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ABSTRACT OF THE THESIS

Probing SARS-CoV-2 Spike Protein Receptor Binding Domain Dynamics

via Hydroxyl Radical Protein Footprinting

by

Kezia M. Jemison

Master of Science in Chemistry
University of California San Diego, 2024

Professor Lisa M. Jones, Chair

The Severe Acute Respiratory Virus 2 (SARS-CoV-2) virus is responsible for the Coronavirus
Disease 2019 (COVID-19) pandemic that continues to plague present-day society as new variants with
increased virulence emerge. Viral infection may only occur once the host cell’s angiotensin-
converting enzyme 2 (ACE?2) receptor binds to an exposed viral spike glycoprotein’s Receptor
Binding Domain (RBD) in its “up” state. Over the years as new variants emerged, an increase in
infectivity has been observed. We hypothesize that mutations observed in later variants contribute to
RBD instability, resulting in a greater likelihood of an RBD up spike. To elucidate the relationship
between RBD dynamics and increased virulence amongst SARS-CoV-2 Wuhan 2019/Wild-type

(WT), Delta, and Omicron variants, the MS-based protein footprinting method fast photochemical

X



oxidation of proteins (FPOP) was performed using GenNext® Technologies’ Flash Oxidation (FOX®)
system. As glycans are preferentially labeled, this instrument simultaneously allows for sufficient
glycoprotein labeling via UV-based radical dosimetry and ensures user safety by generating hydroxyl
radicals via lamp-based photolysis of hydrogen peroxide. Preliminary results show the FOX® system
may be utilized to perform in vitro FPOP studies on the SARS-CoV-2 spike glycoprotein, however,
further optimization is needed for more accurate comparison across conditions to discuss virulence in

relation to spike structure.
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Chapter 1 — Introduction
1.1 Coronaviruses and COVID-19
Coronaviruses are large, enveloped RNA viruses that cause disease within the respiratory,
gastrointestinal, and nervous systems of humans and other animals.! Most notable examples are human
coronavirus (HCoV), middle east respiratory syndrome (MERS-CoV), and severe acute respiratory
syndrome (SARS-CoV). As MERS- and SARS-CoV are found in bats, coronaviruses were thought
incapable of crossing species until the 2002 SARS-CoV and 2012 MERS-CoV outbreaks.> Most recently,
there was an outbreak in 2019 of a novel coronavirus, SARS-CoV-2, in Wuhan, China that spread rapidly
worldwide leading to the Coronavirus Disease 2019 (COVID-19) pandemic. Since its start, over 775
million cases were confirmed and over 7 million deaths were reported. The most recent World Health
Organization update regarding COVID-19 from July 15th, 2024, details a stable number of new cases
with over 150,000 between the first 28-day period to the second. Within the same timeframe, there were
more than 2000 new deaths, a 3% decrease compared to the previous 28-day period. New variants emerge
as SARS-CoV-2 continues to evolve to evade the immune system, thus allowing for such high positive
reported COVID cases. As of March 2023, the World Health Organization’s variants of concern are
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529). Each SARS-
CoV-2 variant contains mutations that contribute to their respective infectivity and ability to evade
immune response. These mutations affect the RNA that codes the whole virion, but of particular interest

is the spike (S) glycoprotein.

1.2 Role of Spike Protein in SARS-CoV-2 Viral Infection
The SARS-CoV-2 spike (S) glycoprotein is a class I viral fusion protein located on the outer
envelope of the virion that plays a critical role in host cell recognition and mediating fusion of the viral
and cellular membranes for infection, making it a major target for neutralizing antibodies.® A schematic
of the full-length spike protein monomer is shown in Figure 1. The heavily glycosylated homotrimer has

two major subunits, S1 and S2. In the prefusion spike state, S1 contains the following four domains:



amino-terminal (N-terminal) domain (NTD), Receptor Binding Domain (RBD) and two carboxy-terminal
domains (CTD1 and CTD2). The NTD contains the majority of the N-glycans, the RBD binds
angiotensin-converting enzyme 2 (ACE2) of host epithelial cells at the Receptor Binding Motif (RBM)
within the RBD for host cell recognition, and the CTDs contribute to the stabilization of the prefusion
state. The S2 roots the protein within the membrane and contains the fusion peptide (FP) and heptad

repeats (HR1 and HR2), which are necessary for viral fusion.*

1 1Y A -
RBD Ich cTD2 FP|
_

$1/82 s2'

Figure 1. Schematic of the full-length SARS-CoV-2 spike protein monomer and its subdomains.

When bound to ACE2, the spike glycoprotein undergoes dramatic conformational change from a
pre-fusion to a post-fusion state. This structural transition allows the protein to “puncture” the host cell
membrane to trigger infection. S1 and S2 subunits are non-covalently bound in the prefusion state such
that the S2 can refold to form the postfusion elongated spike that is inserted into the target cell membrane
for viral entry.* Like SARS-CoV, the SARS-CoV-2 spike in the RBD “up” conformation is a prerequisite
for ACE2 recognition and therefore infection.>”’” Evolutionary mutations resulting in different SARS-
CoV-2 alter the spike structure and properties, which contributes to differences is infectivity and

virulence.

Mutations to the NTD and RBD of the SARS-CoV-2 spike have been shown to cause refolding
with potential to affect viral infectivity and immune response.®’ The D614G mutation evolved between
the Wild-Type (WT) and Alpha spike variants led to an observed increase in SARS-CoV-2 transmission
making it a likely advantage for human infection as it is conserved in variants emerging today.'*!! This
point mutation results in the loss of a stabilizing disulfide bridge with residue K854 at the base of the
RBD (Figure 2), allowing for increased RBD range of motion and therefore a greater likelihood of the
RBD “up” state capable of recognizing ACE2 for infection. Additionally, glycans were shown to play

significant roles in the RBD opening process. Glycans at positions N165 and N234 actively supports the



RBD in the "up" conformation while N343 pushes the RBD upward.'>"* As a homotrimer, the spike can
exist in either the 1- or 2-RBD up intermediate states before proceeding to the full open spike
conformation. Further, the spike protein RBDs may have varying degrees of openness as the spike
transitions from closed to open such that host cell recognition would not occur as the RBD would not be

“up” enough for ACE2 to bind.

Improving our understanding of SARS-CoV-2 viral entry will allow for the development of
treatment and prevention methods of diseases with similar mechanisms. This work aims to help elucidate
why SARS-CoV-2 is so infectious by using protein footprinting to assess RBD opening dynamics of the
Wuhan-2019/Wild-Type (WT), Delta (A), and Omicron (O) spike proteins. As RBD openness increases,
the likelihood of infection increases as a 1-up RBD state is required for host cell recognition and the RBD
must be “up” or open enough for ACE2 to bind. Solvent accessibly would also increase as the RBD
opens, exposing previously obscured residues. Using the protein footprinting method Fast Photochemical
Oxidation of Proteins (FPOP) coupled to Mass Spectrometry would allow for the identification of
exposed RBD and spike sites via oxidative modification and downstream quantification. Differential
analysis will be performed between closed and open spike states to compare the degree of RBD openness

across WT, Delta, and Omicron spike variants.
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Figure 2. Amaro Lab MD predictions of WT and Delta RBD open/1-up vs closed/locked-
down spike states suggest a higher degree of RBD opening for Delta and Omicron
variants due to the evolved D614G mutation resulting in the loss of stabilizing D614-
K854salt bridge. Consequently, glycans N165, N234, and N343 have different distances
in relation to one another and the center of the trimer.



1.3 Summary of Introduction

SARS-CoV-2 is the pathogen responsible for COVID-19. Viral infection is triggered when
SARS-CoV-2 spike glycoprotein in RBD “up” state binds to ACE2 and the spike transitions from a
prefusion to post-fusion conformational, “puncturing” the host cell membrane providing means of viral
entry for replication. The heavy glycosylation of the spike protein protects the virus from the immune
system defense response by providing a “sugary shield”. In addition to shielding, three of the spike’s
glycans (N165, N234, N343) play active roles in RBD opening.!? Varying degrees of spike RBD opening
are predicted with later variants hypothesized to be more open due to the RBD destabilizing D614G
mutation, suggesting emerging variants are more likely to be in an RBD “up” state and thus more likely to
trigger the infection cascade. In this thesis, an in vitro FPOP study is presented to investigate the
hypothesized increased degree of RBD dynamics in emerging variants of the SARS-CoV-2 spike

glycoprotein.

Chapter 2 — Probing SARS-CoV-2 Spike RBD Dynamics via FPOP
2.1 An Introduction to Protein Footprinting via FPOP
Protein footprinting is a powerful technique for structural biology and biophysics and even more
so when they are MS-based. Well established MS-based protein footprinting methods for dynamics and
interface characterization of biomolecules and their interactions are Hydrogen Deuterium Exchange
(HDX) and Hydroxyl Radical Protein Footprinting (HRPF). HDX occurs on the second timescale
allowing for insights into dynamics and structure over time at peptide level resolution.'* HRPF uses
hydroxyl radicals to covalently label solvent accessible amino acids non-specifically. Overoxidation leads
to unfolding, so it is imperative to optimize the concentration of hydroxyl radicals available for labeling a
given protein. Hydroxyl radicals are generated in various ways. The first to note was via Fenton chemistry
to study DNA.'* Other well established methods of hydroxyl radical generation include synchrotron
radiolysis'® and laser photolyisis of hydrogen peroxide.!”!® This method of HRPF in which proteins are

labeled with hydroxyl radical generated via laser photolysis is known as Fast Photochemical Oxidation of



Proteins (FPOP). Unlike HDX, FPOP labeling occurs on the microsecond timescale, which is faster than
unfolding can occur thus allowing for study of native protein structure. Since its initial development
using pure proteins in vitro, FPOP has been extended to study the native state of proteins in-cell'*° and in

vivo.!

FPOP is a useful protein footprinting method that becomes a powerful quantitative biophysical
tool when coupled with Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). MS data is
used to identify and quantify oxidation and perform differential analyses capable of providing information
on conformational change and protein-protein and protein-ligand interactions at the peptide- and residue-
level. FPOP uses highly reactive hydroxyl radicals to investigate protein solvent accessibility as more
oxidation would be observed in more accessible regions. Theoretically, 19 out of the 20 amino acids can
react with hydroxyl radicals, each with their own reactivity rate (kon) at neutral pH and possible
modification detectable via downstream MS as mass change (Table 1).?? The most reactive residues
contain sulfur, like cysteine, while glycine is the least reactive, inhibiting detection of labels
corresponding to mass change. Laser-based in vitro FPOP has been optimized to label while preserving
protein structural integrity. However, the experiments herein use a semi-automatic benchtop flash

oxidation system from GenNext® Technologies.



Table 1. FPOP reactivity rates and possible modifications per amino acid

Amino Acid kou (M7s7) Modification & Mass Change (Da)

Cys (C) 350x10% Sulfonic acid (+48), sulfinic acid (+32), hydroxy- (-16)
Trp (W) 130 x 10% hydroxy- (+16, +32, +48), pyrrol ring-open (+32)

Tyr (Y) 1.30x 10% hydroxy- (+16, +32)

Met (M) 8.50 x 10° sulfoxide (+16), sulfone (+32), aldehyde (-32)

Phe (F) 6.90 x 10° hydroxy- (+16, +32)

His (H) 4.80 x 10° oxo- (+16). ring-open (-22, -10, +5)

Arg (R) 3.50 x 10° hydroxy- (+16), carbonyl (+14), deguanidination (-43)
e (I) 1.80 x 10° hydroxy- (+16), carbonyl (+14)

Leu (L) 1.70 x 10° hydroxy- (+16), carbonyl (+14)

Val (V) 8.50 x 108 hydroxy- (+16), carbonyl (+14)

Pro (P) 6.50 x 108 hydroxy- (+16), carbonyl (+14)

GIn (Q) 5.40 x 108 hydroxy- (+16), carbonyl (+14)

Thr (T) 5.10 x 108 hydroxy- (+16), carbonyl (-2- or +16-Hz0)

Lys (K) 3.50 x 108 hydroxy- (+16), carbonyl (+14)

Ser (S) 3.20 x 108 hydroxy- (+16). carbonyl (=2- or +16-H20)

Glu (E) 2.30 x 108 hydroxy- (+16). carbonyl (+14). decarboxylation (-30)
Ala (A) 7.70 x 107 hydroxy- (+16)

Asp (D) 7.50 x 107 hydroxy- (+16). decarboxylation (-30)

Asn (N) 4.90 x 107 hydroxy- (+16)

Gly (G) 1.70 x 107

2.2 Methods
Here the methodology used to obtain the preliminary data reported is detailed as FPOP experiments
must be optimized prior to ensure efficient and reproducible labeling glycoproteins given the preferential

labeling of glycans.

2.2.1 Benchtop Flash Oxidation (FOX®) System

GenNext® Technologies’ FOX® system provides a UV lamp-based alternative to hazardous and
costly laser-based in vitro FPOP methods making FPOP a more accessible tool.!”'#2* Further,
simultaneous measurement of effective radical dose via real-time inline UV-based dosimetry is possible.*
An extrinsic or intrinsic dosimeter absorbs at 265 nm and either increases or decreases in absorbance,
respectively, with increasing oxidation due to increasing hydroxyl radical concentration. Real-time
measurement of dosimeter absorbance allows for determining the effective radical dose to better ensure
efficient labeling through generation of a dose response curve. Protein buffer contents may scavenge

radicals, thus performing a buffer exchange may be necessary to ensure sufficient labeling before

experimentation. A dose response curve with non-linear changes in oxidation suggests artifactual



structural change due to overoxidation. Background oxidation is accounted for by applying no voltage (0
V) to sample at flash cell as a control and measuring dosimeter absorbance in the theoretical absence of
hydroxyl radicals. Sample collection is semi-automatic as the workflow is automated after the injection of
the 20 pL sample and the flash sequence is triggered. Eight uL. of sample goes to waste and 12 pL. flows
to the flash cell for irradiation followed by the dosimetry cell. Here, the real-time dosimeter absorbance
at 265 nm is measured before the labeling reaction is quenched with 35 mM Methionine and 100 mM

DMTU and sample is collected. Figure 3 shows all modules of the FOX®.

(&7
Dosimetry Cell Genf\lext

’ Fox™ Dosmray Moouts
-

°

©
©
Flash Cell

GenNext

Figure 3. GenNext® Technologies’ semi-automatic FOX® system. Sample is injected at the
fluidics module, irradiated at the photolysis module, and collected after dosimeter absorbance is
measured at the dosimetry module.



The capillary that sample flows through is Polymicro Technologies Molex clear silica tubing
(1068160105) with an outer (OD) and inner diameter (ID) of 360 um and 250 pm, respectively. For the
default 12 pL sample loop, a flowrate of 15 uL./min and flash frequency of 2 Hz (or 180 maximum
flashes in 60 s). These values are user specified such that need for a different flowrate and flash frequency
due to changing sample loop volume could be met. The applied voltage may also be user specified (up to
1500 V), so hydroxyl radical concentration may be altered by varying the applied voltage and/or

concentration of hydrogen peroxide spiked into the sample.

Here, we test the FOX® system for in vitro FPOP of the SARS-CoV-2 spike glycoprotein
homotrimer to assess Receptor Binding Domain (RBD) opening/closing dynamics across Wuhan-
2019/Wild-type (WT), Delta (A), and Omicron (O) spike variants. As glycans are preferentially labeled,
this instrument simultaneously ensures sufficient labeling of the glycoprotein via UV-based in-line radical
dosimetry and user safety by generating hydroxyl radicals via voltage-based photolysis of hydrogen

peroxide.

2.2.2 Invitro FPOP Sample Preparation
PBS buffer was made by dissolving Phosphate Buffered Saline, pH 7.4 packet (Sigma P-5368) in
deionized water. The following reagents were purchased from Fisher Chemical: L-methionine, 1,3-
Dimethylthiourea (DMTU), dithiothreitol (DTT), hydrogen peroxide, tris base, calcium chloride,
hydrogen chloride , 0.1% FA in water, and 0.1% FA in ACN. Pierce Trypsin Protease MS-Grade 5 x 20
ug (90057) was purchased from Fisher Scientific. Adenine was purchased from Sigma-Aldrich. Peptide

N-Glycosidase (PNGase) F kit was purchased from New England Biolabs (P0704).

Purified proteins were purchased from SinoBiological. Open/Up conformations of the WT
(40589-VO8H4), Delta (40589-V0O8H10), and Omicron (40589-VO8H26) variants of spike were
purchased from the catalog. Closed/Locked-Down conformations of all variants were custom expressed

and purified by introducing G413C and V987C mutations within each variant’s protein sequence. WT and



Delta open spikes underwent buffer exchange to PBS using Microcon-30 Centrifugal Filter Unit
(MRCF030) and following the unit’s corresponding protocol. Sample was prepared with final
concentrations of 1 mM Adenine and 0.18 mg/mL protein before spiking in hydrogen peroxide for 20 uL.
total sample volume directly before sample injection. Given the limited sample available of WT up and
Delta after buffer exchange, their corresponding initial protein concentrations were less than 0.18 mg/mL
(Table 2). Although initial protein concentration should be consistent to across conditions to normalize
the number of accessible sites available, hydrogen peroxide concentration and/or voltage applied could
differ across conditions so long as the change in absorbance between the control (zero voltage
with/without hydrogen peroxide) and experimental (applied voltage with hydrogen peroxide) was ~40.00
mAU across conditions (Table 2). In other words, the effective radical dose would be consistent
regardless of hydroxyl radical concentration available across conditions allowing for more accurate
comparison. At least triplicates were performed for all conditions except Delta Up due to limited sample
availability.

Table 2. Initial protein and H202 concentrations and voltage used to
FPOP each sample and their corresponding changes in absorbance at

265 nm
Init. [Prot.] | Init.[H,0.] | Applied Volt. | AAbS265m

Condition | (pg/pL) (mM) (V) (mAU)
W-UP 0.13 21.7 0, 900 7.56

A-UP 0.015 0.833 0, 900 26.77
Q-UP 0.18 10 0,1100 40.86
W-LD 0.18 35 0, 900 41.18
A-LD 0.18 10 0, 1400 45.60
Q-LD 0.18 10 0, 1400 48.49
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Once injected using a 25 pul. Hamilton syringe (80465), 12 pL of the sample flowed to the flash
cell at flow rate of 15 pL/min while the remainder went to waste. The sample was irradiated by the 265
nm UV lamp at a rate of 180 maximum flashes in 60 seconds and frequency of 2 Hz in the flash cell. The
dosimeter absorbance was measured before the labeling reaction was quenched using a solution
containing 100 mM DMTU and 35 mM Methionine. To reduce and denature, samples were incubated at
95 °C for 25 minutes with mixing at a final concentration of 50 mM Tris-HCl/1mM CacCl, and 5mM
DTT. A 1:20 trypsin to protein ratio was used to digest the spike proteins overnight at 37 °C with mixing.
Digestion was terminated by a 10-minute incubation at 95 °C and samples were cooled to RT before a 4-
hour incubation at 37 °C with 1 uL PNGase F to deglycosylate. After deglycosylation, samples were
centrifuged for 3 minutes to spin down and transferred to MS vials. Samples were acidified to a final
concentration of 0.1% FA prior to MS analysis. Figure 4 describes the workflow using the FOX starting

at sample preparation up to data analysis and FPOP quantitation.

~8 uLto
Waste
20 pl. Sample:
~0.18 pg/pL /
Protein @® Silica Tubing Flash Cell Dosimetry Cell
~1mM Adenine = H,0,+hv > 2°0OH A=265nm
~H,0, (spiked) \
o Quench:
:g Injection Port ~Methionine
~DMTU
LUﬂdiateq,SampLe 1. Reduction
(experimental) 2. Enzymatic Digest
= +16 3. Deglycosylation
Extent of 2 .
Oxidation £ 32 =9 F! /
FPOP P Data f:y
Quantitation Processing EG=MB/HS F‘;.%
— Non-Irradiated Sample o ﬁ‘
(control) ,;i
Cond Cond Cond frand

1 2 3 ‘a

=1

Q

E

Mass

Figure 4. in vitro FPOP workflow using the FOX®. Protein samples containing a dosimeter (1mM Adenine)
were spike with H20:2 before injection into the system. Once injected, 8uL went to waste while 12uL
continued to flow to the flash cell to be irradiated by a 265 nm UV lamp. Subsequently, irradiated sample
flows to the dosimetry cell where the dosimeter absorbance was measured in real-time. The labeling
reaction was quenched when the sample reached the quench solution containing methionine and DMTU
and collected in the automated sample collector for subsequent LC-MS/MS sample preparation and
analysis.
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2.2.3 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

As no alkylation occurred during MS sample preparation, increasing the likelihood of refolding, 2
pL 500 mM DTT was added to each digest sample prior to MS analysis to prevent refolding. Following
the Evosep sample loading protocol, protein digests were loaded onto C18 Evotips. The dry C18 resin of
the tips was washed with 20 uL. Solvent B, centrifuged for 60 seconds at 700 x g, and conditioned by
soaking in 100 uL I-propanol until pale white. Soaked tips went through two cycles of centrifugation
with 20 puL of Solvent A at 700 x g for 60 seconds to equilibrate. 300 ng of sample digest was loaded onto
the wet C18 resin of the Evotip, then washed by adding 20 uL Solvent A and centrifuging for 60 seconds
at 700 x g. 100 pL of Solvent A was added to tips and centrifuged at 700 x g for 10 seconds to ensure the

C18 resin remained wet.

Peptides were separated using Evosep’s 44-minute gradient and analyzed on an ThermoFisher’s
Orbitrap Astral MS. The following acquisition parameters were used: data dependent acquisition mode,
scan range of 375-1200 m/z, resolution of 120000, applied intensity threshold of 5.0x10°, charge state
range of 2-6, profile data type, positive polarity and with Field Asymmetric lon Mobility Spectrometry
(FAIMS). HCD collision energy of 30% was used to fragment peptides along with a customized AGC

target of 50% normalized AGC target, auto maximum injection time, and 1 microscan.

2.2.4 Data Analysis
Raw data file outputs were converted to mzML using MSConvert? version (3.0.24089-fc08ea4)
with peakPicking and zeroSamples filters applied. MS data was analyzed using Fragpipe (v21.1),
MSFragger (v4.0), lonQuant (v1.10.12), and Philosopher (v5.1.0). Searches were performed as described
previously with variable modifications (varmods) or mass offsets specified as FPOP modifications.?
Further data processing was performed using the Excel PowerPivot add-in to quantify the extent of
modification for each peptide by dividing the sum of the area of modified peptide by the sum of the area

of unmodified and modified peptides.?’
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2.3 Results and Discussion
2.3.1 Results

In-line dosimetry absorbance data was used to generate dose response curves by plotting the
applied voltage vs the change in absorbance of ImM Adenine. As adenine was used as the extrinsic
dosimeter, its absorbance decreased with increasing oxidation as hydroxyl radical concentration
increased, resulting in a greater change in absorbance from the no applied voltage (0V) control. Dose
response curves for all except Omicron open spike could not be made due to limited sample availability
inhibiting more than two voltages to be tested in triplicate. As expected, linearity was observed when
increasing voltage was used for labeling the Omicron spike in its open state (Figure 5).

O Open Dosimetry
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Figure 5. Omicron (O) Open spike protein dose response curve generated to assess effective radical
dose based on 1 mM adenine absorbance at 265 nm.
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Figure 6 shows generalized labeling coverage across all conditions on a representative spike
structure based on the WT. The condition observed with the greatest number of oxidatively modified
peptides out of the 11 peptides detected across conditions was the WT open spike with 9 modified
peptides. Out of those 11 peptides, peptides 559-567 and 826-835 were the only two quantifiable peptides

across all conditions that could be used for differential analysis. Peptide 559-567 is located closer to the

Y Glycan
ke Bkl saGwa Gl 685 815
YV YV YT Y ¥Y ¥ Y Ot Ot b
CTD2 FP|
)
s1/S2 s2'

Closed (side)

Delta WT

Omicron

Figure 6. Labeling coverage across all spike protein conditions. Labeled peptides are represented by
bubbles. Peptides detected within the NTD and RBD are represented by navy blue and teal,
respectively.
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RBD than peptide 826-835. Figure 7 illustrates the exposure of residues near the RBD as the RBD opens
on the WT spike. Greater oxidation was observed at peptide 559-567 for WT in its open state compared to
the closed state, suggesting increased solvent accessibility of peptides near RBD due to RBD opening
(Figure 8). Furthermore, there was no statistically significant difference in 826-835 labeling across spike
conditions, supporting the expected little to no change in solvent accessibility of peptides far away from

the RBD due to RBD opening.

M 559567
826-835

residue within peptide 559-567 near the RBD, suggesting increased exposure of residues close to
RBD to hydroxyl radicals. Peptide 826-835 residues are unaffected by RBD opening.
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Figure 8. Average oxidation of peptides 559-567 and 826-835 across all spike conditions: Wild-
Type (WT), Delta (A), and Omicron (O) in open vs closed states.

2.3.2 Discussion

Here, the FOX was successfully used for in vitro FPOP of the open/up and closed/locked-down
RBD states of the WT, Delta, and Omicron SARS-CoV-2 spike proteins. Although many peptides were
detected in individual spike conditions, there were only two peptides (559-567 and 826-835) with FPOP
modifications that were quantifiable across each condition such that differential analysis could be
performed to assess the RBD opening dynamics. More variation was introduced due to inconsistent initial
protein concentrations and different number of technical replicates that possibly resulted in the inability to
achieve the desired change in absorbance of ~40.00 mAU across conditions, and thus inconsistent
effective radical doses were used. Although the corresponding change in absorbance is only 7.56 mAU,
these results show there was a statistically significant difference between oxidation observed for the open
vs closed WT spike when the open WT was delivered a lower effective radical dose. Due to the error
associated with unoptimized MS sample prep workflow, Delta and Omicron data was unreliable and
could not be commented on with respect to peptide level analysis at the time. Further optimization is
required for MS analysis and normalized effective radical dose across spike conditions due to preferential
labeling of glycans to ensure sufficient labeling of native spike protein structure such that more
quantifiable peptides may be detected in all spike conditions and a more comprehensive understanding of

spike RBD dynamics may be obtained.
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Chapter 3 — Conclusions and Future Directions

Here we demonstrated the FOX® system can be used to perform in vitro FPOP to label the SARS-
CoV-2 spike glycoprotein such that quantification of the resultant processed LC-MS/MS data supported
the conformational difference between open vs. closed spike states. Although effective radical dose varied,
label quantification showed a significant increase in oxidation on a peptide close to the RBD between open
and closed spike states of the WT.Further optimization is currently underway to allow for the comparison
of RBD dynamics between WT, Delta, and Omicron spike variants to further comment on the increased
virulence observed of emerging SARS-CoV-2 variants. Once completed, the current in vitro work studying
spike RBD dynamics will be extended to investigate how the SARS-CoV-2 virion travels through a dense

mucin barrier prior to reaching the air/lung interface to bind ACE2 and trigger infection.

Before it can bind ACE2 at the air/lung interface, the SARS-CoV-2 virion must pass through a
dense barrier MUCSAC and MUCS5B respiratory mucins. These mucins are heavily O-glycosylated and
work to expel exogenous pathogens.?® As mucins are negatively charged and the SARS-CoV-2 spike protein
evolved to be more electrostatically positive from WT to Omicron,? it is likely that spike-mucin binding is
favorable upon host cell entry. Novel Amaro Lab simulations of MUC5AC and MUCS5B bound to SARS-
CoV-2 spike proteins suggest spike-mucin binding is avidity-driven and binding sites are concentrated
around the RBD, NTD, and FCS of the spike. Results from locating and characterizing the spike-mucin
binding “hotspots” strength and duration across spike variants in “lung-like” conditions will be compared
to these novel simulations to assess the hypothesis that electrostatics drive spike-mucin binding. We
hypothesize that the spike evolved to increase contacts and/or binding strength with the MUCS5AC and
MUCS5B mucins such that later spike variants increased access to the bind ACE2, thus contributing to the

observed increased infectivity of emerging variants.
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The SARS-CoV-2 virus is an airborne pathogen capable of traveling up to two meters via small
respiratory aerosol to infect a host. These aerosols are less than 5 um in diameter and contain the virion in
addition to mucins, albumin, and lipids.*® During the journey from the infected individual to the new host’s
lung, the respiratory aerosol undergoes chemical changes capable of reducing viral viability.>' For example,
rapid dehydration would result in higher ion concentrations. Furthermore, protein may denature when
exposed to an air-water interface.’ Results obtained from using in-vitro FPOP-MS to characterize spike-
mucin binding modes in “aerosol-like” conditions will be compared to novel Amaro lab simulations that
suggest the mucins and divalent cations create a network of interactions with the spike protein, creating a
protective “cage” around the virions such that the virus is able to survive the harsh aerosol conditions. We
hypothesize that more binding interactions will be observed with later spike variants, allowing for increased

protection and viability.

FPOP allows for mapping native protein structure such that information on conformational change,
protein-ligand, and protein-protein interactions can be obtained.!” Additional use of Hydrogen-Deuterium
Exchange (HDX) would allow for additional insights on protein dynamics and structure over time given
their second vs microsecond timescale difference.'* In collaboration with the Komives Lab at UCSD, the
experimental data obtained from FPOP- and HDX-MS experiments will be used to refine existing Amaro
Lab computational predictions of the mucin-bound and -unbound spikes and the entire SARS-CoV-2 virion.
Such studies would aid the discovery of antiviral treatments for infections with further applications to
fighting other illnesses with similar mechanisms of action as well as advance our understanding of mucins

in the context of airborne transmission.
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