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Rapid antigen tests have become a widely used
COVID-19 diagnostic tool with demand accelerating in response to
the highly contagious SARS-CoV-2 Omicron variant. Hundreds of . .
such test kits are approved for use worldwide, predominantly Certificate of Analysis
reporting on the presence of the viral nucleocapsid (N) protein, yet v/ stability o | NCAP-1
the comparability among manufacturers remains unclear and the ./ value assignment Reference | SARS-CoV-2 Nucleocapsid Protein
need for reference standards is recognized. To address this lack of Materal | Reference Material
standardization, the National Research Council Canada has
developed a SARS-CoV-2 nucleocapsid protein reference material
solution, NCAP-1. Reference value determination for N protein
content was realized by amino acid analysis (AAA) via double isotope dilution liquid chromatography—tandem mass spectrometry
(LC-ID-MS/MS) following acid hydrolysis of the protein, in conjunction with UV spectrophotometry based on tryptophan and
tyrosine absorbance at 280 nm. The homogeneity of the material was established through spectrophotometric absorbance readings
at 280 nm. The molar concentration of the N protein in NCAP-1 was 10.0 + 1.9 umol L™' (k = 2, 95% confidence interval).
Reference mass concentration and mass fraction values were subsequently calculated using the protein molecular weight and density
of the NCAP-1 solution. Changes to protein higher-order structure, probed by size-exclusion liquid chromatography (LC-SEC) with
UV detection, were used to evaluate transportation and storage stabilities. LC-SEC revealed nearly 90% of the N protein in the
material is present as a mixture of hexamers and tetramers. The remaining low molecular weight species (<30 kDa) were
interrogated by top-down mass spectrometry and determined to be autolysis products homologous to those previously documented
for N protein of the original SARS-CoV [Biochem. Biophys. Res. Commun. 2008t, 377, 429—433].
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The ongoing COVID-19 pandemic is caused by the SARS- wave of infections. Such tests can be performed at home
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CoV-2 virus, which has infected over 540 million people
worldwide." Multiple vaccines have been developed and
deployed with unprecedented speed while providing excellent
protection from serious disease. Several approved vaccines
elicit an immune response to the spike protein (S), the viral
protein responsible for binding to human cell-surface
receptors. Antibodies target multiple epitopes on S;*’
however, mutations can allow the virus to evade the immune
response. The effect of these escape mutations has been
observed by the recent emergence of the Omicron B.1.1.529
variant* (and multiple subvariants), which is dramatically more
transmissible than previous variants and now accounts for the
vast majority of infections. The steep increase in transmission
during the Omicron wave has forced health agencies to modify
their COVID testing strategies.

While RT-PCR remains the definitive method to diagnose
infection by detecting viral RNA, the associated logistics render
widespread testing unrealistic. To facilitate mass testing efforts,
multiple rapid antigen tests have been approved,”” and their
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without the need for specialized training and rely on a visual
readout. The vast majority of antigen tests detect the SARS-
CoV-2 nucleocapsid (N) protein due to its abundance in
circulation early during infection.® Operating on principles
similar to those of antigen tests, serology (i.e., antibody) tests
report on the presence of anti-S and/or anti-N antibodies
(Abs) in patient serum. The presence of anti-N Abs can
distinguish those who have been previously infected from
vaccinated yet uninfected individuals, facilitating potential
large-scale surveillance studies to estimate overall infection

levels in highly vaccinated populations.”"’
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Ensuring comparability between test kits from various
manufacturers is essential yet often difficult due to intellectual
property concerns regarding antigen/Ab identities and
structures. Reference materials support measurement accuracy
and enhanced reliability, and thus can be valuable tools to
assess comparability between test kits. We recently charac-
terized a spike protein reference material'" for use in various
applications including lateral flow assays. With regard to
nucleocapsid, production of recombinant protein has been
reported using a variety of methods in different cell types,
including bacterial, insect, and mammalian cells.”>™*> Such
diverse approaches generate products with variable character-
istics, including differences in post-translational modification
and oligomeric status, which will likely impact their perform-
ance in different assays. To further address the lack of
standardization, we have developed a SARS-CoV-2 N protein
reference material, NCAP-1, based on the native viral N
sequence (with C-terminal affinity tags added for purification)
expressed in CHO cells. Notably, despite the absence of an N-
terminal signal peptide (secretion signal), N is spontaneously
released into CHO cell culture supernatants, thus facilitating
purification compared to other production methods. This
material is designed to serve as a positive control for antigen
tests, and has already been shown to be valuable as an antigen
source for ELISA-based Ab assays.'® The production and
characterization of this protein reference material should
dramatically increase confidence and harmonization in SARS-
CoV-2 immunological testing results.

NRC certified reference materials (CRMs) ALEU-1 (leucine), APHE-
1 (phenylalanine), and APRO-1 (proline) were used as primary
standards for AAA."” The amino acid CRMs were purity assigned by
quantitative 'H NMR traceable to NIST potassium hydrogen
phthalate (SRM 84L). The corresponding isotope-labeled amino
acids were sourced from Cambridge Isotope Laboratories (CIL,
Tewksbury, MA): ["*C¢]-leucine, [ring-'>C4]-phenylalanine, and
[Cs]-proline. NIST recombinant humanized IgGlk monoclonal
antibody reference material (NISTmAb, RM 8671) was purchased
from NIST (Gaithersburg, MD). Amino acid analysis grade 6 M
hydrochloric acid, Dulbecco’s phosphate buffered saline, arginine, and
chymotrypsin were obtained from Sigma (Oakville, ON). Acetonitrile,
formic acid, ammonium acetate, Tris-HCI, and NaCl were purchased
from Fisher Scientific (Nepean, ON). Glacial acetic acid was from
ACP Chemicals (Montreal, QC) and sequencing grade trypsin was
from Promega (Madison, WI).

Recombinant N protein was produced and purified as described
previously.'® Briefly, a CHO codon-optimized sequence encoding the
native SARS-CoV-2 reference strain N protein fused to C-terminal
FLAG-dual-Strep-His affinity tags was cloned into the pTTS
expression vector. The protein was produced by transient gene
expression (TGE), by PEI-mediated transfection of the pTTS-NCAP
plasmid into CHO®*®' cells growing in suspension culture in
chemically defined media. Culture supernatant harvested following a
7-day fed-batch process was purified by sequential IMAC and Strep
affinity chromatography columns. The final product was formulated in
50 mM Tris, pH 8.0, containing 150 mM NaCl using a desalting
column and stored at —80 °C. Prior to reference material bottling, the
protein solution was thawed in a 25 °C water bath and diluted 1:3
with formulation buffer in a biosafety cabinet. The diluted solution
was dispensed in 0.4 mL aliquots into sterile 2 mL cryovials, labeled,
and stored at —80 °C.
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Peptide Mapping and Host-Cell Protein Detection. NCAP-1
aliquots were digested overnight at 37 °C with trypsin (1:20 w/w) or
chymotrypsin (1:50 w/w). Resultant peptides were separated on a 2.1
X 150 mm BEH130 C18 column (Waters, Milford, MA) with a
water:acetonitrile gradient in the presence of 0.1% formic acid
delivered by a Thermo Fisher Scientific Vanquish UHPLC (San Jose,
CA). Eluting peptides were detected with an Orbitrap Fusion Lumos
(ThermoFisher Scientific). The ESI needle voltage was held at +3600
V and the sheath, auxiliary, and sweep gas flows were 35, 10, and 2,
respectively (arbitrary units). The ion transfer tube and vaporizer
temperatures were set to 275 and 250 °C, respectively. Survey scans
were acquired from m/z 350—1400 at 60 000 resolution and RF 30%.
Fragment spectra were generated via CID (35% normalized CE) and
detected in the ion trap. Data analysis proceeded in MaxQuant 1.6"°
employing the Cricetulus griselus Uniprot reference proteome database
supplemented with the nucleocapsid protein sequence and those of
common contaminants. Proteins detected by MS/MS with >3 unique
peptides were considered positive identifications. Relative host-cell
protein abundances were estimated using iBAQ'® and are shown in
Table S1.

Top-Down CID. Protein separation was achieved using a Waters
BEH300 C4 column (2.1 X S0 mm). Survey scans were collected with
the Orbitrap Fusion Lumos operating at 50 000 resolution over a
150—2000 m/z range. Fragment ions were generated via CID (30%
CE) with detection in the Orbitrap at 15 000 resolution. Charge state
distributions were deconvoluted with FreeStyle 1.7 software provided
by the instrument manufacturer and UniDec,” and masses were
tentatively matched (Am < S ppm) to N protein fragments via
ExPASy tool FindPept (https://web.expasy.org/findpept/). Sequen-
ces were confirmed by analyzing top-down CID fragment ion spectra
with TopPIC.”"

Isotopically labeled amino acid (**C4-Leu, *Cy-Phe, and "*C;-Pro)
stock solutions were prepared gravimetrically in ultrapure water and
then combined as internal standards in mole fractions representing
those in the NCAP-1 sequence to enable exact-matching isotope
dilution (1:1 ratio). A corresponding blend of the natural amino acids
(Leu, Phe, and Pro) and two blends bracketing the 1:1 ratio (0.5 and
1.5 ratio) were prepared as calibrants. Equal amounts of the internal
standard were then spiked into each of the calibration blends and
NCAP-1, followed by liquid phase acid hydrolysis in 6 M HCL. The
solutions were incubated at 110 °C for 72 h to ensure complete
peptide bond cleavage,”>** then equilibrated to ambient temperature.
A 40 pL aliquot of each solution was diluted to 1 mL prior to LC-
MS/MS analysis. NISTmAb RM 8671 was diluted 10-fold, spiked
with "*C-labeled amino acids, and hydrolyzed in parallel as a quality
control sample.

Analyte separation was achieved on a Macherey-Nagel Nucleodur
HILIC column (2.0 X 100 mm, 3.0 ym particle) thermostated at 35
°C. The mobile phase was delivered by an Ultimate 3000 UHPLC
instrument (ThermoFisher Scientific), and isocratic elution pro-
ceeded with 10 mM ammonium acetate in 88% acetonitrile, adjusted
to pH 3.5 with glacial acetic acid at 0.25 mL min™". Eluting amino
acids from 4 yL injections were directed into the heated electrospray
source of a Thermo Quantiva triple quadrupole MS instrument
operating in multiple reaction monitoring (MRM) mode. Compound
specific parameters were first optimized by infusing individual amino
acid standards: ion transitions (Q1/Q3), collision energy (CE), and
radio frequency (RF) values used are shown in Table S2. The ESI
needle voltage was set to +4400 V and the sheath, auxiliary, and sweep
gas flows were 25, 17, and 1, respectively (arbitrary units). The ion
transfer tube and vaporizer temperatures were set to 325 and 280 °C,
respectively. Peak areas were extracted using Xcalibur software from
the instrument manufacturer.

Quantitation of each amino acid in the sample (w,) was achieved
using the following quadruple isotope dilution equation:>*
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MB(A%B—i)

= (rap = Tasp_1) (raxp_s — VA*B—s)
ry = (rap — fA*B—z)'(fA*B—s — Tarpo1)
(1)

where A represents the analyte in the sample, A* the primary standard
(natural amino acid), B the internal standard (labeled amino acid),
A*B the calibration blend, and AB the sample blend. Symbols w,
denote the mass fraction of X in the solution (X = A, A*, or B), m,(,,
is the mass of solution x to prepare the blend xy, and r, is the
measured isotope amount ratio of x. Validation of this technique has
been demonstrated in interlaboratory comparisons >’ and has

facilitated the development of multiple protein reference materi-
11,28,29
als.” ™

Te = (TAB - TA*B—s)'(VA*B—l - rA*B—z)

Protein concentration in NCAP-1 was determined using a NanoDrop
One® (ThermoFisher Scientific) UV—visible spectrophotometer at
280 nm. Instrument performance was verified through analysis of
NISTmAb RM 8671 and a Pierce bovine serum albumin standard.
The instrument was blanked with NCAP-1 formulation buffer. A
volume of 2 L of NCAP-1 solution was pipetted onto the pedestal,
and the pathlength was set to 1 mm. Pathlength uncertainty was
determined through analysis of the Thermo Fisher PV-1 solution. The
protein concentration was calculated via the Beer—Lambert equation
using an extinction coefficient of 59380 M~ cm™,* predicted from
the N protein amino acid sequence (Figure S1).

Liquid chromatography was performed on an Agilent 1290 UPLC
instrument (Santa Clara, CA) equipped with a Superdex 200 Increase
5/150 column (Cytiva, Vancouver, BC). Instrument and column
performance was confirmed with the Cytiva high molecular weight
protein standard mix and NISTmAb RM 8671. The autosampler was
maintained at 10 °C. A volume of 10 yL of NCAP-1 (~5 ug N
protein) was injected onto the column and eluted at 0.25 mL min™"
with DPBS supplemented with 0.2 M arginine, pH 7.4. Solvent was
directed into the flow cell of the Agilent 1290 diode array detector
operating at 280 nm with 1.2 nm resolution. Data analysis was done
with ChemStation software provided by the instrument manufacturer.
Column void volume was measured with blue dextran, and protein
partition coefficients were calculated using eq 2:

_Ve— VW

K. =
av ‘/c_‘/o

)

where V, and V; are the elution volumes of the protein analyte and
blue dextran, respectively, and V_ is the SEC column volume. Peak
fitting was done via Gaussian decomposition with OriginPro 2016.

Liquid chromatography MS after proteolysis resulted in ~95%
sequence coverage (Figure S1). Peptide mapping indicated the
initiator Met residue was cleaved during expression and the
resultant N-terminus (Ser2) was acetylated. Identical N-
terminal processing was observed in SARS-CoV N protein
isolated both from patients’" and from infected Vero E6
cells.”” Initiator methionine cleavage of the SARS-CoV-2 N
protein has not been widely reported in the literature;
therefore, to facilitate comparisons with prior studies, the N-
terminal serine in NCAP-1 is maintained as residue two.
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Protein solutions are often highly uniform; however,
heterogeneity can occur for a variety of reasons, i.e.,
inconsistent environmental conditions during the production
process, temporal interaction between the sample and its
container, and contamination. Further, changes to the protein
higher-order structure may alter the readout of the chosen
detection method. Therefore, a homogeneity assessment was
performed using the molar protein concentration measured by
UV—vis at 280 nm, and a corresponding uncertainty
component was determined. Fifteen units were randomly
selected from the fill batch, and each unit was analyzed in
triplicate (Figure 1). The between unit variability was

NCAP-1 Homogeneity - A280

1.10 4

s T E _____________
i
s

0.90 -

Normalized NCAP-1 Amount

12 3 4 5 6 7 8 9 10 11 12 13 14 15
NCAP-1 Unit Number
Figure 1. Normalized protein content in 15 randomly selected
NCAP-1 units. Data points and error bars represent averages and
standard deviations, respectively, of triplicate technical replicates.

Dotted line is the average molar concentration determined by Ay,
and dashed lines indicate expanded uncertainty (k = 2, 95% CI).

determined using the Bayesian analysis of variance
(ANOVA) with priors set for the mean, the scale and the
half-Cauchy parameters. The model was fit to data using
Monte Carlo with R package rjags, and the resulting
homogeneity uncertainty (up,,) with 95% confidence interval
was 0.12 ymol L™, This uncertainty due to inhomogeneity was
considered negligible when compared to the combined NCAP-
1 uncertainty (0.96 umol L7'),** hence the material was
deemed homogeneous.

Preservation of the native higher-order (tertiary, quaternary)
structure is a critical factor for protein reference materials. The
N protein natively forms homodimers, which then further
associate into larger, functional oligomers such as tetramers
and hexamers.””” The N protein has also been shown to
undergo spontaneous cleavage, and the presence of these
truncated forms could have effects on assays employing
NCAP-1 as a reagent. Therefore, the relative amount of N
protein oligomers (namely, hexamers and tetramers) in
NCAP-1 was assessed by LC-SEC-UV on the same 15 units.
The main elution peak ostensibly contained a mixture of N
protein hexamers (~300 kDa) and tetramers (~200 kDa)
while two low molecular weight species (~30 and ~18 kDa)
were also observed (Figure 2). SEC-UV peak area measure-
ments revealed that NCAP-1 consists mostly of N oligomers
(88%) along with the two low molecular weight species (9%
and 3%, respectively). Between vial repeatability standard
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Figure 2. Size exclusion UV chromatograms of (A) molecular weight
standard protein mix and (B) NCAP-1. Void volume was determined
from elution of blue dextran. Standard protein mix consists of
thyroglobulin (Tg), ferritin (Fer), aldolase (Ald), conalbumin
(ConA), and ovalbumin (Ov). Panel (C) shows molecular weight
calibration of the SEC column and calculated values for sample peaks
in (B). Red dashed lines in panel (B) result from Gaussian
decomposition and correspond to hexamers (Ng) and tetramers
(N,). K,, values calculated using eq 2.

deviations were <1%; however, a full uncertainty estimation
was not performed and thus the structural heterogeneity values
determined by SEC-UV were included as information values
only. No significant difference in oligomer abundance was
detected between units (Figure S2), further suggesting a
homogeneous preparation.

The SARS-CoV-2 N protein self-assembles into dimers which
then further oligomerize into tetramers and hexamers. We
therefore assessed the short-term and freeze—thaw stability of
the N protein oligomeric distribution in NCAP-1 by size-
exclusion chromatography. Figure 2 shows the SEC column
molecular weight calibration and the elution profile of NCAP-1
stored at —80 °C. The asymmetry in the main N protein peak
is suggestive of heterogeneity in the oligomeric state, and
Gaussian decomposition revealed a probable mixture of
hexamers (Ng) and tetramers (N,), consistent with previous
reports.”*° Consideration of alternative potential oligomers,
i.e., pentamers and trimers, did not significantly improve the
fitting and were therefore excluded from further analyses. We
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note here that the Gaussian deconvolution was performed for
information purposes only and that the total area of the
oligomer elution peak was utilized as a surrogate for native N
protein during the NCAP-1 stability assessment. However, it is
acknowledged that alterations to the oligomeric distribution
may expose or occlude binding epitopes, potentially affecting
the readout of various Ab assays. Changes to the hexamer—
tetramer distribution were observed after extended storage (>1
day) outside of the freezer (Figure S3), thus explicit
instructions regarding storage and use are included in the
certificate of analysis which accompanies the reference
material.”” The two low molecular weight (LMW) peaks in
the chromatogram, corresponding to 30 kDa and 18 kDa
species, are discussed in a subsequent section.

The short-term stability was investigated to assess potential
conditions encountered during transport and brief storage, as
well as during sample preparation and analysis. Using an
isochronous approach, duplicate samples were incubated at
each of four temperatures (+40, +20, +4, and —20 °C) for each
of three time points (1, 7, and 14 days) and then analyzed with
reference to samples held at —80 °C. As shown in Figure 3A,

95 - ' ‘ |
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90 - ' | l
e e o o . | |
85 4 : } ¢ : ¢
~ i | \ I °
> ® N oligomer | ® L l
= 75- | ‘ '
| | | o
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Storage Condition (°C_days)

Figure 3. Normalized amount of (A) total nucleocapsid oligomer
(hexamers and tetramers) and (B) low molecular weight species in
NCAP-1 under various storage conditions. Values result from
triplicate measurements of two units per condition. Data points and
error bars represent averages and standard deviations, respectively.

no significant changes in protein size heterogeneity were
observed when the reference material (RM) was stored at —20
°C. Small decreases (<2%) in the relative amount of N
oligomers were apparent after 1 day of storage outside of the
freezer, and the decrease in the oligomer peak dramatically
accelerated with both storage time and temperature. In all
cases, the loss of N oligomer was accompanied by concomitant
increases in the two LMW species (Figure 3B). At elevated
temperatures (+20 °C and +40 °C), the formation of the 30
kDa species plateaued after 7 days while the formation of the
18 kDa species continued to increase. This behavior was
posited to result from further degradation of the 30 kDa
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species, potentially due to additional cleavage after Lys388 or
Lys389 (Table 1, Figure S4).

Table 1. NCAP-1 Autolysis Product Identifications

theoretical
deconvoluted mass NCAP-1 cleavage
peak number mass (g/mol)  (g/mol)? residues sequence
1 4169.97 4169.97 2—40 KQR | RPQ
2 3885.83 3885.81 2—-38 RSK | QRR
3 3670.68 3670.68 2-36 GAR | SKQ
4 9071.23 9071.23 381—-463 ETQ | ALP
S 7564.37 7564.37 394—463 TVT | LLP
6 8249.74 8249.74 388—463 RQK | KQQ
7 8121.65 8121.65  389-463 QKK | QQT
main 19917.9 19917.9 2—-18S
NCAP-1
elution peak SSR | SSS
30437.8 30437.6 186—463
20578.6 20578.6 2—-191
RSR | NSS
29776.8 29776.9 192—-463
46183.8 4618322 41-463  KQR|RPQ
50337.9 50337.5 2—463 intact N

“Values for peaks 1—7 are monoisotopic masses; main NCAP-1 peak
species are average masses.

The stability of NCAP-1 was evaluated using the results of
the isochronous study described above. A simple first-order
degradation with a three-parameter super-Arrhenius model was
fitted to the data to make predictions for potential degradation
of NCAP-1 after: (1) 2 days at +30 °C to simulate a significant
shipping delay as the material is shipped on dry ice and (2) 1
year storage at —20 °C. These short- and long-term
uncertainty components were combined into the final stability
uncertainty for NCAP-1 (Table 2). The estimates are

Table 2. Uncertainty Components of Reference Values for
NCAP-1

substance Uk=2 Uc Uchar Unom Ustab
SARS-CoV-2 nucleocapsid 1.9 1.0 0.3 0.0 0.9
protein molar concentration
(umol L)
SARS-CoV-2 nucleocapsid 0.09 005 002 000 0.5

protein mass concentration
(mg mL™")

conservative projections of possible instability, especially at
—20 °C, as the actual long-term stability under such conditions
has not yet been rigorously assessed. Storage in a freezer at
approximately —80 °C is therefore recommended.

Finally, NCAP-1 freeze—thaw (F/T) stability was assessed.
Duplicate samples were subjected to 1, 2, 3, 5, or 10 F/T
cycles, defined as >1 h incubation at ambient temperature
followed by >2 h storage at —80 °C. Figure 4 shows that F/T
cycles (£10) had no significant effect on the relative amount of
N oligomer or the hexamer—tetramer distribution. We note
however that LC-SEC-UV reports only on the size
heterogeneity of the material and results from alternative
structural or functional methods may differ.

Liquid chromatography SEC-UV revealed the presence of two
low molecular weight species in NCAP-1 corresponding to
~30 kDa (LMW,) and ~18 kDa (LMW,), as mentioned
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Figure 4. Freeze—thaw effects on protein size heterogeneity in
NCAP-1. Left axis: Relative amount of N protein oligomer as a
function of freeze—thaw cycle number. Right axis: Relative hexamer
contribution to total N oligomer signal. Two NCAP-1 units were used
for each condition and analyzed in triplicate. Data points and error
bars represent averages and standard deviations, respectively. The
average N oligomer values of the control samples (zero F/T cycles) +
1% are indicated by the dotted and dashed lines, respectively, and are
for visualization purposes only.

above. Truncated products were also observed by gel
electrophoresis during production of the bulk N protein
present in NCAP-1."° The sum of the two LMW species
masses approximates the molar mass of the intact N monomer
(50.3 kDa), suggesting a fraction of the N protein in NCAP-1
could have been cleaved. Given the rigorous characterization
required for reference material production, this prompted
further investigation.

The N protein binds to viral RNA to pack into the helical
ribonucleocapsid complex but must unpack upon cellular
uptake to liberate RNA for viral replication.”® This dissociation
may be facilitated via cleavage by cellular proteases™* and/or
(de)phosphorylation of serine residues.”'~* Interestingly,
prior work on the SARS-CoV N protein revealed spontaneous
autolytic cleavage within the serine/arginine (SR)-rich region,
even in the absence of proteases.”* The SR-rich region is
located within the disordered linker between the N- and C-
terminal domains, is reported to be crucial for effective viral
replication,™ and is highly conserved within the SARS-CoV
and SARS-CoV-2 N proteins.”” To determine whether the
LMW species we observed were due to cleavage events within
the SR-rich region we subjected NCAP-1 to LC-MS/MS using
a top-down approach.

The LC-MS chromatogram revealed multiple low-intensity
peaks in addition to the main elution (Figure SA).
Deconvolution of the overlapping charge state distributions
contained within the main elution peak revealed predom-
inantly intact N protein as well as ~10% phosphorylated N
(Figure SB). The phosphorylation was localized to Ser206,
within the SR-rich region, from peptide mapping experiments
(Figure SS), consistent with previous findings for both SARS-
CoV*® and -CoV-2."' No other phosphorylation sites were
positively identified. Additional peaks in the deconvoluted
mass spectrum were assigned to N protein fragments resulting
from cleavage at two sites within the SR-rich region (C-
terminal to R185 and R191), identical to the autolysis sites
previously identified for the SARS-CoV N protein. This
indicated that the LMW peaks observed by SEC-UV likely
correspond to Ngs_463/Nior—s63 (~30 kDa) and N_155/N,_ 1o
(~20 kDa).
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Figure 5. Denaturing LC-MS of NCAP-1 unit stored at —80 °C. (A)
LC-MS chromatogram with main elution peak cropped to observe
minor species. Peak numbering corresponds to that of Table 1. (B)
Deconvoluted mass spectrum resulting from integration of main
elution peak in panel (A). Peak labeling corresponds to N protein
residue numbers. Inset shows zoom-in on intact N peak.

No detectable N- or O-linked glycans were observed in the
NCAP-1 reference material. Notably, previous studies
characterizing recombinant N protein produced in HEK293
and CHO cells have reported extensive N- and O-linked
glycosylation, likely due to addition of an N-terminal signal
peptide to the native N amino acid sequence to facilitate
secretion into culture media.'” This glycosylation is likely due
to the protein being un-naturally directed into the mammalian
cell secretory pathway by the signal peptide, and can result in
masking of epitopes of anti-N antibodies induced by viral
infection, rendering it a less effective antigen for serology
assays.”” The ability of CHO cells to release recombinant
nucleocapsid into the culture supernatant despite the absence
of secretion signal appears advantageous, facilitating purifica-
tion yet avoiding extraneous post-translational modifications.

Additional very low molecular weight (VLMW, <10 kDa)
species were identified via LC-MS which went undetected in
the SEC-UV experiments. Seven distinct N protein cleavage
products were measured: three N-terminal and four C-terminal
fragments. As with the cleavages in the SR-rich linker region,
five of the seven VLMW products result from cleavage within a
basic region (Table 1). Each of these fragments was also
observed to increase in prevalence with extended storage time
at ambient temperature (Figure S4). The remaining VLMW
species (peaks 4 and S) correspond to C-terminal fragments
resulting from cleavage after a polar residue (Q/T) and show
no increase in formation as a function of incubation time.
Interestingly, the cleavage of peak 5 is only 1 residue shifted
from a cleavage product observed in N protein expression
batches from E. coli and HEK293 cells.* While the apparent
autolysis occurred largely in basic patches of the protein, peaks
4 and S more closely resemble fragments generated in vivo.
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Because there was no change in their abundance over 7 days at
20 °C and they both contain the C-terminal affinity tags of the
NCAP-1 construct, we hypothesized that they were generated
during protein expression and copurified with full-length N.

Overall, the LC-MS/MS results support the conclusion that
the LMW species observed to increase both with storage time
and temperature result from spontaneous cleavage within basic
patches of the N protein. The autolysis sites within the SR-rich
region of SARS-CoV-2 N detected in this work mirror those
observed in the original SARS-CoV nucleocapsid protein.**
Nonetheless, Figure 3 demonstrates that production of the
LMW species can be controlled under proper storage and
usage conditions.

NCAP-1 is a reference material evaluated for nucleocapsid
protein content. The reference value reported for N protein
molar concentration is based on results from two orthogonal
methods: UV—vis spectrophotometry and amino acid analysis
ID-MS. Measurements were performed on the same 15 units
used for the homogeneity assessment, in addition to a
NISTmAb quality control sample. It should be noted that
both UV—vis and AAA are nonselective techniques that report
on the total amount of protein in the sample. We therefore
assessed for the presence of host-cell proteins and using the
iBAQ_ algorithm19 within MaxQuant estimated their abun-
dance to be approximately 0.5% of the total protein content
(Table S1), reflective of the extensive purification during
production of the bulk N protein material.'® Because of the
high purity of the RM and the large uncertainty associated with
HCP amount estimation,*® we did not perform an explicit
impurity correction for the N protein concentration measure-
ments. We did however include a corresponding type B
component of 0.05 ymol L™" into the uncertainty budgets for
both the UV—vis and AAA measurements.

Absorbance readings were recorded on a microvolume
spectrophotometer, which has been shown to result in <3%
error for amino acid and nucleotide samples.”” The average
concentration of the 15 units was 9.6 + 0.4 umol L™ (k = 1),
with the characterization uncertainty incorporating the stand-
ard deviations of triplicate measurements and the pathlength
error determined during instrument verification. A component
reflecting the uncertainty in the extinction coeflicient was also
included, estimated from the bias in the NISTmAb standard
measurement, as well as the HCP component discussed above.
The total protein molar concentration determined by amino
acid analysis following protein hydrolysis was 10.4 + 0.3 ymol
L' (k = 1), and the characterization uncertainty results almost
entirely from the repeatability of the LC-MS isotope ratio
measurements (Figure S6). The spread between the values
reported by the two methods likely stems from the multiple N
protein cleavage products in the material. These will contribute
to the amino acid analysis result in the same manner as the
intact N protein; however, they may not be accurately captured
in the UV—vis experiment when using the extinction
coefficient predicted for the full-length protein. Nonetheless,
the concentrations from the two methods were consistent
within the 95% CI and averaged to give a consensus value of
10.0 + 0.3 pumol L™ (k = 1) (Table 2). The characterization
uncertainty from the consensus value was combined with the
short-term and long-term stability uncertainties to give a final
uncertainty of 1.9 umol L™" (k = 2, 95% CI) (Table 3). To
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Table 3. Reference Values and Expanded Uncertainties (k =
2, 95% CI) for NCAP-1

molar mass
concentration mass fraction concentration
substance (umol L) (mg g™") (mg mL™")
SARS-CoV-2 10.0 + 1.9 0.50 + 0.09 0.50 + 0.09
nucleocapsid
protein

accommodate end-users working with mass concentrations, the
molar concentration was converted using the average molar
mass of the N protein (50 337 + 1 g mol™") resulting in a value
of 0.50 + 0.09 mg L. Finally, the density of the RM solution
was measured as 1.01 + 0.01 g mL™" and used to calculate a
mass fraction of 0.50 + 0.09 mg g~' nucleocapsid protein in
NCAP-1.

As the most abundant protein in SARS-CoV-2 virions, the
nucleocapsid is an important target of antibodies induced
during infection as well as being a freg{uent source of T-cell
epitopes enabling cell-based immunity.””*" There is significant
interest in augmenting efficacy of current spike-based vaccines
by incorporating nucleoca?sid, introduced via a viral vector™
or as a purified protein.”’ Although our current work on
NCAP-1 is intended exclusively to support its use as a
reference material for diagnostic and serology assays, there is
certainly potential for a similar antigen to be developed for
inclusion in a next-generation SARS-CoV-2 vaccine formula-
tion. In particular, the expression platform used for NCAP-1
production, i.e, CHO suspension culture, is compatible with
biomanufacturing,®* and the release of the protein from CHO
cells without the addition of unwanted glycosylation facilitates
downstream purification and would likely improve resem-
blance to the native protein found in SARS-CoV-2 virions
relative to other production platforms.

Circulation of highly infectious SARS-CoV-2 variants have
facilitated the persistence of the COVID-19 pandemic and
reinforced the importance of rapid diagnostics and viral
surveillance. To facilitate comparability between N protein
antigen test kits, we have characterized a nucleocapsid protein
reference materia, NCAP-1. The reference material was
determined to be homogeneous and sufficiently stable under
shipping and storage conditions, and it demonstrated
resistance to multiple freeze/thaw cycles. The material is
envisaged to be used as a standard protein reagent for
developing SARS-CoV-2 serological and antigen tests. NCAP-
1 can also be used as a Sl-traceable calibrator in the
development of N protein quantitation assays.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00050.

Host-cell protein identifications; amino acid MS/MS
parameters NCAP-1 peptide mapping; LC-SEC homo-
geneity; stability analysis of N oligomer distribution;
temporal LMW species formation; phosphopeptide
MSMS; LC-ID-MS/MS amino acid quantitation
(PDF)
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