Binding affinity assay of SARS-CoV-2 spike protein and amyloid-§
using affinity capillary electrophoresis — vibrating sharp-edge spray
ionization — mass spectrometry (ACE-VSSI-MS)
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ABSTRACT. This research proposes a method to quantify the dissociation constant (Kg) between SARS-CoV-2 spike protein (S
protein) and amyloid-f1.42) (AP42) using affinity capillary electrophoresis — vibrating sharp-edge spray ionization — mass spectrometry
(ACE-VSSI-MS). Mobility shift ACE enables the rapid and simple on-line determination of K4 with little sample consumption. This
proposed research has 2 aims: (1) Develop a method to perform mobility shift ACE using VSSI-MS detection to couple the high
throughput benefits of CE and structural insight MS detection provides and (2) quantify the dissociation constant of S protein and
A4 to inform on binding affinity and further research in understanding long COVID symptoms.

1| INTRODUCTION

SARS-CoV-2, the novel coronavirus of the COVID-19 pan-
demic, initiates viral infection through binding between the
spike protein receptor binding domains (RBDs) and angioten-
sin-converting enzyme 2 (ACE2), a cell membrane protein
found throughout the body.!? Spike protein (S protein) also
binds proteins and peptides that are not ACE2, like amyloid-f:-
) (AB42)*, which can intensify the effects and prolong the after-
effects of viral infection.*® The SARS-CoV-2 pandemic has re-
sulted in millions of cases and over 400 thousand instances of
symptoms persisting for months after initial infection which has
been termed post COVID-19 condition or “long COVID” as of
August 2024.° One long COVID symptom is brain fog, which
has been found to be caused by abnormal electroencephalo-
graphic activity and resembles abnormalities seen during early
stages of neurodegenerative diseases.”® During viral invasion,
S protein can be cleaved by proteases into several amyloido-
genic peptides that are linked to increased APa, fibril and plaque
formation, contributing to neurodegeneration.>*>°-12

Little has been published on the binding interaction between
SARS-CoV-2 S protein and Apa,, and these publications are fo-
cused on either the increased virility of the SARS-CoV-2 virus
due to A4, binding®3!? or the amyloidogenic peptide fragments
of digested S protein accelerating APs, fibrilization and neuro-
degeneration associated with Alzheimer’s Disease (AD) as de-
scribed above. These publications, however, do not explore the
binding kinetics of S protein and AB4. One publication quanti-
fied the diffusion constant of S protein and Aps fibrils through
molecular dynamics simulations and focused on the orientation
of binding.> While the diffusion constant influences binding, it
is not a direct measure of the binding affinity.

Studies have been published regarding S protein binding affin-
ity with other molecules such as a-synuclein, which could be
viewed as the equivalent to AP4, in Parkinson’s Disease'*, and
heparin, a glycosaminoglycan that interacts with A4 to in-
crease aggregation.!® The dissociation constants of a-synuclein
and S protein RBD determined by isothermal titration calorim-
etry was 50324 nM!® and heparin determined by surface plas-
mon resonance ranged 40 pM'” to 64 nM.'® While these are ex-
amples of dissociation constants of S protein or the S protein
RBD and a ligand, A4; is not necessarily going to behave sim-
ilarly considering its smaller mass and less negative charge. Ad-
ditionally, it has been demonstrated that K determined with the

RBD does not predict the Ky of the whole S protein.!”* A quan-
tified dissociation constant would provide insight into the inter-
action and affinity between S protein and A4, and inform fu-
ture research regarding SARS-CoV-2 virility, AP, suppressant
drug therapies,'***' and contribution of long COVID in neuro-
degeneration.

There are many techniques used for affinity measurements in-
cluding equilibrium dialysis,?*?* ultrafiltration,”*>* calorime-
try,?* size and affinity chromatography,?>?* slab gel electropho-
resis,?>2% and spectroscopic methods such as UV-Vis and infra-
red absorbance, fluorescence, circular dichroism, nuclear mag-
netic resonance, and surface plasmon resonance.?>** Most of
these technologies are inconvenient due to slow analysis time,?*
requirements of large amounts of sample,?* incapability to ana-
lyze multiple sample components,?”’ or are expensive to exe-
cute.?

An alternative approach is affinity capillary electrophoresis
(ACE), a well-developed method for quantifying protein and
peptide interactions;?? 242832 however, it has been sparsely ap-
plied to S protein and its possible ligands. Benefits of ACE in-
clude no requirement of ligand immobilization to a stationary
phase to prevent affecting binding properties,?*?’ low volume
sample consumption, simulation of physiological condi-
tions,?*?733 on-line detection,?® and applicability to a wide vari-
ety of analytes.”? ACE can be broken down into dynamic equi-
librium, pre-equilibrated, and kinetic techniques.?**3? In pre-
equilibrated ACE methods, the receptor and ligand are equili-
brated off-line and CE is used to separate the free and bound
analytes. These techniques are best suited for analytes with slow
equilibrium kinetics and strong affinity to have enough time to
associate and not dissociate during the separation with the most
common applications being frontal analysis ACE and affinity
probe capillary electrophoresis. Dynamic equilibrium ACE in-
cludes a ligand in the background electrolyte and relies on mo-
bility shift to determine the dissociation constant. The receptor
exists in a free or bound state and the duration of time spent in
each state will change with changing ligand concentration. This
method is best for fast kinetics and weak to intermediate bind-
ing affinity. Dynamic techniques include mobility shift ACE,
vacancy peak methods, and the Hummel-Dreyer method. Ki-
netic techniques are used for intermediate reaction rates where
the time to reach binding equilibrium is similar to the migration
time.?* Methods include nonequilibrium and equilibrium CE of



equilibrium mixtures (NECEEM), partial-filling ACE, and
multi-step ligand injection ACE (MSLIACE). Of these meth-
ods, mobility shift ACE is what will be implemented in this
study since the binding affinity of these molecules is unknown
and the method is simple in design, easily adaptable, and pro-
duces results quickly. This method is well suited for these ana-
lytes considering that bound AP4, will increase the mass and
negative charge of S protein as well as induce a conformation
change upon binding (Figure 1)** which contribute to the mo-
bility shift.

Nanoflow sheath capillary electrophoresis — vibrating sharp-
edge spray ionization — mass spectrometry (CE-VSSI-MS) is an
established technique for small molecule® and protein®® sepa-
rations using both unmodified and coated capillaries. VSSI is a
voltage-free, soft, ambient ionization method where acoustic
energy is focused at a sharp edge to produce a spray.’”® Toni-
zation is independent of solvent composition, making this tech-
nique applicable to native analysis and avoids analyte denatur-
ation attributed to the applied voltages of ESI.* Additionally, it
had been demonstrated that VSSI can keep non-covalently as-
sociated complexes intact from the solution phase to the gas
phase,* similar to electrospray ionization,?**2>* which is bene-
ficial when detecting bound complexes with ACE. Native mass
spectrometry detection adds the benefits of assigning accurate
molecular weight and elucidating native structure,?*27*2 iden-
tification of multiple or heterogeneous analytes,?>*”*24! and re-
quiring no sample derivatization such as fluorescent labeling for
analyte visualization. 2

This work proposes the first use of nanoflow CE-VSSI-MS for
fast and simple affinity binding by mobility shift ACE, broad-
ening the capabilities of this instrumentation. This will be the
first dissociation constant quantification of the novel SARS-
CoV-2 S protein and Afa,.
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FIGURE 1 (A) Closed S protein conformation vs (B) open S pro-
tein conformation with bound ligand. Adapted from Huang et al.>

2 | PROPOSED RESEARCH

2.1 | Aim 1: Development of a separation method to quantify
binding between S protein and ABa:

2.1.1 | Significance

Coupling of ACE and MS for protein — peptide binding interac-
tions is not a commonly used technique in the literature. This
will be the first use of VSSI-MS for affinity CE of SARS-CoV-
2 S protein and Apa,.

2.1.2 | Experimental approach

Traditional CE instrumentation adapted for MS detection will
be used (Figure 2). Briefly, the outlet of the separation capillary
is not in a background electrolyte vial. This allows for the VSSI
source to spray the solution at the outlet of the capillary. The
nanoflow sheath supplies a makeup flow to increase the flow
rate to sustain stable ionization.’> A bare-fused silica capillary
will be used, and the electroosmotic flow will not be suppressed
at physiological pH. The analytes should not exhibit surface ad-
sorption to the uncoated capillary since they are negative or
neutral. Considering this, a normal polarity separation voltage
will be applied for the electroosmotic flow to be directed toward
the detector. Under these conditions, cationic analytes will be
detected first, then neutral, then anionic.
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FIGURE 2 (A) Commercial CE instrumentation adapted for (B)
mass detection. The analyte is ionized and transferred from the ca-
pillary to the mass spectrometer by VSSI. Figure adapted from Wit-
zel et al.3¢

The ACE separation is designed so that S protein (the receptor)
will interact with A4, (the ligand) as it travels through the ca-
pillary. A, is included in the background electrolyte at vary-
ing concentrations, and a plug of S protein is injected by pres-
sure and electrophoresed through the capillary (Figure 3A). As
S protein migrates, it will interact with the AP4; in solution,
which affects the protein mobility. AP4, is negatively charged
at physiological pH, therefore, the shift in mobility will be



facilitated by the increased negative charge and increase in hy-
drodynamic radius®* during interaction, both contributing to
slowing down the migration of S protein. S protein will also
change to open conformation when bound** which will further
increase the hydrodynamic radius and contribute to the slower
migration time. The degree of the change in migration will cor-
relate with the binding between S protein and AB4,, where more
binding, presumably at higher concentrations, will cause the S
protein to slow down and be detected at a later migration time
(Figure 3B).

An internal standard, mesityl oxide, is included in the separa-
tion to account for possible variation in electroosmotic flow at
different ABs, concentrations.”>* This internal standard does
not interact with the ligand and in this case will be neutral, so it
will not have an electrophoretic mobility.
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FIGURE 3 (A) Capillary patterning for ACE binding assay. (B)
Hypothetical data set demonstrating the effect of increasing Ab
concentration on S protein mobility. Peak broadening may be seen
due to slow dissociation kinetics where a similar population of both
free and bound receptors are present at detection. A solution to peak
broadening is to increase the separation time to allow more time for
equilibration.??2332:43

The electrophoretic mobility (uen) of S protein at each AP,
concentration is calculated using Eq. (1).
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L is the total capillary length, Lq is the length to the detector, V
is the applied voltage, t, is the migration time of S protein, and
teor 1S the migration time of the neutral marker. The mobility of
the neutral marker is subtracted from the mobility of S protein.
This removes the contribution of electroosmotic flow to the mo-
bility of S protein so that only electrophoretic mobility is con-
sidered when plotting the binding constant curve.

Dynamic ACE coupled to MS can present a few challenges.
One being the persistent detection of ligand since it is charged
and will migrate. AP4, will be included in the background elec-
trolyte at low concentration, and the m/z will be much lower
than what will be detected for S protein so it can be isolated.
Competitive ionization could also cause concern; however, mo-
bility shift ACE is not dependent on peak area quantitation to

determine the dissociation constant.?>32 Therefore, if the analyte
peak can be detected, this method is valid. Another challenge
can be the interaction of the analyte with the unmodified silica
surface of the capillary. While the anionic analytes used in this
study should not suffer from surface adsorption, it would be a
concern if this method were applied to positively charged ana-
lytes. This can be solved by capillary coatings to neutralize the
surface charge. This also suppresses the electroosmotic flow, so
a neutral marker can no longer be used to correct for electroos-
motic flow in the calculation of electrophoretic mobility shift.
Instead, a similarly charged molecule to the analyte that does
not exhibit interaction with the ligand can be used, or the elec-
troosmotic flow, if any is present, can be calculated separately
from the separation using a 3 peak method developed by Wil-

liams et al.**

2.2 | Aim 2: Kq determination

2.2.1 | Significance

This work proposes the first K4 quantitation of SARS-CoV-2 S
protein and Af4. There is currently no published dissociation
constant for these molecules and revealing this data can assist
in better understanding the physiological relevance and impli-
cations of this interaction, possibly assisting research in neuro-
degeneration associated with long COVID or worsening of
SARS-CoV-2 infection due to changes in viral binding.

2.2.2 | Experimental approach

Determining the dissociation constant is imperative because it
quantifies the strength of binding, providing insight into the bi-
ological function of a molecular interaction. Quantifying the K4
for SARS-CoV-2 S protein and A4, can help to understand the
effects this interaction has on exacerbated viral infection and
prolonged after-effects.

It seems there is no reported dissociation constant for SARS-
CoV-2 whole S protein and AB4. To establish a starting point
for this study, Ky constants from literature for molecules in-
volved in similar biological pathways will be referenced despite
spanning a wide range. Heparin is reported to have a Ky of 40
pM'” to 64 nM'® while a-synuclein has a Ky of 50324 nM. '
AP4> is much smaller than both references at 4514 Da compared
to 14000 to 16000 Da heparin and 14460 Da a-synuclein and is
also less negatively charged at physiological pH. These proper-
ties will affect binding and the dissociation constant, and the
concentration of both receptor and ligand will likely need ad-
justment based on the experimental data. The concentration of
ligand should be included in the background electrolyte in ex-
cess relative to the receptor to prevent ligand depletion.

The binding constant will be determined by plotting the S pro-
tein mobility shift (Auepn) against the concentration of AB4 in
the background electrolyte. The mobility shift is calculated by
subtracting the mobility of S protein with no ligand from the
mobility of S protein at each ligand concentration. A Kq4 curve
typically uses the fraction of binding sites occupied by the lig-
and as the y-axis variable. Analyte mobility shift can be trans-
lated to fraction bound by Eq. (2)*,

g = Heph—Hfree (2)

Hmax~Hfree



where 0 is the fraction of bound analyte on a scale of 0 to 1, pepn
is the observed electrophoretic mobility of the analyte, W is
the electrophoretic mobility of the analyte with no ligand inter-
action, and [imax is the electrophoretic mobility of the analyte at
maximum binding. For this study and the examples included in
this proposal, mobility shift will be used as the y-axis variable,
not fraction bound. Data points will be collected surrounding
the hypothesized Kq value based on published data, with an em-
phasis on the data points on the slope of the fitted curve. This is
because the slope of the curve is sensitive and the more data
points there are to guide the fit, the more accurate the calculated
K4 constant will be.

The data can be fitted using a non-linear regression model fol-
lowing Eq. (3), assuming that the binding is specific and 1:1 to
determine the experimental K4 from the fitted data points.

BmaxX
Kgq+X

Aptepn = C)

Apepn is the difference in mobility between separation condi-
tions of 0 uM Aps, in the background electrolyte and including
AP, in the background electrolyte at X concentration, Byax is
the maximum mobility shift or maximum binding, and Ky is the
dissociation constant. Nonlinear regression is the more accurate
method to determine K4 when compared to linear regression,?4¢
minimizing error and bias in the Ky measurement. Figure 4 in-
cludes a hypothetical data set demonstrating this. As mentioned
previously, more data points will be included, specifically two
concentrations of A4, above and below the Ky to ensure the
curve is accurately plotted. Additionally, the curve will be pro-
duced in triplicate to demonstrate method reproducibility and
an average Kg.
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FIGURE 4 Hypothetical data set demonstrating a Ka curve and
corresponding K4 and Bmax values of 4.0 uM and 6.1E-5 cm?V-!s!
respectively. The data was fitted using GraphPad Prism 10.5.0.
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