2 minutes
centrifugation (14,000 rpm). The resulting supernatants were transferred to LC-MS analysis vials.

2.4. High-resolution LC-MS/MS (Orbitrap)

LC-MS analysis was performed on an Agilent 1290 HPLC (Agilent Technologies, Palo Alto, CA,
USA) coupled to Q-exactive plus Orbitrap MS/MS instrument (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a heated electrospray ionization source operated in positive mode. This
high-resolution MS system enables the identification of SARS-CoV-2 proteins derived from genetic
variants tryptic peptides according to their accurate mass and sequence determination using Full MS
DIA acquisition mode. Chromatographic separations were performed on a 1.7 um UPLC C18 column
(150 x 2.1mm, 1.7 um) kept at 40°C., based on charged surface hybrid (CSH) technology, applying
water/acetonitrile acidic (1% formic acid) gradient and 10-minute cycle time. Mobile phases were 1%
formic acid in H20 (A) and 1% formic acid in ACN:H2O (4:1 v/v, B). The gradient profile was 100%
A held for 0.3 min, linearly decreased to 75% A over 4 min, held for 0.5 min, then decreased to 0% A
over 2.5 min, held for 1 min, then increased to 100% A over 0.1 min and held for another 1.9 min, for
a total run time of 10 min. The flow rate was 0.4 mL/min and the injection volume was 10 pL. The
operating parameters were as follows: electrospray voltage, 1.25 kV; sheath gas flow rate, 45 (arbi-
trary units); auxiliary gas, 10 (arbitrary units); sweep gas, 2 (arbitrary units); auxiliary gas heater
temperature, 400°C; S-lens RF level, 55 and capillary temperature, 275°C. The MS spectra were ac-
quired with 140,000 mass resolution (at 200 m/z) from m/z 250-2000, Automatic gain control (AGC)
target of 3x106, and maximum injection time (IT) of 100ms. The MS/MS spectra were acquired using
tryptic peptides inclusion list, 35,000 mass resolution (at 200 m/z), an isolation window of 1 m/z and
AGC target of 2x105. The collision gas was nitrogen, and the collision energy was set at 20V.

2.5. Bioinformatic analysis

The list of mutations in the Alpha, Beta, Gamma and Delta variants with regard to the SARS-
CoV-2 reference sequence (Wuhan, accession # NC_045512.2) was generated from variant-call analy-
sis of the in-house whole genome sequencing conducted in the past and submitted to the GISAID
depository (GISAID identifiers as follows: Alpha variant: EPI_ISL_416985, Beta variant:
EPI_ISL_41669885, Gamma variant: EPI_ISL_4169886, Delta variant: EPI_ISL_4169986). The muta-
tions detected were all in accordance with the documented list of mutations available at the time of
the research (Alpha strain [18], Beta strain [19], Gamma strain [20], Delta strain- www.out-
break.info.com). The list of mutations in each of the four variants, as mapped from the in-house
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genomic sequencing, is provided in Table S1. Prediction of potential trypsin cleavage sites was con-
ducted with PeptideCutter (www.web.expasy.org/peptide_cutter). The generated peptides were sub-
jected to sequence similarity searches against the nr (non-redundant, https://www.ncbi.nlm.nih.gov/)
database using Blast [21]. The algorithm parameters were adjusted to short sequences, and self-hits
were eliminated.

3. Results and discussion

3.1. Methodology for SARS-CoV-2 variants specific diagnosis

Recently we have published an assay for COVID-19 diagnosis, based on identification of six
unique and specific peptide markers, derived from the SARS-CoV-2 spike and nucleocapsid proteins
[10, 11]. The sequence conservation of these markers, among different known strains of SARS-CoV-2
was of major concern, considering the accumulating knowledge of mutations occurring during the
spread of the virus. Therefore, a main parameter in the selection of these markers, was their univer-
sality (identical sequence in >99.8% of known strains). However, for discriminative identification of
SARS-CoV-2 VOCs, the identification of unique variant markers is required. Nucleotide polymor-
phisms resulting in genetic variant peptides is characterized by specific amino acids substitutions,
which determine variants marker unique sequences. Our new methodology for developing a variant-
specific diagnosis method is schematically shown in Figure 1. Defining a specific set of markers for a
given variant combines a multistep procedure starting with in-silico identification of trypsin-digested
peptides originating from viral proteins, followed by tryptic digest of a cell-cultured SARS-CoV-2
variant and HR-LC-MS/MS analysis for peptides identification and variant markers panel determi-
nation. The final method is an expanding analytical method for identification of SARS-CoV-2 vari-
ants, which is based on a fixed panel of markers common to all variants and on a flexible set of vari-
ant-specific markers which is updated for newly discovered variants. Given a known variant, the
universal markers shared by all variant strains and those specific to that variant will be identified in
the specimen. For a new emerging variant strain, only the markers common to all variants will be
detected in the sample. Knowing the sequence of a new variant and using our methodology for de-
veloping MS-based diagnosis of SARS-CoV-2 variants, will enable adding a set of variant-specific
markers to the expanding analytical method.

In-silico : ;
red iCtiOn of Variant sequence in-silico tryptic ||5110_f pltlntenl_lal t
P comparison digestion senehcs yva_;lan
tryptic peptides e
Sample Growing Cell cultured Tryptic digesti
preparation SARS-CoV-2 variants WYRHECIASsHOn
: Genetically Variant
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Figure 1. Methodology for developing MS-based diagnosis of SARS-CoV-2 variants.

3.2. In-silico mapping of potential variant-specific markers

Aiming to evaluate peptides that may provide a diagnostic tool for variant identification using
MS, we first conducted an in-silico tryptic digestion analysis of the viral proteins containing muta-
tions with respect to the Wuhan reference strain (Table S1). This analysis was conducted for four
representative VOCs- Alpha, Beta, Gamma and Delta. Each peptide generated by the in silico tryptic
digest and containing a mutation with respect to its orthologous sequence in the Wuhan reference
sequence, was considered as a potential candidate. Only peptides longer than 5 amino acids were
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considered, to minimalized cross with unrelated, not SARS-CoV-2 proteins, a cross which may lead
to false positive results. To avoid adsorption to the chromatographic system, which may cause poor
reproducibility and carry over between injections, we focused on peptides that were shorter than 24
amino acids. The in-silico analysis resulted in a total of 37 potential peptide markers (6, 6, 13 and 12
for the Alpha, Beta, Gamma and Delta variants, respectively) (Table S2), of which almost half derived
from the highly abundant spike protein. To further assess their specificity with respect to other hu-
man pathogens, the peptides were subjected to a sequence similarity search against the comprehen-
sive NCBI non-redundant (nr) database, revealing 28 unique peptides, and 9 additional peptides
which share an ortholog with a non-relevant human clinical organism (Table S2).

3.3. Identification of unique markers in cell-cultured VOCs using HR-LC-MS/MS analysis

To evaluate the actual ability to identify the predicted variant-specific markers and their for-
mation in real life samples, we cultured the four variants (Alpha, Beta, Gamma, and Delta) in Vero
E6 cells. A rapid, simple, and efficient tryptic digestion process was performed, similar to the proce-
dure described in our previous studies [10, 11]. Samples containing 106 PFU/mL of each cell-cultured
SARS-CoV-2 variant were preheated (95 °C, 10 min) to inactivate the virus and denature viral pro-
teins, which improved subsequent digestion efficiency. The samples were then trypsin-digested (in
triplicates, 120 min 50 °C) followed by analysis using LC-coupled to a high-resolution MS/MS.

The analytical method described recently [10, 11] was used for the identification of SARS-CoV-
2 variants peptides markers. First, the existence of the six universal markers, which are characterized
by their universality, was proven to be common to all SARS-CoV-2 variants. To characterize a unique
set of markers for each variant (Alpha, Beta, Gamma, and Delta), the potential markers were searched
according to the m/z of multiple charged ions which were calculated for the in-silico predicted tryptic
peptides (Table S2). For each variant, at least two unique markers, derived mainly from S and N viral
proteins, were identified using LC-MS/MS analysis, according to accurate mass and fragmentation
pattern, which indicate on amino acid sequences (Table 1). These markers appeared in all replicates
for each variant. The characteristic markers of each variant were not found in any of the other vari-
ants, ascertaining their uniqueness to the variant strain. Figure 2 demonstrates the analysis of cell-
cultured SARS-CoV-2 variants after tryptic digestion. A representative unique marker of the Delta
variant, AYETQALPQK, in which the amino acids Y and K represent mutations of D and R, respec-
tively (ADETQALPQR), was eluted at 4 min owing double charged ion (M+2H)/2, at m/z 574.8014
and typical fragmentation spectrum (Figure 2A). This marker was not detected in wild-type Wuhan
reference strain and all the other VOCs (Figure 2B). In concordance with these findings, the corre-
sponding wild-type peptide, ADETQALPQR, was detected in all other variants but not in the Delta
variant (Figure 2B). The six SARS-CoV-2 universal markers, which were selected to be common to all
variants due to their high sequence conservation, were indeed found in the Delta variant as well as
in all the other analyzed variants (Figure 2C).
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Figure 2. LC-MS (Orbitrap) analysis of cell-cultured SARS-CoV-2 variants after tryptic digestion (A)
LC-MS/MS identification of SARS-CoV-2 Delta variant specific marker, AYETQALPQK. (1) Ex-
tracted-ion Chromatograms (EIC) of m/z 574.8014 from a full scan LC-MS run of Cell-Cultured SARS-
CoV-2 (10° PFU/ml) Delta variant. (2) Mass spectrum of the specific marker AYETQALPQK (parent
ion, (M+2H)/2, at m/z 574.8014, chromatographic peak at 4.04 min) derived from SARS-CoV-2 Delta
variant. (3) Marker fragmentation spectrum (MS-MS of 574.8). Y -Ions that result from the cleavage of
the C-N bonds (amide bond) of a peptide backbone with the C-terminal fragments retaining the
charge. b- Ions that result from the cleavage of the C-N (amide bond) bonds of a peptide backbone
with the N-terminal fragments retaining the charge. a- Ions that result from the cleavage of the C-C
bonds of a peptide backbone with the N-terminal fragments retaining the charge. i- Immonium ion is
an internal fragment formed by a combination of a type (C-C bond) and y type (C-N bond) cleavage.
(B) An extracted-ion Chromatograms (EIC) of Delta variant specific marker (mutant peptide, which
was derived from nucleocapsid protein, p13(N), AYETQALPQK). It was not detected in other vari-
ants, while the corresponding wild type peptide prior mutation (ADETQALPQR) was not detected
in Delta variant but was detected in all other variants. (C) Extracted-ion Chromatograms (EIC) of six
common markers to all SARS-CoV-2 variants besides S-18 marker that was not detected in Beta vari-
ant.

3.4. Discussion and Conclusions

In the study presented here, we suggest an expanded method to monitor and specifically iden-
tify SARS-CoV-2 variants. This method combines the analysis of SARS-CoV-2 universal markers
characterized by relatively high sequence conservation, therefore high likelihood to be shared by all
variants, together with specific markers for each variant. This novel approach for discriminative iden-
tification, based on mass spectrometry analysis, is presented and demonstrated for four representa-
tive SARS-CoV-2 VOCs (Alpha, Beta, Gamma, and Delta). This methodology is based on a multistep
procedure starting with prediction of in-silico derived tryptic digested peptides originating from viral
proteins, followed by actual tryptic digest of a cell-cultured SARS-CoV-2 variant and HR-LC-MS/MS
analysis for variant markers panel determination. The proposed methodology necessitates prelimi-
nary knowledge of the variant sequence but may preclude the subsequent time-consuming and
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relatively expensive further sequencing of samples for diagnostic purposes. This procedure, com-
pared to genetic sequencing, is rapid (few hours), easy to perform and provides an inexpensive spe-
cific diagnosis method for SARS-CoV-2 variants. The methodology demonstrated in this study, as a
proof of concept, may be adjusted and implemented for the diagnosis of other SARS-CoV-2 variants
or for a variety of pathogens as well.
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