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ABSTRACT: Previous work employing five SARS-CoV-2 spike
protein receptor-binding domain (RBD) constructs, comprising
versions originally developed by Mt. Sinai or the Ragon Institute
and later optimized in-house, revealed potential heterogeneity which
led to questions regarding variable seropositivity assay performance.
Each construct was subjected to N-deglycosylation and subsequent
intact mass analysis, revealing significant deviations from predicted
theoretical mass for all five proteins. Complementary tandem MS/
MS analysis revealed the presence of an additional pyroGlu residue
on the N-termini of the two Mt. Sinai RBD constructs, as well as on
the N-terminus of the full-length spike protein from which they
were derived, thus explaining the observed mass shift and definitively establishing the spike protein N-terminal sequence. Moreover,
the observed mass additions for the three Ragon Institute RBD constructs were identified as variable N-terminal cleavage points
within the signal peptide sequence employed for recombinant expression. To resolve this issue and minimize heterogeneity for
further seropositivity assay development, the best-performing RBD construct was further optimized to exhibit complete
homogeneity, as determined by both intact mass and tandem MS/MS analysis. This new RBD construct has been validated for
seropositivity assay performance, is available to the greater scientific community, and is recommended for use in future assay
development.
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■ INTRODUCTION

The onset of the COVID-19 pandemic spurred extensive
research into the properties of the SARS-CoV-2 spike protein
due to its antigenic role. The spike protein, one of the four
structural proteins, exists as a trimer on the surface of the virus,
with each individual monomer heavily glycosylated to avoid
detection by the immune system.1,2 The receptor-binding
domain (RBD) of the spike protein specifically targets
angiotensin-converting enzyme 2 (ACE2) on the surface of
host cells for entry.3 Antibodies against spike protein and RBD
antigens have been demonstrated to correlate well with
effective neutralization of the virus.4−6 In fact, the vaccines
approved under the United States Food and Drug Admin-
istration’s (FDA’s) Emergency Use Authorization were created
to train the immune system against this target, along with
multiple serology-based assays intended to facilitate detection
of patient antibodies generated in response to prior
infection.7−12 For this latter approach, initial studies focused
on two recombinant versions of RBD, one created at Mt.
Sinai13 and one created at the Ragon Institute of MGH, MIT,
and Harvard,14 both of which were made widely available to
the scientific community to improve global understanding of
COVID-19 infection and subsequent immunity. More recently,

improved methods for expression and purification of these
recombinant RBD constructs allowed for broader distribution
of these resource reagents (Figure S1).11 This innovation
directly facilitated the expansion of population seropositivity
assays such as a pilot National Institutes of Health
collaborative study, which indicated that COVID-19 infection
had occurred at a rate approximately 4.6 times that predicted
by PCR-based testing.10

During the optimization process for these improved RBD
constructs, it was noted that those originating from the Mt.
Sinai RBD exhibited lower sensitivity in enzyme-linked
immunosorbent assay (ELISA)-based serology assays than
those originating from the Ragon RBD.10,11 While the
inclusion of a C-terminal streptavidin-binding protein (SBP)
sequence within the improved Ragon RBD construct was
demonstrated to be responsible for the improved sensitivity of
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this construct to seropositivity assay antibodies,11 the
observation of additional heterogeneity within these recombi-
nant RBD construct populations, specifically altered molecular
weight profiles observed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) (Figure S2),
raised further questions about which specific properties
might play a role in RBD seropositivity assay performance.
Although the glycosylation profiles of both RBD constructs,
along with those of the intact spike protein, have been
extensively characterized,15−18 less attention has been paid to
the role of the eukaryotic signal peptide sequence selected for
the recombinant RBD expression process. Each RBD construct
bears a distinct eukaryotic signal sequence which is cleaved by
signal peptidase in a process more dependent on residue
charge than specific amino acid sequence.19,20 However, signal
peptide cleavage can be variable when individual protein
domains are recombinantly expressed, especially in the case of
RBD, with an uncertain N-terminus selected from the genomic
sequence of the SARS-CoV-2 spike protein (UniProtKB entry:
SPIKE_SARS2).21,22 As both the Mt. Sinai and Ragon
Institute RBDs bear distinct N-terminal sequences,13,14 it was
hypothesized that this difference may contribute to the
heterogeneity observed for the improved versions of these
constructs during the optimization process.
In contrast to traditional peptide-based (or “bottom-up”)

proteomic methods, analysis of intact proteins by mass
spectrometry can reveal the distribution and relative
abundance of intact, modified protein forms (“proteoforms”)
within a sample population.23 Such “top-down” methods are
particularly well-suited for the detection of unexpected protein
features, which can then be further characterized by targeted
fragmentation or complementary proteomic strategies. There-
fore, we subjected five recombinant RBD constructs,
comprising the original and improved versions of the Mt.
Sinai and Ragon Institute RBD proteins,11,13,14 to intact mass
analysis to identify potential heterogeneity. We identified
significant deviations from the theoretical mass across all five
constructs, which we determined were due to variable N-
terminal processing by subsequent proteolytic digest and high-
resolution tandem MS/MS. We then verified that the N-
terminus of the full-length spike protein was subjected to
similar variable processing by tandem MS/MS, isolating the
cause of the heterogeneity to the signal peptide sequence.
Finally, we optimized a new RBD construct and demonstrated
complete homogeneity by combined intact mass and tandem
MS/MS analysis. This latest construct is available to the
greater scientific community and recommended for use in
further COVID-19 assay development.

■ METHODS

Production of RBD Proteins

DNA clones for the production of RBD proteins were
generated as previously described in Mehalko et al.11 Final
DNA expression constructs for M67 (#166018), M68
(#166019), and M96 (#166020) are available from the
Addgene repository (www.addgene.org). Expression and
purification were also carried out as previously described.11

Briefly, Expi293F cells were transiently transfected according
to the manufacturer’s instructions (ThermoFisher). Enhancers
were added at 18−20 h post-transfection and the cultures were
set at 32 °C. The supernatants were harvested via
centrifugation at 96 h post-transfection. The purification of

the constructs was then performed using nickel-charged
magnetic beads (GenScript) equilibrated in 1× phosphate-
buffered saline (PBS), which were added to harvested
supernatants and allowed to mix for 1 h at RT. The beads
were then washed with 1× PBS and eluted with 1× PBS with
0.5 M Imidazole. Samples were electrophoresed on a 10−20%
Tris−Glycine SDS-PAGE gel and those positive for protein as
visualized by Coomassie stain were pooled. Finally, the purified
proteins were filtered through a low-protein binding 0.2 μm
syringe filter, aliquoted into 1.7 mL microtubes, and flash-
frozen in liquid nitrogen.

Intact Mass Analysis of RBD Proteins

Each purified RBD sample was subjected to N-deglycosylation
via Rapid PNGase F (New England Biolabs) following the
manufacturer’s protocol. Samples of 20 μg were prepared in
duplicate, brought to a final volume of 20 μL in an Eppendorf
Protein LoBind tube using Optima H2O (Thermo Fisher
Scientific), incubated at 50 °C for 5 min, reduced in a final
concentration of 20 mM dithiothreitol (DTT) at room
temperature (RT) for 5 min, and diluted 1:5 in buffer A
(5% Optima acetonitrile (ACN), 95% Optima H2O, 0.2% mass
spectrometry grade formic acid (FA); all Thermo Fisher
Scientific). N-deglycosylated RBD proteins were then con-
centrated and desalted via Elut OMIX C4 pipette tip (100 μL
volume, Agilent Technologies), using the following scheme:
Activation in 100% Optima ACN (5 × 50 μL), equilibration in
0.2% FA in Optima H2O (5 × 50 μL), sample binding (15 ×
50 μL), washing in 0.2% FA in Optima H2O (8 × 50 μL), and
elution in 80% Optima ACN and 0.2% FA in Optima H2O (10
× 10 μL). Eluted proteins were then diluted 1:5 in buffer A
and transferred to autosampler vials.
Intact N-deglycosylated RBD proteins were analyzed by

liquid chromatography coupled on-line with mass spectrom-
etry (LC-MS). Reverse-phase separation was performed on a
Vanquish Flex chromatographic system (Thermo Fisher
Scientific) using a MabPac RP analytical column (4 μm,
1500 Å, 3 × 50 mm, Thermo Fisher Scientific) maintained at
50 °C. Proteins were separated at 0.5 mL/min over an 8 min
gradient of buffer B (47.5% Optima ACN, 47.5% Optima
isopropanol (IPA, Thermo Fisher Scientific), 5% Optima H2O,
and 0.2% FA) from 2 to 100% followed by re-equilibration at
2% buffer B (total run time 10 min). The outlet of the column
was routed through a divert valve into a heated electrospray
ionization (HESI) source connected to an Exactive Plus EMR
mass spectrometer (Thermo Fisher Scientific).
Low-resolution intact mass (MS1) spectra were acquired

over a 600−2500 m/z window at 8750 FT resolution (at 200
m/z), averaging 10 microscans, with an AGC target value of 3
× 106, 200 ms maximum inject time, 80% S-lens RF level, 15 V
source-induced dissociation, and capillary temperature of 320
°C. The resulting MS1 spectra were manually averaged
followed by deconvolution using the ReSpect algorithm in
BioPharma Finder 3.2 (Thermo Fisher Scientific). The
deconvolution parameters set were a 20 ppm deconvolution
mass tolerance, 6−10 minimum adjacent charges (low and
high model mass), 0% relative abundance threshold, 2:2 left/
right peak shape, peak detection minimum significance
measure of 1 standard deviation, 95% peak detection quality
measure, peak model width factor of 1, 0.01 intensity threshold
scale, and the noise compensation set to true. Neutral average
masses (M) were reported with two decimal places. The mass
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error was calculated as the difference between the reported
average mass and the theoretical average mass.
High-resolution intact mass (MS1) spectra were acquired

over a 600−2000 m/z window at 140 000 FT resolution (at
200 m/z), averaging four microscans, with an AGC target value
of 1 × 106, 200 ms maximum inject time, 80% S-lens RF level,
and capillary temperature of 320 °C. The resulting MS1
spectra were manually averaged followed by deconvolution
using Xtract in BioPharma Finder 3.2. The deconvolution
parameters set were a signal-to-noise threshold of 3, 0%
relative abundance threshold, three minimum detected charge
states, 80% fit factor, 25% remainder threshold, minimum
intensity of 1, and an expected intensity error of 3. Neutral
monoisotopic masses (M) were reported with three decimal
places. The mass error was calculated as the difference between
the reported monoisotopic mass and the theoretical mono-
isotopic mass.

Bottom-Up Mass Spectrometry Analysis of RBD Proteins

Aliquots of full-length spike and each purified RBD sample
were subjected to N-deglycosylation via Rapid PNGase F
following the manufacturer’s protocol. Samples of 20 μg were
brought to a final volume of 20 μL in an Eppendorf Protein
LoBind tube using Optima H2O. Full-length spike underwent
denaturation in the supplied buffer at 80 °C for 2 min, cooling
at room temperature for 10 min, and incubation with PNGase
F at 50 °C for 30 min. The purified RBDs were incubated with
PNGase F at 50 °C for 10 min. N-deglycosylated proteins were
then precipitated with ice-cold acetone at −20 °C for 1 h.
Proteins were pelleted by centrifugation at max speed for 5 min
and acetone was decanted. Pellets were washed with 1 mL ice-
cold acetone, pelleted by centrifugation, and acetone was
decanted. The pellets were left to air-dry for 20 min. The
pellets were then resuspended in 20 μL of 8 M deionized urea
in Optima H2O. DTT was added to a final concentration of ∼9
mM to reduce disulfide bonds for 1 h. IAA was added to a final
concentration of ∼36 mM to alkylate free cysteines for 45 min
in the dark. DTT was added to a final concentration of ∼38
mM to quench the alkylation reaction. The reduced and
alkylated proteins were then diluted with 135 μL of 100 mM
ammonium bicarbonate to dilute the urea concentration to
below 2 M. Proteins were digested overnight (∼17 h) at 37 °C
with 500 ng of sequencing grade modified trypsin (Promega).
The digestion was quenched with 3 μL of concentrated FA.
Digested proteins were brought to a final concentration of
0.2% trifluoroacetic acid (TFA; Thermo Fisher Scientific) and
5% ACN using 20% Optima ACN and 2% TFA in Optima
H2O for desalting using Pierce C18 spin columns (Thermo
Fisher Scientific) following the manufacturer’s protocol. Eluted
proteins were then evaporated to dryness using a SpeedVac,
resuspended in 48 μL of buffer A, and transferred to
autosampler vials.
Trypsin digested, N-deglycosylated full-length spike, and

RBD proteins were analyzed by liquid chromatography
coupled on-line with mass spectrometry (LC-MS/MS).
Reverse-phase separation was performed on an UltiMate
3000 chromatographic system (Thermo Fisher Scientific)
using an Acclaim PepMap 100 C18 HPLC trap column (5 μm,
100 Å, 0.1 × 20 mm, Thermo Fisher Scientific) and Acclaim
PepMap 100 C18 HPLC analytical column (3 μm, 100 Å, 0.075
× 500 mm, Thermo Fisher Scientific) maintained at 60 °C.
Peptides were first loaded onto the trap column at 3 μL/min at
2% buffer B (95% Optima ACN, 5% Optima H2O, and 0.2%

FA) over 10 min from the loading pump. The divert valve then
switched to separate the peptides at 300 nL/min from the NC
pump over a 90 min gradient of buffer B from 2 to 25%, ramp
to 90% B in 1 min, column wash at 90% B for 3 min, ramp to
2% B in 2 min, and equilibration at 2% B for 15 min (total run
time 120 min). Peptides were ionized by a Nanospray Flex ion
source (Thermo Fisher Scientific) with a stainless steel emitter
coupled to an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific).
Each digested sample was injected three times for analysis by

different fragmentation methods. All MS instrument methods
obtained intact mass (MS1) spectra at 120 000 FT resolution
(at 200 m/z), an AGC target of 4 × 105, 50 ms maximum
inject time, 30% S-lens RF level, and capillary temperature of
275 °C. All fragmentation scans (MS2) were taken at 30 000
FT resolution (at 200 m/z). The instrument was operated in
top speed mode with a 3 s cycle time, and precursor ions were
placed on an exclusion list after one scan for 60 s for all
injections. The first injection isolated precursors with 2−8
charges by the quadrupole with a width of 2 m/z for higher-
energy collisional dissociation (HCD) at 28% normalized
collision energy (NCE). A product ion trigger was used to
trigger an electron transfer dissociation (ETD) event with
supplemental activation by HCD (EThcD) and a collision-
induced dissociation (CID) event if one of the following
masses was observed within the top-20 product ions: 204.0867
m/z (HexNAc), 138.0545 m/z (HexNAcFragment), 366.1396
m/z (HexNAcHex), 145.0495 m/z (HexFragmentA), 127.039
m/z (HexFragmentB), 292.103 m/z (NeuAc), and 274.092
m/z (NeuAc-H2O). EThcD scans used a quadrupole isolation
window of 3 m/z, instrument calibrated reaction parameters
with supplemental activation by HCD at 25% NCE, an AGC
target of 1 × 105, and 120 ms maximum injection time. CID
scans used a quadrupole isolation window of 2 m/z, an AGC
target of 5 × 104, 30% fixed collision energy for 10 ms at an
activation q of 0.25, and 60 ms maximum injection time. The
second injection isolated precursors with 2−24 charges by the
quadrupole with a width of 1.6 m/z for ETD events using the
instrument calibrated reaction parameters, an AGC target of 5
× 104, and 54 ms maximum injection time. The third injection
isolated precursors with 2−24 charges by the quadrupole with
a width of 1.6 m/z for EThcD events using the instrument
calibrated reaction parameters, supplemental activation of 15%
NCE, an AGC target of 5 × 104, and 54 ms maximum injection
time.
All files were searched against their respective sequence-

specific database (single entry) and a common contaminants
database (obtained from the Max Planck Institute of
Biochemistry, Martinsried; 245 entries; download date: Sep
26, 2019) in Proteome Discoverer version 2.4.1.15 (Thermo
Fisher Scientific) using SEQUEST and MS Amanda nodes. All
cysteines were fixed with carbamidomethyl. For analyses of
full-length spike proteins, variable modifications included N-
terminus acetyl, N-Terminus Met-loss, N-terminus Met-loss +
acetyl, Asn/Gln/Arg deamination, Met oxidation, peptide N-
terminal Gln to pryoGlu, Asn Hex(5)HexNAc(2), Asn
Hex(7)HexNAc(2), Ser/Thr Hex(1)HexNAc(1)NeuAc(2),
and Ser/Thr Hex(2)HexNAc(2)NeuAc(2). Full-length spike
protein searches allowed for three missed trypsin cleavages,
four maximum modifications per peptide, and a maximum
peptide mass of 10 kDa. For analyses of the RBD domains,
variable modifications included N-terminus acetyl, N-Termi-
nus Met-loss, N-terminus Met-loss + acetyl, Asn/Gln/Arg
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deamination, Met oxidation, peptide N-terminal Gln to
pryoGlu, Asn/Ser/Thr HexNAc(1), Asn/Ser/Thr Hex(1)-
HexNAc(1), Ser/Thr Hex(1)HexNAc(1)NeuAc(2), and Ser/
Thr Hex(2)HexNAc(2)NeuAc(2). RBD protein searches
allowed for four missed trypsin cleavages, four maximum
modifications per peptide, and a maximum peptide mass of 15
kDa. All searches had a precursor mass tolerance of 10 ppm for
SEQUEST and 5 ppm for MS Amanda. Fragment mass
tolerances were set to 0.02 Da. Manual analysis was performed
on all protein N-terminal peptides for sequence validation,
with resulting graphical fragment maps generated in ProSight
Lite.24 The observed peptide neutral monoisotopic mass was
manually calculated using the following equation

= × − ×M p z z( ) (1.00727 Da ) (1)

where M was the neutral monoisotopic mass, p was the
observed monoisotopic mass for the peptide at charge state z,
and 1.00727 Da was the mass of H+. The resulting value was
rounded to four decimal places.
Raw files for both intact mass and tandem MS/MS analyses,

along with BioPharma Finder reports, Proteome Discoverer
search result files, protein sequences used to create custom
RBD or full-length spike protein search databases, and
converted peak list files (.mzXML), are available for download
from the MassIVE repository with identifier MSV000087585.

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was carried out as previously reported.10 Briefly, 200 ng
of the purified RBD proteins were antigens against a
monoclonal antibody specific to the SARS-CoV-2 RBD
domain (mAb 109). A serial 3-fold dilution scheme from a
2.5 μg/mL stock of the monoclonal antibody was used.
Measurements were taken in triplicate.

■ RESULTS AND DISCUSSION

Intact RBD Mass Measurements

Five RBD constructs that have been previously published13,14

and optimized for high yield11 were analyzed by intact mass
spectrometry to investigate the potential causes of observed

heterogeneity (Figure S2). The Mt. Sinai construct consists of
an N-terminal signal sequence comprising the first 14 residues
of the SARS-CoV-2 spike protein, residues 319−541 of the
RBD domain, and a C-terminal His6 tag resulting in a
theoretical average mass of 25921.25 Da (Figure S3). The
Ragon Institute construct consists of an N-terminal tissue
plasminogen activator (TPA) signal sequence, residues 319−
529 of the RBD domain, and a C-terminal combined HRV3C
protease cleavage site, His8, and streptavidin-binding peptide
tag, resulting in a theoretical average mass of 31185.80 Da
(Figure S4). The remaining three RBD constructs (M67:
optimized Mt. Sinai construct; M68: optimized Ragon Institute
construct; M69: optimized Ragon Institute construct with only
a His8 C-terminal tag (Figure S5)) were gene-optimized by
ATUM, cloned into improved expression vectors, and proteins
were purified at the Frederick National Laboratory for Cancer
Research (FNLCR).11 The purified proteins were first treated
with PNGase F to remove all N-glycosylations, thereby
reducing the complexity and heterogeneity of the samples.
The intact N-deglycosylated RBD proteins were then subjected
to intact LC-MS analysis on an Exactive Plus EMR mass
spectrometer to visualize the proteoforms present within each
sample (Figures S6 and S7; Tables S1−S5). Example spectra
from the optimized Mt. Sinai (M67) and Ragon Institute
(M68) RBD constructs are shown in Figure 1. The most
abundant species for all five proteins corresponded to the
major O-glycans of Hex(1)HexNAc(1)NeuAc(2) [+947.84
Da] and Hex(2)HexNAc(2)NeuAc(2) [+1313.18 Da] as
previously reported.15 However, each protein showed different
discrepancies in observed masses when compared to the
reported theoretical mass. The M67 construct had an unknown
mass addition of 111 Da after accounting for the O-
glycosylation. The M68 construct produced the predicted
mass of RBD at about 50% fractional abundance after
accounting for the O-glycosylation (Table S4). However,
abundant unexplained mass shifts of 87 and 245 Da from each
O-glycan peak were observed. Each unknown mass shift did
not correspond to a different combination of glycosylations or
a known post-translational modification. The original pub-

Figure 1. Intact Mass Analysis of COVID RBD. (A) Optimized Mt. Sinai construct (M67) and (B) optimized Ragon construct (M68) following
PNGase F treatment. The insets correspond to the ReSpect deconvolution of the respective MS1 scans, with significant species labeled. Both
constructs had abundant O-glycans of Hex(1)HexNAc(1)NeuAc(2) and Hex(2)HexNAc(2)NeuAc(2). The observed O-glycan masses in the M67
construct had an additional unknown mass of 111 Da. The M68 construct had an unknown mass shift of 87 Da from each abundant O-glycan and a
mass shift of 158 Da from the first unknown shift, for a total of 245 Da from the unmodified protein.
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lished version of each construct was also observed to bear these
mass shifts (Figure S6A,C).

N-Terminus Confirmation by Bottom-Up Mass
Spectrometry

The deviations from theoretical intact mass exhibited by the
five RBD proteins were further explored by tryptic digestion of
PNGase F-treated samples and subsequent analysis by tandem
LC-MS/MS on an Orbitrap Fusion Lumos mass spectrometer.
While initial searches against the respective predicted protein
sequence provided complete coverage across each protein, the
N-terminal peptide (Figure 2A) was identified at relatively low
abundance in the M67 sample with respect to the remainder of
the protein, leading to the hypothesis that the observed mass
shifts may be located at the N-termini of these RBD constructs.
A manual search of the M67 and original Mt. Sinai RBD data
successfully localized the unknown mass shift to the N-
terminal peptide, demonstrating that the additional 111 Da
was due to a Gln residue N-terminal to the expected RBD
tryptic peptide and modified to a pyroGlu (Figure 2B). This
residue originated from the signal sequence of the full-length
spike protein (1MFVFLVLLPLVSSQ14), suggesting that the
preferred cleavage point is at Ser13, as predicted with 72%
probability by the SignalP cleavage site prediction algorithm.25

Generally, secreted proteins in eukaryotes contain an N-
terminal signal sequence that is recognized by the ER.19,20,26,27

This sequence is broken into three parts: charged N-terminal
domain, hydrophobic core, and hydrophilic C-terminal
domain.20,28 The hydrophobic core is essential for the signal
peptide to insert in the ER membrane while the C-terminal
domain is recognized by signal peptidase I for cleavage and
release from the membrane.20,28 Positions −1 and −3 from the
cleavage site, which are primarily occupied by small amino
acids, are two factors influencing where the peptidase will
cleave.27,29 Together, these results indicate that Gln14 from
the full-length spike protein signal sequence is not compatible
in the −1 position for cleavage by signal peptidase I and that
Ser13 is a better candidate in the −1 position as predicted,
leaving the Gln residue with the mature protein as observed.

The N-terminus of a previously published recombinant full-
length spike protein30 was also investigated to determine
whether the cleavage of the signal peptide sequence observed
in the Mt. Sinai and M67 RBD constructs also occurred in this
construct. SignalP predicts that the most probable cleavage
point is Cys15 at about 54%, while the probability of cleaving
at Ser13, similarly to the RBD, is about 30%. N-deglycosylated
full-length spike protein was digested by trypsin and analyzed
by LC-MS/MS in a similar manner to the RBD proteins.
Manual analysis revealed that the N-terminus of full-length
spike protein contained an N-terminal pyroGlu residue similar
to those found in the Mt. Sinai and M67 RBD constructs
(Figure 3). Therefore, it is likely that the spike protein signal
peptide sequence will also consistently be cleaved after Ser13,
marking the pyroGlu at position 14 as the start of the mature
spike protein sequence.
Since the mass shift in the M67 construct was localized to

the N-terminus from the signal sequence, it was hypothesized
that the unknown mass shifts of 87 and 245 Da in the M68,
M69, and original Ragon Institute RBD samples may also be
due to additional residues from variable cleavage of their
respective signal sequences. The Ragon Institute RBD

Figure 2. Determining the N-terminus of RBD Protein by EThcD. (A) Predicted N-terminal peptide as found in M68, M69, and original Ragon
Institute constructs. (B) N-terminal peptide found in M67 and original Mt. Sinai constructs containing an additional Gln residue. This Gln residue
was modified to a pyroGlu residue, as noted by the yellow box. (C) N-terminal peptide found in M68, M69, and original Ragon Institute constructs
containing an additional Ser residue. (D) N-terminal peptide found in M68, M69, and original Ragon Institute constructs containing additional Ser-
Ala-Ser residues. Carbamidomethylated Cys is noted in blue, and deamidated Asn residues are noted by gray boxes. Observed c/z ions are noted by
red flags between residues, while observed b/y ions are noted by blue flags. All peptides were found to be O-glycosylated with
Hex(1)HexNAc(1)NeuAc(2) on the first Thr residue (T5 of RBD; T323 of full-length spike) as noted by the yellow box with glycan pictogram.
The complementary ion pairs resulting from the backbone cleavage of T5/E6 and E6/S7 confirm the glycosylation localization.

Figure 3. Confirming the N-terminal tryptic peptide of the full-length
spike protein. (A) HCD fragmentation of the doubly charged peptide.
The yellow box corresponds to a pyroGlu modification, the blue C
corresponds to carbamidomethylated Cys, and the gray box
corresponds to a deamidated Asn. (B) ETD fragmentation of the
doubly charged peptide. The 90 Da loss on the observed z7 ion
corresponds to the radical loss of the alkylated cysteine side chain
(•S−CH2−CO−NH2).
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construct includes a TPA signal sequence31 prior to the RBD
sequence (1MDAMKRGLCCVLLLCGAVFVSPSAS25), with
probable cleavage points predicted by SignalP at Ser25 (34%),
Ala24 (14%), and Pro22 (11%). A manual search of the data
confirmed that the unknown mass shifts were also due to
additional residues from the TPA signal sequence. The 87 Da
shift was due to an additional Ser residue at the N-terminus
(Figure 2C), while the addition of 245 Da was due to
additional Ser-Ala-Ser residues at the N-terminus (Figure 2D).
This indicated that the predicted cleavage at Ser25 occurred
about 50% of the time, with additional cleavages occurring
upstream (Tables S3−S5), suggesting that the charged Arg
residue in the +1 position may variably influence cleavage by
signal peptidase I.

Refinement of RBD N-Terminus

After variable peptide sequence cleavage had been identified
within the original Ragon Institute, M68, and M69 RBD
constructs, further construct optimization was performed with
the goal of eliminating N-terminal heterogeneity while
maintaining high protein yield and high ELISA sensitivity.11

To do this, the starting position for the RBD protein was
altered while retaining the TPA signal sequence. intact mass
analysis of each N-deglycosylated construct was then
performed to visualize the impact of each change in starting
position on resulting RBD protein heterogeneity. The
construct that produced an apparently homogeneous RBD
population, referred to as M96 (Figure S8), had a starting
position of Phe318 (Figure 4A; Table S6). The homogeneity
of this new construct was then evaluated by tryptic digestion
and subsequent LC-MS/MS. The digestion results confirmed
that the only species present in this sample was the correct
sequence of RBD (Figure 4B). Therefore, this suggests that the
insertion of a large, aromatic group helps solidify the
recognized positions by signal peptidase I, thus facilitating
the generation of a consistent RBD protein population.

The M96 RBD construct was subsequently validated for
COVID-19 seropositivity performance by ELISA in parallel
with the previously optimized M67, M68, and M69 RBD
constructs (Figure S9). The resulting data indicate that M96
performs near-identically to M68, meaning that variable N-
terminal processing was not likely responsible for previously
observed variable RBD seropositivity assay performance11 and
that seropositivity data previously obtained using M68 were
not negatively impacted by the presence of multiple proteo-
forms. Nevertheless, the newly optimized and fully homoge-
neous M96 RBD construct is recommended for use in further
downstream assay development to minimize the potential for
uncertainty provided by use of a variably heterogeneous
reagent panel.

■ CONCLUSIONS

Accurate recombinant standard proteins are necessary to
ensure that proper conclusions can be drawn from experiments
and serological assays. Moreover, analyzing proteins by intact
mass spectrometry can reveal new details unavailable from or
difficult to obtain by other proteomic methods, allowing
increased confidence in the quality of key recombinant
standard proteins used for ongoing COVID-19 assay develop-
ment. Sources of N-terminal sequence heterogeneity were
identified and verified within five previously published SARS-
CoV-2 spike protein RBD constructs, along with the full-length
spike protein construct. A new RBD construct, M96, was then
created and verified to exhibit a homogeneous N-terminus
consistent with the predicted protein sequence. This new
construct is available to the greater scientific community and
recommended for future use in the development of COVID-19
assays to ensure consistency and validity of results.

Figure 4. (A) Intact Mass Analysis of COVID RBD following PNGase F treatment of the M96 construct, which modified the Ragon RBD sequence
to include F318 of the spike protein. The inset corresponds to the ReSpect deconvolution result. The major O-glycans of
Hex(1)HexNAc(1)NeuAc(2) [+947.3430 Da] and Hex(2)HexNAc(2)NeuAc(2) [+1312.4552 Da] were observed in this construct as well as a
fully unmodified species. (B) Confirmation of the N-terminus by EThcD. Carbamidomethylated Cys is noted in blue, and deamidated Asn residues
are noted by gray boxes. Observed c/z ions are noted by red flags between residues, while observed b/y ions are noted by blue flags. The peptide
was found to be O-glycosylated with Hex(1)HexNAc(1)NeuAc(2) on the first Thr residue (T6 of RBD; T323 of full-length spike) as noted by the
yellow box with glycan pictogram. The complementary ion pairs resulting from the backbone cleavage of T6/E7 and E7/S8 confirm the
glycosylation localization.
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