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ABSTRACT: COVID-19 vaccines are becoming more widely available, but accurate and rapid testing remains a crucial tool for
slowing the spread of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) virus. Although the quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) remains the most prevalent testing methodology, numerous tests have been
developed that are predicated on detection of the SARS-CoV-2 nucleocapsid protein, including liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and immunoassay-based approaches. The continuing emergence of SARS-CoV-2 variants has
complicated these approaches, as both qRT-PCR and antigen detection methods can be prone to missing viral variants. In this study,
we describe several COVID-19 cases where we were unable to detect the expected peptide targets from clinical nasopharyngeal
swabs. Whole genome sequencing revealed that single nucleotide polymorphisms in the gene encoding the viral nucleocapsid protein
led to sequence variants that were not monitored in the targeted assay. Minor modifications to the LC-MS/MS method ensured
detection of the variants of the target peptide. Additional nucleocapsid variants could be detected by performing the bottom-up
proteomic analysis of whole viral genome-sequenced samples. This study demonstrates the importance of considering variants of
SARS-CoV-2 in the assay design and highlights the flexibility of mass spectrometry-based approaches to detect variants as they
evolve.
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■ INTRODUCTION

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) virus responsible for COVID-19 disease has infected
more than 191 million people globally and resulted in more
than 4.1 million deaths as of July 2021.1 Access to accurate
and rapid diagnostic testing is vital for case identification and
public health management. Molecular testing targeting viral
nucleic acids has been the primary tool for the diagnosis of
COVID-19 cases.2 Immunoassay-based antigen tests, such as
lateral flow assays, have also emerged as a viable methodology
with several tests currently authorized for use by the FDA.3

However, these tests require specialized reagents, which can
be difficult to obtain and the performance of these tests is
highly variable.4,5

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is already employed for the routine clinical
measurement of a variety of biomolecules such as drugs,
metabolites, and proteins. The pandemic has prompted many
groups to explore the potential of LC-MS/MS for detection
of SARS-CoV-2 as an alternative antigen testing method-
ology.6−13 The available data support the potential of LC-
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MS/MS to achieve >90% sensitivity and nearly 100%
specificity when using quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) testing as the
benchmark.6,10,13

As SARS-CoV-2 mutations have emerged, including those
that are more contagious or partially evade host immun-
ity,14−16 there have been reports of gene variants that elude
qRT-PCR and antigen detection assays. Thus, an additional
potential clinical application of mass spectrometry for
detection of protein/peptide sequence variants has become
a possibility, although it has not been described yet.17−20

Analogous to molecular assays and antigen immunoassay
assays, LC-MS/MS assays to detect viral proteins also have
the potential to result in false-negatives, as the amino acid
substitutions can cause a change in mass that will result in an
inability to detect the protein unless the method is designed
appropriately. Therefore, it is imperative to have positive/
negative decisions rely on multiple peptides or develop a
methodology to detect peptide variants.
Our team has previously developed and validated a LC-

MS/MS test with the potential to complement and
supplement established RT-PCR and antigen immunoassay
testing. We were able to achieve 98% sensitivity and 100%
specificity for detecting SARS-CoV-2 based on monitoring of
two viral nucleocapsid protein-derived peptides compared to
RT-qPCR when testing was performed on samples that were
a close representation of the true spectrum of viral loads seen
in the actual patient population.13 Interestingly, as we
expanded our analysis to a larger number of cases using
this approach, in a subset of samples, we observed discordant
results from LC-MS/MS analysis of the two peptides from
viral nucleocapsid protein that were targeted in the assay.
Upon further investigation of these cases, we observed that
one of the target peptides was detected at a very high
abundance but the other peptide was not detected at all. To
resolve this, we undertook viral genome sequencing and
additional proteomic analyses and found that these
discrepancies arose due to single nucleotide polymorphisms
resulting in single amino acid substitutions, which altered the
sequences of the targeted peptides. A minor modification to
the instrument methods permitted these variants to be
detected, demonstrating the power of carefully designed
targeted LC-MS/MS assays to detect viral variants.

■ EXPERIMENTAL METHODS

Chemicals and Reagents

We obtained phosphate-buffered saline (PBS) from Bio-Rad
(Hercules, CA). Trifluoroacetic acid (TFA) from Thermo-
Fisher Scientific (Waltham, MA), Zwittergent Z3−16 from
CalBiochem (EMD Millipore, Billerica, MA), isotopically
labeled AYNVTQAFGR and QQTVTLLPAADLDDFSK
peptides as internal standards (IS) from New England
Peptide (Gardner, MA), and an antinucleocapsid monoclonal
antibody from Sino Biological (Wayne, PA, Cat# 40143-
R001), which was coupled to custom MSIA D.A.R.T.’S
(ThermoFisher).
Preparation of Nasopharyngeal Swab Samples and
In-Solution Trypsin Digestion

All clinical samples were deidentified prior to analysis.
Nasopharyngeal (NP) swab samples were collected in PBS
and 750 μL of the sample was transferred to a 96-well plate.
The virus was inactivated by adding 15 μL of Z3−16 and

incubating at 70 °C for 30 min. Following a 10 min cooling
period at 4 °C, antibody-based purification was performed
using the antinucleocapsid protein monoclonal antibody
coupled to MSIA D.A.R.T.’S. The purification procedure
was conducted using an automated Versette liquid handling
system. The tips were first washed with 1X PBS, and then the
nucleocapsid protein was captured over a period of 1.75 h.
Following capture, the tips were washed twice with 300 μL of
1X PBS and then with 300 μL of water. The nucleocapsid
protein was eluted with 100 μL of 0.2% TFA and 0.002%
Z3−16 in water. The purified sample was immediately trypsin
digested (rapid digest kit, Catalog#VA1060, Promega,
Madison, WI). The sample eluent was mixed with 300 μL
of digest buffer followed by the addition of 1 μg of trypsin
and incubation at 70 °C for 1 h. The digestion was stopped
by adding TFA to a final concentration of 1% and isotopically
labeled internal standards were added. The digests were then
loaded onto Evotips (EvoSep Inc., Odense, Denmark) as per
manufacturer’s instructions. Briefly, the C18 Evotips were
activated using 20 μL of 0.1% formic acid in 100%
acetonitrile followed by equilibration with 20 μL of 0.1%
formic acid in water. Activation and equilibration were
carried out at 700g for 1 min using a Benchtop centrifuge.
The sample was loaded at 500g for 5 min followed by
washing using 0.1% formic acid once. Finally, the tips were
loaded with 100 μL of 0.1% formic acid and processed for
targeted mass spectrometry analysis.

Targeted Parallel Reaction Monitoring (PRM) Analysis

Parallel reaction monitoring (PRM) analysis was performed
on an Exploris 480 mass spectrometer (ThermoFisher
Scientific, San Jose, CA) interfaced with a preformed gradient
LC system (EvoSep One, EvoSep Inc.). Peptides were eluted
at a flow rate of 2 μL/min and peptide separation was carried
out using a 4 cm analytical column (Dr. Maisch C18AQ, 1.9
μm, 150 μm × 4 cm) with a 5.6 min gradient. Data
acquisition parameters included MS1 scan from m/z 560−
1000 at a resolution of 60 000 followed by retention time
scheduled PRM analysis of AYNVTQAFGR and
QQTVTLLPAADLDDFSK peptides and corresponding IS
peptides. The PRM parameters included an Orbitrap
resolution of 60 000, an AGC target value of 5 × 104, an
injection time of 118 ms, an isolation window of m/z 1, and
higher-energy collisional dissociation (HCD) with a normal-
ized collision energy of 27. After initial screening for peptide
variants, the precursor m/z corresponding to the variants
LQTVTLLPAADLDDFSK (m/z 923.9935) and QQIVT-
LLPAADLDDFSK (m/z 937.4989) was added to the PRM
analysis.

Calibration and Quality Control

The recombinant SARS-CoV-2 nucleocapsid protein (97−
077) purchased from ProSci (Fort Collins, CO) was used to
make calibrators. Calibrators were made by spiking the
recombinant protein into pooled qRT-PCR negative NP
swabs in PBS at concentrations of 1, 2.5, 5, 25, and 100 pM.
Given the sensitivity challenges of this type of testing, the
calibration curve was designed to focus on low-concentration
samples instead of attempting to interpolate concentrations of
the entire patient population. Quality control samples were
prepared by pooling qRT-PCR negative NP swabs (negative
QC), qRT-PCR samples with cycle thresholds (Cts) of 31
(low QC), 27 (medium QC), and 25 (high QC). Calibrators
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and QC were purified, digested, and analyzed as described
above.

Mass Spectrometry Data Processing

The PRM spectra were used for subsequent data analysis.
First, data were imported into Skyline21 and fragment ion
chromatograms were manually integrated. Next, the fragment
ion intensities were exported from Skyline and (natural) log
transformed. A supervised machine learning method was used
to select the optimal fragments and determine their weights
to maximize the detection performance of the targeted mass
spectrometry assay. All computations were performed in R
(version 4.0.1). For this, we utilized an ensemble-based
machine learning approach encoded in the Super Learner as
described previously.22 This method was configured to use a
generalized linear model via penalized maximum likelihood
(glmNET), generalized linear model (glm), and random
forest model; all configured to use binomial distributions.
This machine learning method was used to determine
whether samples were positive or negative by mass
spectrometry testing. Calibration curves were generated to
determine protein concentrations for each target peptide in
the samples analyzed. Quantitation was performed by
summing the b2, y4, y5, y6, y7, and y8 fragments of
AYNVTQAFGR and the y5, y6, y7, y8, y10, y11, y12, and y13
fragments of QQTVTLLPAADLDDFSK (and variants). A
custom R script was used to correct the summed intensity of
the analyte fragments with the equivalent fragments of the
isotopically labeled internal standards and generate calibration
curves for AYNVTQAFGR and QQTVTLLPAADLDDFSK
from the calibrators using 1/x weighting. The resulting linear
regression equation was used to determine protein concen-
trations from each peptide in QC and patient samples.
Additional analysis and plot generation were performed using
Microsoft Excel.

Processing of Nasopharyngeal Swab Samples for
Untargeted LC-MS/MS Analysis

Nasopharyngeal swab samples were collected in PBS and
processed for in-solution trypsin digestion. One milliliter of
the sample was reduced using 10 mM TCEP at RT for 20
min followed by alkylation using 20 mM IAA at RT in dark
for 30 min. 5 μg of sequencing grade trypsin + Lys-C mix
was added to the samples and incubated overnight at 37 °C.
The samples were desalted using C18 solid-phase extraction
spin columns (Glygen, Columbia, MD), dried down, and
reconstituted in 20 μL of 0.2% formic acid. Samples were
split into three parts10% for single-shot discovery, 10% for
single-shot PRM, and the remaining 80% was fractionated
into 6 SCX fractions for DDA analysis. SCX fractionation was
carried out using the protocol as described previously.23

Briefly, the samples were reconstituted in 1% TFA and
loaded on SCX top tips containing PolySULFOETHYL A
using the Benchtop centrifuge at 1000 rpm for 1 min. Loaded
peptides were washed using 0.2% TFA twice and sequentially
eluted into 6 fractions using 50, 75, 100, 150, 200, 300 mM
Ammonium acetate and 5% NH4OH in 80% acetonitrile.
The eluted fractions were vacuum dried till further analysis.
LC-MS/MS analysis for targeted and untargeted discovery

proteomics experiments was carried out using an Ultimate
3000 RSLCnano system (ThermoFisher Scientific) connected
to an Orbitrap Exploris 480 mass spectrometer. Single-shot
PRM and DDA analyses were carried out for detection of
variant peptides from SARS-CoV-2. Sample-specific mutant
peptide targeted lists were created including the maximum of
three missed cleavages and were analyzed on the Exploris 480
mass spectrometer using the PRM method. Samples were
also analyzed using an untargeted single-shot DDA method.
The peptides were loaded onto a trap column (PepMap C18
2 cm × 100 μm, 100 Å) at a flow rate of 20 μL/min using
0.1% formic acid and separated on an analytical column
(EasySpray 50 cm × 75 μm, C18 1.9 μm, 100 Å, Thermo
Scientific) with a flow rate of 300 nL/min and a linear

Figure 1. Comparison of the calculated concentrations for the AYNVTQAFGR and QQTVTLLPAADLDDFSK target peptides. The calculated
concentrations of AYNVTQAFGR and QQTVTLLPAADLDDFSK target peptides are plotted as indicated (blue). The samples with no
detectable QQTVTLLPAADLDDFSK signal are indicated in red.
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gradient of 5 to 40% solvent B (100% ACN, 0.1% formic
acid) over 70 min. Both precursor and fragment ions were
acquired using an Orbitrap mass analyzer. Precursor ions
were acquired in an m/z range of 350−1800 with a
resolution of 120 000 (at m/z 200). Precursor fragmentation
was carried out using the HCD method with a normalized
collision energy (NCE) of 27. The fragment ions were
acquired at a resolution of 30,000 (at m/z 200). The scans
were arranged using a top-speed method with a cycle time of
3 s between MS and MS/MS. Ion transfer capillary voltage
was maintained at 1.9 kV. For internal mass calibration, the
lock mass option was enabled with polysiloxane ions (m/z
445.120025) from ambient air.

Mass Spectrometry Data Analysis of Untargeted
LC-MS/MS Data

The raw mass spectrometry data were searched using
Andromeda24 in the MaxQuant software suite (version
1.6.7.0) against a combined protein database containing the
UniProt human protein database and observed mutant SARS-
CoV-2 protein sequences based on the genome sequencing
data for each sample including common MS contaminants.
The raw data were searched against the sample-specific
variant SARS-CoV-2 protein database. The search parameters
included a maximum of two missed cleavages: carbamido-
methylation at cysteine as a fixed modification for samples
that were reduced and alkylated, and N-terminal acetylation
and oxidation at methionine as variable modifications.
Precursor tolerance was set to 10 ppm and MS/MS tolerance
to ±0.02 Da. The false discovery rate was set to 1% at
peptide-spectrum matches (PSMs) and peptide and protein
levels.

Genome Sequencing of SARS-CoV-2 Samples

SARS-CoV-2 extraction was performed using the Mag-
MAXTM viral/pathogen nucleic acid isolation kit (Cat#
A42352) from Applied Biosystems (ThermoFisher Scientific).
Viral RNA extraction was performed following manufacturer’s
protocol, using 400 μL of sample transport media. RNA was
eluted in 55 μL of which 25 μL was loaded onto the
sequencing instrument. Sequencing was performed using the
Ion AmpliSeq SARS-CoV-2 Research Panel for Genexus 6.2
from ThermoFisher Scientific following manufacturer’s
instructions.

■ RESULTS AND DISCUSSION

We recently completed a study to evaluate multiple testing
platforms for the analysis of 350 clinical nasopharyngeal swab
samples including LC-MS/MS, point-of-care tests, qRT-PCR,
and digital droplet PCR.4 The samples included 250 SARS-
CoV-2 positive samples and 100 negative samples as
determined by qRT-PCR. Figure 1 shows a comparison of
the concentration results for the AYNVTQAFGR and
QQTVTLLPAADLDDFSK target peptides. The correlation
is imperfect in part because the concentration of many of
these samples had concentrations above the calibration curve
(top calibrator = 100 pM); but the majority of samples
produced the expected results of equimolar concentrations
for the two target peptides. However, we observed 11
samples with a high concentration of the AYNVTQAFGR
peptide, while the abundance of QQTVTLLPAADLDDFSK
was below the lower limit of quantitation (LLOQ). To
investigate if the peptide was not identified because of a
sequence variation, viral genome sequencing was performed
for these 11 samples. The FASTA files of the genome
sequences are shown in the Supporting Information. As listed
in Table 1, single nucleotide polymorphisms (SNPs) causing
corresponding single amino acid substitutions that alter the
sequence of the QQTVTLLPAADLDDFSK target peptide
were confirmed by sequencing in 10/11 samples. One sample
was unable to be sequenced due to fewer viable RNA copies,
which can be attributed to lower viral load or degradation
through the sample handling processes and is evident by the
lower sequencing read metrics, as shown in Figure S1. Figure
S2 shows multiple sequence alignment of nucleocapsid
protein sequences derived from the 10 samples that were
successfully sequenced indicating the position of variants. We
observed two variants in the peptideQQTVTLLPAADLD-
DFSK-Q389L (LQTVTLLPAADLDDFSK) and T391I
(QQIVTLLPAADLDDFSK), both of which resulted in an
alteration of precursor ion mass, which explained our inability
to detect the second target peptide.
The PRM technique used to maximize the sensitivity of

our test targeted only the precursor ion masses of the wild-
type peptide sequences (m/z 563.7856 and 931.4807), while
a modified PRM method enabled detection of the LQTV-
TLLPAADLDDFSK and QQIVTLLPAADLDDFSK variants
by adding their precursor ion masses (m/z 923.9935 and
937.4989, respectively) to the target list. Annotated MS/MS
spectra are shown in Figure 2 for the wild type (Figure 2A),

Table 1. Genome Sequence and Targeted LC-MS/MS Results for Samples with High AYNVTQAFGR Concentrations and
No Detectable QQTVTLLPAADLDDFSK

sample
number

Cp
(qRT-
PCR)

amino acid substitution
(based on genome

sequencing)

AYNVTQAFGR
concentration

(pM)
QQTVTLLPAADLDDFSK

concentration (pM)
LQTVTLLPAADLDDFSK

concentration (pM)
QQIVTLLPAADLDDFSK

concentration (pM)

29 27.66 p.Gln389Leu 3775 <LLOQ 1797.653487 <LLOQ
48 28.59 p.Gln389Leu 507 <LLOQ 322.8341255 <LLOQ
205 28.33 Unable to Sequence 988 <LLOQ <LLOQ 849.2092848
217 23.42 p.Gln389Leu 2046 <LLOQ 1201.033373 <LLOQ
221 24.51 p.Thr391Ile 959 <LLOQ <LLOQ 705.7093037
235 22.76 p.Gln389Leu 1974 <LLOQ 740.6691727 <LLOQ
237 23.49 p.Gln389Leu 1041 <LLOQ 939.0091282 <LLOQ
255 24.89 p.Thr391Ile 798 <LLOQ <LLOQ 879.7508931
257 25.09 p.Thr391Ile 187 <LLOQ <LLOQ 182.7447412
281 25.31 p.Thr391Ile 2518 <LLOQ <LLOQ 3295.20967
312 26.05 p.Thr391Ile 4266 <LLOQ <LLOQ 3374.362533
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the isotopically labeled internal standard (Figure 2B), the
LQTVTLLPAADLDDFSK variant (Figure 2C), and the
QQIVTLLPAADLDDFSK variant (Figure 2D). Figure 3
shows extracted ion chromatograms (XICs) of the most
abundant product ions for the wild-type peptide sequence
and the two variants of interest. Figure 3A is a typical sample
with no variants detected and a large signal for the
QQTVTLLPAADLDDFSK peptide; however, as shown in
Figure 3B,C, the product ions expected from the wild-type
sequence were not observed, but instead the predicted
variants were detected.
The concentrations of the peptides were estimated using

the QQTVTLLPAADLDDFSK internal standard and the
calibration curve. These results are listed in Table 1, and the
linear regression plot is shown in Figure 4. Ultimately, all the
predicted variants were detected with only a slight
modification to the MS data acquisition method. Additionally,
we were able to detect a variant in the sample where we were
unable to obtain the genomic sequence, demonstrating the
sensitivity and ability of this technique to be extrapolated to
samples in the absence of genome sequencing once variant
targets have been established.

Finally, we sought to assess the utility of LC-MS/MS for
detection of other variants predicted by the genome
sequences. To accomplish this, we carried out targeted and
untargeted LC-MS/MS analysis, as depicted in Figure S3.
Targeted PRM analyses resulted in identification of LQTV-
TLLPAADLDDFSK and QQIVTLLPAADLDDFSK variants
in respective samples, as shown in Table 2. We detected the
DGIIWVAIEGALNTPK variant in samples 257 (by PRM
and untargeted DDA) and 281 (PRM), while the
NSTLGSSR variant could be detected in samples 48
(PRM) and 235 (SCX fractionated sample). The identi-
fication of variants of the DGIIWVATEGALNTPK peptide is
especially significant, as we and others have found it to be a
sensitive target peptide for the LC-MS/MS analysis of SARS-
CoV-2.5,11 In addition to the nucleocapsid variants, we also
detected the variant peptide FISTCACEIVGGQIITCAK
from the protein ORF1ab in five samples. Although the
peptide identifications from database searching in this study
were obtained using variants identified based on genomic
sequence information, it is possible that variants could also be
identified in the absence of genome sequencing through
error-tolerant database searching.25

Figure 2. Annotated MS/MS spectra of: (A) wild-type QQTVTLLPAADLDDFSK, (B) isotopically labeled internal standard, (C)
LQTVTLLPAADLDDFSK variant, and (D) QQIVTLLPAADLDDFSK variant.
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The nucleocapsid protein is the most abundantly expressed
protein by SARS-CoV-2,7−9,11,13 making it an appealing target

for testing methodologies predicated on detecting viral
proteins such as LC-MS/MS proteomic approaches and

Figure 3. Extracted ion chromatograms of the most abundant fragment ions produced by the QQTVTLLPAADLDDFSK, LQTVTLLPA-
ADLDDFSK, and QQIVTLLPAADLDDFSK peptides. (A) Typical patient sample with only wild-type signals being detected, (B) patient
sample with the LQTVTLLPAADLDDFSK variant, and (C) patient sample with the QQIVTLLPAADLDDFSK variant.

Figure 4. Comparison of respective variant concentrations versus AYNVTQAFGR calculated concentration.
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point-of-care tests using lateral flow immunoassay and
fluorescence immunoassay techniques. Therefore, the nucle-
ocapsid protein is of great significance for diagnostic purposes
and an understanding of the prevalence of nucleocapsid
variants and their implications for each methodology is
imperative. When utilizing LC-MS/MS to measure a select
set of target peptides, strategies to ensure accurate patient
results in the presence of variants must be utilized. We have
minimized the impact of variants on test results by adding
the precursor ion masses of the common variants to our
targeted PRM method, measuring signals from multiple
peptides, and deploying a weighted machine learning
approach for determining positive/negative results that are
not reliant on detection of both peptides. An alternative
strategy to minimize the impact of protein variants is to use a
bioinformatics approach to eliminate peptides that are known
to have a high prevalence of variants.4 However, in doing
this, one may disregard sensitive and specific biomarkers, as
in the case of the QQTVTLLPAADLDDFSK peptide, which
is an excellent proteotypic peptide for detection.
We must note that our methodologies are not currently

optimized for detection of the wild-type spike protein nor
variants of the spike protein, which have been of greater
public interest due to the potential of these variants to alter
viral transmission rates, disease severity, and reduced
effectiveness of natural or vaccine-induced immunity.26

Based on these results, it is likely that MS-based approaches
could also be utilized for detection and identification of spike
protein variants.

■ CONCLUSIONS

The nucleocapsid protein of SARS-CoV-2 has emerged as an
important biomarker for diagnostic tests based on protein
detection (i.e., LC-MS/MS and immunoassays). We
suspected that protein variants were responsible for our
failure to detect a target peptide derived from the
nucleocapsid protein in a subset of nasopharyngeal swap
samples. The presence of variants was confirmed by genomic
sequencing, and with only minor modifications to the LC-

MS/MS instrument method, we were able to detect the
sequence variants of our target peptide, and additional
variants were detected in bottom-up proteomic analyses. This
work highlights the importance of developing a strategy for
ensuring accurate test results in the presence of variants when
utilizing protein-based approaches, especially when measuring
a select set of target peptides.
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