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ABSTRACT: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV- N 5

X R | . ucleoprotein
2) causes the ongoing coronavirus disease 2019 (COVID-19) pandemic. N
Here we report a novel strategy for the rapid detection of SARS-CoV-2 based 1812.0 27%.3 R
on an enrichment approach exploiting the affinity between the virus and | , [l
cellulose sulfate ester functional groups, hot acid hydrolysis, and matrix- Z [
assisted laser desorption/ionization-time-of-flight mass spectrometry | 2835.4 | |
(MALDI-TOF MS). Virus samples were enriched using cellulose sulfate " ®
ester microcolumns. Virus peptides were prepared using the hot acid
aspartate-selective hydrolysis and characterized by MALDI-TOF MS.
Collected spectra were processed with a peptide fingerprint algorithm, and
searching parameters were optimized for the detection of SARS-CoV-2.
These peptides provide high sequence coverage for nucleocapsid (N protein)
and allow confident identification of SARS-CoV-2. Peptide markers
contributing to the detection were rigorously identified using bottom-up proteomics. The approach demonstrated in this study
holds the potential for developing a rapid assay for COVID-19 diagnosis and detecting virus variants from a variety of sources, such
as sewage and nasal swabs.
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B INTRODUCTION

Matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) and real-time reverse
transcription-polymerase chain reaction (RT-PCR) are the
well-established molecular technologies in clinical laboratories
for detecting causative agents in infectious diseases."”” RT-PCR
is advantageous in its sensitivity and can be directly applied to
clinical specimens for detecting pathogens, such as the
detection of SARS-CoV-2 for the diagnosis of COVID-19.°
Therefore, RT-PCR has been commonly used as a screening
tool in response to community and healthcare-associated

advantages, MALDI-TOF MS has been established as a gold
standard in infectious disease diagnosis.

Approaches using MALDI-TOF MS as a diagnostic tool for
COVID-19 have been demonstrated.*”"” On the basis of the
current reports, the detection strategy mainly relies on applying
machine learning and artificial intelligence algorithms (A1/
ML) to mass peaks (features) extracted from MALDI-TOF
MS of either blood, saliva, or nasal swab specimens.g_14 Since
the mass peaks acquired by MALDI-TOF MS are generated
from human specimens, the features that drive the separation
between SARS-CoV-2 positive and negative subjects are drawn

infections.* One example is the “MRSA bundle” effort in which
RT-PCR is used on nasal swabs to control healthcare-
associated infections with methicillin-resistant Staphylococcus
aureus (MRSA).” The disadvantages of RT-PCR include the
costly reagents and lack of multiplexing capacity. Compared to
RT-PCR, the main advantages of MALDI-TOF MS include
low cost, simplicity, high throughput, and high specificity.’ The
FDA-approved commercial MALDI-TOF MS platforms
currently in use in clinical laboratories globally can identify
over 400 species of pathogens from a single colony with an
accuracy of >95% in a few minutes.” Because of these
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from both host-response markers and pathogen signatures. As
a result, researchers only report masses in MALDI-TOF MS.
Neither the origin nor the chemical composition of significant
features are known. The approach to detecting COVID-19
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using SARS-CoV-2 signatures is rare,”>~'” due to the technical
challenges of purifying SARS-CoV-2 from collected samples.
Yoshinari et al. made a substantial improvement and reported
an approach for the direct detection of SARS-CoV-2 in human
nasopharyngeal swabs using a virus purification workflow
based on filtration and anion exchange chromatography.'” In
this workflow, nonviral proteins were removed by molecular
weight cutoff ultrafiltration (MWCO). The virus was lysed
with 2-propanol and the anionic nucleocapsid protein (N
protein) was preferentially adsorbed on positively charged
Sepharose XL. The enriched N protein was then treated using
trypsin digestion, and peptide signatures of the N protein were
characterized by MALDI-TOF MS."” Yoshinari and coauthors
made critical contributions to the unambiguous detection of
SARS-CoV-2 using pathogen signatures. However, the virus
purification and peptide preparation protocols are labor-
intensive and slow, as they include ultra-high-speed centrifu-
gation and trypsin digestion.'”

Compared to bacteria identification, virus identification
using MALDI-TOF MS faces critical challenges that hamper its
application in clinical laboratories, including the difficulty of
acquiring an enriched virus sample and the scarcity of
characteristic mass peaks related to characteristic viral
proteomes. > Molecular docking studies showed that spike
proteins of SARS-CoV-2 interact with cellular heparin sulfate
and angiotensin-converting enzyme 2 (ACE2) to initiate
cellular entrance.””** It was also shown that heparin binds
spike proteins in vitro, suggesting that cellulose sulfate
functional groups can be used to enrich SARS-CoV-2.** In
this study we hypothesized that cellulose sulfate ester columns
could be used as an enrichment method for SARS-CoV-2, and
a rapid detection approach can be developed on the basis of
peptide profiles from the enriched sample provided by
MALDI-TOF MS.

B MATERIALS AND METHODS

Materials

Sulfate ester-immobilized on cellulose beads (Cellufine
Sulfate) were commercially acquired from JNC Corporation
(Tokyo, Japan). Phosphate-buffered saline (PBS, pH 7.4)
solutions, glacial acetic acid, HPLC water, and acetonitrile
were purchased from Thermo Fisher Scientific (Waltham,
MA). Alpha-cyano-4-hydroxycinnamic acid (CHCA) MALDI-
TOF MS matrix was purchased from MilliporeSigma (St.
Louis, MO).

Viral Sample Preparation

Vero E6 cells expressing human TMPRSS2 (Vero E6-
TMPRSS2) were obtained from the Japanese Collection of
Research Bioresources and maintained in Gibco DMEM/F12
media (Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (VWR, Radnor, PA), penicillin (100 unit/mL)/
streptomycin (100 ug/mL; VWR), and 1 mg/mL Gibco
Geneticin (Thermo Fisher Scientific). SARS-CoV-2 (hCoV-
19/Japan/TY7-503/2021) was obtained from BEI Resources
and propagated in Vero E6-TMPRSS2. Briefly, 3 X 107 cells
were plated into a T-175 flask and infected 24 h later at a cell
density of ~90%. Cells were infected with a dose of 7.1 X 107
TCIDg, (50% tissue culture infectious dose) in S mL of
Dulbecco’s PBS (DPBS; Thermo Fisher Scientific) for 1 h at
37 °C. After absorption, 15 mL of DMEM/F12 with 2% FBS
was added, and cells were further incubated at 37 °C, 5% CO,
for 48 h, at which point 90% cytopathic effect was observed.

Virus-containing media was harvested, aliquoted, and stored at
—80 °C. All work with live virus was conducted in a Biosafety
Level-3 (BSL-3) laboratory with adherence to established
safety guidelines.

For virus analysis, 2 mL of virus stock was thawed and
subjected to centrifugation at 1000g for 10 min to clarify cell
debris. The virus was then layered onto a 34% w/v sucrose
cushion in DPBS and pelleted in an ultracentrifuge for 1 h at
100 000g and 4 °C. After centrifugation, the supernatant was
discarded, and the virus pellet was resuspended in 2 mL of
pure water. Prior to analysis, virus infectivity was inactivated by
incubation at 70 °C for 30 min. Inactivation was confirmed by
plating 10% of the material on naive Vero E6 TMPRSS2 cells
and monitoring the cytopathic effect (CPE) at 6 days
postinfection. The virus titer in the final sample after
concentration is 2.3 X 10’ TCIDgy/mL or plaque-forming
units/mL (PFU/mL).

Construction of the Cellulose Sulfate Ester Columns

For packing the columns, 200 mg of cellulose sulfate ester
beads were packed into a microcolumn following the method
previously described.” Generally, a frit disk was installed on
the bottom of the microcolumn, and 200 mg of beads were
loaded. Another frit disk was installed on top of the beads. The
packed column can be stored at room temperature before use.
The packed columns were washed with 500 uL of 10XPBS
once and 500 uL of 1XPBS three times for further use.

Cellulose Sulfate Ester Column Enrichment of SASR-CoV-2

The workflow is shown in Figure 1. For the enrichment, 450
HuL of virus sample was prepared in 10XPBS to make a final
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Figure 1. Overview of workflow for the identification of viral peptides
using bottom-up proteomics and the rapid detection of SARS-CoV-2
using MALDI-TOF MS and peptide fingerprinting. Experiment
duration from sample to result in the rapid MALDI-TOF MS
workflow (29 min): viral enrichment (S min), hot acid digestion (15
min), peptide desalting concentration (3 min), MALDI-TOF MS
sample preparation (3 min), MALDI-TOF MS data acquisition (2
min), mass spectral fingerprinting (1 min).

solution of 1XPBS solution. The virus sample solution was
loaded into the column using a syringe and pushed through
very slowly. The flow-through sample was collected and
pushed through the column five more times, making six times
total. To completely remove nonbinding proteins, 2 mL of 0.2
M NaCl in 1XPBS washing solution was pushed through the
column three times very slowly. 900 uL of 1.5 M NaCl in
IXPBS elution solution was pushed through the column
rapidly using the syringe, and the elution sample was collected.
The sample loading and washing took S min. To remove
10XPBS from the virus solution, the sample was loaded into a
3K cutoff filter column and spun in a microcentrifuge at
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Figure 2. Characterization of peptides produced from hot acid treatment before and after cellulose sulfate column enrichment using MALDI-TOF
MS and bottom-up proteomics. (A) MALDI-TOF mass spectrum of peptides from a raw sample. (B) MALDI-TOF mass spectrum of peptides
produced following enrichment. (C) Distribution of peptide ion intensities measured in the raw sample using bottom-up proteomics. (D)
Distribution of peptide ion intensities measured in the enriched sample using bottom-up proteomics. Green circles indicate peptides assigned to
Vero E6 cell proteins and red circles indicate peptides assigned to SARS-CoV-2 proteins.

14 000g for 25 min. Alternatively, the removal of PBS can be
done by using C18 tips reported in our previous studies, which
is more rapid and inexpensive.>*” After desalting, the sample
can be directly applied to the following experimental
procedure.

Hot Acid Digestion

The sample produced from the 3K cutoff filtration was moved
to a snap cap thin-wall PCR microtube and topped with HPLC
water to make a final sample volume of 87.5 uL. 12.5 uL of
glacial acetic acid was added to make a 12.5% acid solution.
The solution was incubated on a heating block at 140 °C for
1S min. After incubation, the microtube was immediately
cooled using cold water to stop the protein hydrolysis. The hot
acid digestion conditions were optimized using a protein
standard Bovine Serum Albumin Standard Ampules (Thermo
Scientific, Figure S1).

MALDI-TOF Mass Spectrometry

CHCA MALDI matrix (9 mg/mL) was prepared in 70%
acetonitrile. For MALDI-TOF MS, 1.0 uL of the hot acid
sample was deposited onto the MALDI plate and dried. Then,
1.0 uL of the CHCA solution was deposited on top and mixed
by pipetting up and down. The samples were evaluated on a
Bruker Daltonics microflex LRF MALDI-TOF mass spec-
trometer (Billerica MA). MALDI-TOF mass spectra were
obtained in the positive linear mode, and an average of 600
profiles were collected in a mass range of 700—21 000 m/z.
The MALDI-TOF MS preparation and data collection took 5
min. All experiments were repeated three times to ensure

repeatability.
Bottom-up Proteomics

Peptides after hot acid treatment were desalted and
concentrated using C18 Toptip (Glygen Corp., Columbia,
MD) for bottom-up proteomics. The peptides were
resuspended in 50 uL of HPLC water before being injected
into an EASY-nLC 1000 system (Thermo Fisher Scientific)

coupled with an LTQ Orbitrap system (Thermo Fisher
Scientific). An Acclaim PepMap 100 C18 trap column (0.2
mm X 20 mm, S #L/min) and an analytical column (75 ym X
150 mm, 300 nL/min) were used, and peptides were separated
using 80% ACN prepared in 0.1% FA in 60 min. For protein
identification, raw data files were loaded into MaxQuant
(maxquant.org) and searched against a protein database
(UniProtKB/Swiss-Prot, UniProt.org) containing reviewed
proteins of SARS-CoV-2 and Vero E6 cell line (African
green monkey, Cercopithecus aethiops). Oxidation (M) was
selected for variable modification. Digestion was set to the C
terminus and N terminus of aspartic acid (D). Four missed
cleavage sites were allowed. False discovery rates (FDR) for
both peptide and protein identification were 0.01. We used the
default values for other parameters in MaxQuant.

Protein Identification and Detection of SARS-CoV-2 Using
Peptide Fingerprinting

The online program MASCOT Peptide Mass Fingerprint
(Matrix Science, Boston, MA, matrixscience.com) was used
with MALDI-TOF MS data. Mass peaks with S/N > 10 in
MALDI-TOF MS were extracted into “Mass values” for
analysis. “SwissProt” protein database was used, and “All
entries” was selected for taxonomy. Enzyme was defined as
“Formic_acid,” and different missed cleavage numbers, 0—9,
were allowed. Peptide tolerance was set to 0.5 Da, and
monoisotopic type was selected. The protein identification by
peptide fingerprinting took less than a minute to complete.
The definitions of the parameters are available at the online
“Tutorial” program under “Peptide Mass Fingerprint search”
(matrixscience.com).

B RESULTS AND DISCUSSION

Proteomic Analysis of SARS-CoV-2 Enriched Using
Cellulose Sulfate Ester Columns

The virus samples were prepared in Vero E6 cells. Proteins
identified in the raw virus sample (unenriched virus sample)

https://doi.org/10.1021/acs jproteome.2c00238
J. Proteome Res. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.2c00238/suppl_file/pr2c00238_si_001.pdf
https://maxquant.org/
https://uniprot.org/
https://matrixscience.com/
https://matrixscience.com/
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00238?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00238?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00238?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00238?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Proteome Research

pubs.acs.org/jpr

Technical Note

Table 1. Identification of NCAP_SARS2 (N Protein) Using
the Peptide Mass Fingerprint Program from MALDI-TOF
MSs“

allowed missed cleavage score expect matches
0 59 0.78 6
1 126 1.40 X 1077 15
2 211 4.50 x 1071¢ 24
3 250 5.70 x 1072 28
4 230 5.70 X 10718 28
S 236 1.40 X 1078 29
6 232 3.60 X 10718 29
7 231 450 x 1078 29
8 230 5.70 X 10718 29
9 230 570 X 1078 29

“A score greater than 70 is significant (p < 0.0S) for protein
identification (matrixscience.com). “Expect” means expectation values
(E-value). “Matches” means the matched input mass values in
MALDI-TOF MS to calculated mass values generated from the
defined protein digestion.

UniProtKB - PODTC9 (NCAP_SARS2)

1 MSDNGPQNQR NAPRITFGGP SDSTGSNQONG ERSGARSKQR RPQGLPNNTA
51 SWFTALTQHG KEDLKFPRGQ GVPINTNSSP DDQIGYYRRA TRRIRGGDGK
101 MKDLSPRWYF YYLGTGPEAG LPYGANKDGI IWVATEGALN TPKDHIGTRN
151 PANNAAIVLQ LPQGTTLPKG FYAEGSRGGS QASSRSSSRS RNSSRNSTPG
201 SSRGTSPARM AGNGGDAALA LLLLDRLNQL ESKMSGKGQQ QQGQTVTKKS
251 AAEASKKPRQ KRTATKAYNV TQAFGRRGPE QTQGNFGDQE LIRQGTDYKH
301 WPQIAQFAPS ASAFFGMSRI GMEVTPSGTW LTYTGAIKLD DKDPNFKDQV
351 ILLNKHIDAY KTFPPTEPKK DKKKKADETQ ALPQRQKKQQ TVTLLPAADL
401 DDFSKQLQQS MSSADSTQA

Figure 3. NCAP_SARS2 (N protein) sequence coverage. Red
residues are present in peptides identified.

using peptide identification with bottom-up proteomics
showed that host cell proteins were the most readily identified
proteins, including DNA deaminase, hepatitis A virus cellular
receptor 1, and calreticulin (Table S1, Table S2). Viral protein
ORF3c was also identified on the basis of peptides in the raw
virus samples (Table S1). The difference in peptide ion
intensities between host cells and virus is around 100 times
(Figure 2, Table S1, Table S2). After virus enrichment on the
cellulose sulfate ester column, peptides of the N protein of
SARS-CoV-2 were the most abundant peptides detected
(Table S3, Table S4, Figure 2). Peptide fingerprints revealed
by MALDI-TOF MS showed different patterns between the
raw virus sample and the virus sample enriched on the cellulose
sulfate ester column (Figure 2A,B). The mass shift signature
characteristic of hot acid protein hydrolysis, +115.1 Da of
adding or removing an aspartic acid residue, was observed for
the peak assignments (Table S4). These are identified as
missed cleavages in the software used (Table S4).

The improvement in the identification of viral peptides with
the enrichment is also revealed by the ion intensity values
(Figure 2C,D). The ion intensity of the peptides was 1.2 X 105,
while no peptides of the host cell proteins were identified
above the ion intensity of 6.5 X 10° (Figure 2D). The peptide
analysis using bottom-up proteomics indicates that cellulose
sulfate ester provides a significant enrichment of SARS-CoV-2,
based on the affinity between the cellulose sulfate ester
functional groups and SARS-CoV-2. The enrichment experi-
ments were repeated in this stud to show the reproducibility
(Figure S2, S3).

Bottom-up proteomics identified abundant peptides belong-
ing to the N protein with cellulose sulfate ester column
enrichment (Table S3). It is well reported that spike proteins
of the SARS-CoV-2 viral wall show affinity to cellulose sulfate
functional groups via glycan-binding domains.”> However,
spike proteins were not identified in the enrichment samples
using bottom-up proteomics. We hypothesize that this is
mainly caused by the relative abundances of viral proteins in
the virus and heavy post-translational modification of spike
proteins. Bottom-up proteomics in this study showed that the
N protein was the most abundant based on the ion intensity in
the orbitrap mass spectrometer, which agrees well with
previous studies in which viral protein profiles were revealed
by mass spectrometry.”*">* Gouveia and Saadi showed that the
ion intensities of two peptides of the N protein were the most
intense in nanoLC-MS/MS using COVID-19 clinical sam-
ples.”®** Nikolaev and coauthors concluded that the N protein
was the best candidate for mass spectrometric detection due to
the N protein’s high abundance and the presence in the lowest
viral loads of patient samples.”” Thling and coauthors reported
that the N protein is the only identified one in highly diluted
gargle solutions of COVID-19 patients.”” Bezstarosti and
coauthors identified several viral proteins using targeted mass
spectrometry in virus samples prepared from Vero E6 cells and
found that the N protein was the most abundant one, followed
by the spike protein.’’ It was shown that the ion intensity of
the N protein was ~20 times higher than spike proteins.”’ The
MALDI-TOF MS in our study is consistent with the previous
reports, as peptides of the N protein are the most intense mass
peaks. SARS-CoV-2 proteome database (UniProt.org) shows
that the spike protein is heavily modified by post-translational
modifications, including 14 cysteine disulfide bonds, 10 amino
acid lipidations, and over 20 glycosylation sites. On the other
hand, heavy post-translational modifications have not been
reported on the N protein. Due to the heavy modifications,
peptides of the spike proteins generated from hot acid
treatment may not be feasibly identified in the database
searching algorithm. In addition, it is still unknown how many
post-translational modifications affect hot acid protein
hydrolysis. The large size glycans may prevent aspartic acid
sites from being cleaved.

Since growth media and host cells are used for virus
propagation, contaminant proteins, such as bovine serum
albumin, are the dominant materials in raw viral samples.'®
Antibody-based affinity, ultrahigh-speed centrifugation, and
ultrafiltration methods have been proposed to enrich viral
materials.'” The sulfate ester column-based enrichment
method we present in this study has several advantages.
Compared with other enrichment methods, our column-based
method only requires sample loading, washing, and elution,
which can be done feasibly without intensive personnel
training. In addition, the sulfate ester columns and solutions
are inexpensive, autoclavable, and can be stored at room
temperature for a long time. For example, the commercial
cellulose sulfate ester beads used in this study can be stored at
room temperature for three years.

Clinical pathogen identification using MALDI-TOF MS
relies on mass spectral fingerprints generated from house-
keeping proteins such as ribosome proteins in bacteria."”
Compared to bacterium identification, virus identification is
mainly limited by viruses’ simple proteome. For example, the
MALDI-TOF spectrum of bacteriophage MS2 only contains
one mass, that of the intact capsid protein.18 SARS-CoV-2
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Table 2. Peptides Identified from the Nucleocapsid Protein Using 3 Allowed Missed Cleavages Using MASCOT Peptide Mass

Fingerprint Program®

matched peptide

M.SDNGPQNQRNAPRITFGGPSD.S
D.NGPQNQRNAPRITFGGPS.D
D.STGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKED.L
D.LKFPRGQGVPINTNSSP.D
D.LKFPRGQGVPINTNSSPD.D
D.LKFPRGQGVPINTNSSPDD.Q
D.QIGYYRRATRRIRGGD.G
D.GKMKDLSPRWYFYYLGTGPEAGLPYGANK.D
D.GKMKDLSPRWYFYYLGTGPEAGLPYGANKD.G
D.LSPRWYFYYLGTGPEAGLPYGANK.D
D.LSPRWYFYYLGTGPEAGLPYGANKD.G
K.DGIIWVATEGALNTPKD.H
D.GIIWVATEGALNTPK.D
D.GIIWVATEGALNTPKD.H

G.DQELIRQGTD.Y

D.QELIRQGTD.Y

D.PNFKDQVILLNKHLD

D.AYKTFPPTEPKK.D

D.AYKTFPPTEPKKD.K
D.AYKTFPPTEPKKDKKKKAD.E
D.KKKKADETQALPQRQKKQQTVTLLPAA.D
ADETQALPQRQKKQQTVTLLPAAD.L
D.ETQALPQRQKKQQTVTLLPAA.D
D.ETQALPQRQKKQQTVTLLPAADLD.D
D.LDDFSKQLQQSMSSA.D
D.DFSKQLQQSMSSAD.S
D.FSKQLQQSMSSAD.S
D.FSKQLQQSMSSADSTQA.-

sequence (AA) observed Mr(expt)
start end MH+ M
2 22 2228.0 2227.037
4 21 1911.0 1909.951
23 63 4469.2 4468.173
64 80 1812.0 1810.969
64 81 1927.0 1925.996
64 82 2042.0 2041.023
83 98 1938.0 1937.046
99 127 3279.6 3278.622
99 128 3394.6 3393.649
104 127 2720.3 2719.343
104 128 2835.4 2834.37
128 144 1799.8 1798.91
129 143 1569.9 1568.856
129 144 1684.9 1683.883
288 297 1174.6 1173.563
289 297 1059.5 1058.536
344 357 1679.0 1677.957
359 370 1406.8 1405.761
359 371 1521.8 1520.788
359 377 2220.2 2219.231
372 398 3047.8 3046.761
377 399 2579.4 2578.371
378 398 2349.3 2348.318
378 401 2692.5 2691.456
400 414 1684.8 1683.777
402 415 1571.7 1570.693
403 415 1456.7 1455.666
403 419 1843.8 1842.842

““Observed” means the mass values measured in MALDI-TOF MS. “Mr(expt)” means the theoretical molecular mass of the matched peptide.

proteome contains more proteins than bacteriophage MS2, but
the molecular weights of those proteins exceed the optimized
mass range of MALDI-TOF MS. Approaches focusing on
characterizing the digestion products of viral proteins have
been developed to overcome these limitations,'”" %>
Trypsin has been used as a gold standard for protein digestion
for proteomics, mainly due to its high specificity. However, the
tryptic reaction is slow and requires a well-controlled reaction
temperature and pH solution to avoid autolysis. Because of
these limitations, a hot acid-based protein hydrolysis method
was developed to provide peptides for virus identifica-
tion.'®***" Advantages of using the hot acid approach include
the use of a stable inexpensive organic acid and a rapid
digestion process. Compared to trypsin digestion, peptide
signatures can be observed in as short as 30 s into the hot acid
reaction without protein reduction, and alkylation that is
usually required for trypsin digestion."”

Rapid Detection of SARS-CoV-2 Using MALDI-TOF MS and
Peptide Mass Fingerprinting

Since most of the peptides identified after enrichment belong
to the N protein of the SARS-CoV-2 virus, we hypothesized
that the mass peaks detected by MALDI-TOF MS after
enrichment could constitute a marker suite to be used for the
identification of this virus based on a peptide fingerprinting
algorithm. For this purpose, we examined the 37 mass peaks in
the MALDI spectrum with signal-to-noise ratios larger than 10
with the MASCOT Peptide Mass Fingerprint program

(matrixscience.com) (Table SS). Hot acid protein hydrolysis
occurs on both sides of aspartate, and the MASCOT program
classifies some products as carrying missed cleavages.””>” We
evaluated the effect of missed cleavages on the identification
scores. The results show that the N protein is more confidently
identified when missed cleavages are allowed (Table 1).
Among the identification results, 3 allowed missed cleavage
sites resulted in the best score, and the score did not vary
significantly when larger missed cleavage numbers were used
(Table 1).

The peptide list extracted by MASCOT Peptide Mass
Fingerprint shows that 54% of the sequence of the N protein
was identified and suggests the high efficiency of the hot acid
treatment method (Figure 3, Table 2). The unidentified
central portion of the protein contains two aspartate residues,
and small peptides are not produced (Figure 3).

The dominance of mass peaks assigned to the N protein in
MALDI-TOF MS provides superior advantages for the rapid
detection of SARS-CoV-2 using the peptide fingerprinting
algorithm. In the raw virus sample, mass peaks assigned to
peptides of Vero E6 cell proteins are dominant in MALDI-
TOF MS. However, since these peptides are produced from
different proteins, the peptide fingerprint algorithm fails to
identify those proteins (Table S6).

This study demonstrates a rapid SARS-CoV-2 detection
strategy based on cellulose sulfate ester enrichment, hot acid
protein hydrolysis, and peptide fingerprinting with MALDI-
TOF MS. The materials and solvents used in this approach are
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inexpensive, and the whole detection process can take less than
30 min (Figure 1). Although cellular entrance mechanisms by
toxins and viruses have been explored extensively for
enrichment purposes,‘ﬂ_36 we demonstrate for the first time
that the interaction between cellulose sulfate functional groups
and SARS-CoV-2 can be used for the enrichment. The
interaction happens via glycan sites on spike proteins based on
the reported mechanisms.”*** Our method exploits cellulose
sulfate ester binding by using a minimal synthetic substrate
immobilized in a microcolumn and has the potential for
automation for clinical use. Yoshinari et al. reported that the
titers of SARS-CoV-2 copy numbers in clinical nasopharyngeal
swabs were estimated between 10*>° and 10 PFU per mL."”
The estimated titer for the confident identification of SARS-
CoV-2 based on the fingerprinting reported in our study is
10>! PFU per mL, suggesting our approach can detect SARS-
CoV-2 in various clinical specimens.

Another potential use is the integration of our approach with
the current wastewater surveillance efforts to measure SARS-
CoV-2 to track community infection dynamics (cdc.gov).”’
The current surveillance technology relies on the detection of
viral RNA using PCR. It was reported that the primary sludge
contained between 1.7 X 10° to 4.6 X 10° mL™' SARS-CoV-2
viral RNA copies measured by quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR).”” Our
approach presented in this study can be used as an inexpensive
and rapid alternative to the current SARS-CoV-2 surveillance
technology.

On the basis of the peptide profiles of the N protein, our
approach has the potential to identify virus variants. Omicron/
B.1.1.529 has a P — L transition at amino acid position 13
(UniProt.org), and the change in sequence and mass occurs
within peptides that are detected in our sample. For example,
SDNGPQNQRNAP(L)RITFGGPSD will have a mass shift
from 2228.0 to 2244.1 m/z (Table 2). However, the mutation
from an aspartate residue to another residue in other variants
may reduce the coverage. For example, Delta/B.1.617.2 has a
D — Y transition at amino acid position 377 (UniProt.org),
and D(Y)ETQALPQRQKKQQTVTLLPAAD will not be
cleaved by the hot acid (Table 2), resulting in a larger peptide.

It should be noted that the interaction between SARS-CoV-
2 and cellulose sulfate functional groups is not unique. Other
studies reported the use of cellulose sulfate columns to enrich
other virus types, such as influenza.>®*™*' The coinfection of
influenza and SARS-CoV-2 is rare but has been reported.”” For
coinfection cases, a more sophisticated identification algorithm
is needed for multiplexing. Other glycoproteins contained in
clinical specimens may also be captured by cellulose sulfate and
contribute to the MALDI spectrum.

B CONCLUSION

In this study, we have demonstrated a strategy using cellulose
sulfate ester enrichment and hot acid protein hydrolysis for the
rapid mass spectrometric detection of SARS-CoV-2. Our
strategy has adequate sensitivity and specificity, based on high
sequence coverage for the signature nucleocapsid protein of
SARS-CoV-2. Due to its simplicity and robustness, our
approach has the potential for automation. This strategy can
be extended to other virus types that show affinity to cellulose
sulfate functional groups.
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