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biomolecular complexes in vitro and is increasingly used to quantify
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correct for nonuniform RFs are generally incompatible with static

nanoflow ESI (nanoESI) sources, which are typically used for biomolecular interaction studies, thereby significantly limiting the
utility of ESI-MS. Here, we introduce slow mixing mode (SLOMO) nanoESI-MS, a direct technique that allows both the RF and
affinity (Kj) for a biomolecular interaction to be determined from a single measurement using static nanoESI. The approach relies
on the continuous monitoring of interacting species and their complexes under nonhomogeneous solution conditions. Changes in
ion signals of free and bound species as the system approaches or moves away from a steady-state condition allow the relative RFs of
the free and bound species to be determined. Combining the relative RF and the relative abundances measured under equilibrium
conditions enables the Kj to be calculated. The reliability of SLOMO and its ease of use is demonstrated through affinity
measurements performed on peptide—antibiotic, protease—protein inhibitor, and protein oligomerization systems. Finally, affinities
measured for the binding of human and bacterial lectins to a nanobody, a viral glycoprotein, and glycolipids displayed within a model
membrane highlight the tremendous power and versatility of SLOMO for accurately quantifying a wide range of biomolecular
interactions important to human health and disease.

H INTRODUCTION fluorophore (labeled MST) or are restricted to high-affinity
(<nM) interactions (MP). Moreover, most assays (e.g., ITC,
SPR, ELISA, NMR, and MST) do not directly report on
binding stoichiometry; MP, which does measure stochiometry,
has a relatively low mass resolution and suffers from a low mass
cutoff (~30 kDa)."

In recent years, electrospray ionization mass spectrometry
(ESI-MS) performed under native-like solution conditions
(ie, native MS), has emerged as a powerful method for
quantifying the thermodynamic parameters of biomolecular
complexes.'°™'® In addition to being label- and immobiliza-
tion-free, ESI-MS analysis is fast (~1—2 min), consumes small

Noncovalent interactions underpin all biological processes,
from antibody recognition to transcription and translation."”
Characterization of these interactions is essential for a
complete understanding of normal and pathological processes
and is critical to the development of new diagnostics and
therapies to treat diseases.” As a result, considerable research
efforts are being directed at the characterization of noncovalent
biomolecular interactions, including protein—protein and
protein—ligand interactions.””” Current surface-based and in-
solution techniques available for the quantification of
thermodynamic and kinetic parameters include isothermal
titration calorimetry (ITC),*” surface plasmon resonance
(SPR) spectroscopy,'’ nuclear magnetic resonance (NMR) Received: February 25, 2022 B,
spectroscopy,’' enzyme-linked immunosorbent assays Published: July 6, 2022 :
(ELISA),"”” microscale thermophoresis (MST),"* and mass
photometry (MP).'* These techniques require large sample
amounts (NMR and ITC), the immobilization of one of the
binding partners (SPR and ELISA), or labeling with a
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amounts of sample (femtomoles to picomoles), can measure
directly the stoichiometry of intact biomolecular complexes,
and can monitor multiple equilibria simultaneously. The
interaction enthalpy and entropy parameters can also be
measured by applying ESI-MS analysis over a range of solution
temperatures.”” ' There are numerous reported examples that
illustrate the utility of ESI-MS for the qualitative and
quantitative analysis of biomolecular complexes.”” However,
challenges remain to unlocking the full potential of ESI-MS as
a general and accurate method for quantifying protein, and
other biomolecular and macromolecular, interactions.”

A common assumption underpinning direct ESI-MS afhinity
measurements is that the relative ion signal (abundance) of the
free and bound proteins (biomolecules) quantitatively reflects
their relative concentration in solution.”* However, there are a
number of physical and chemical processes during ESI-MS
analysis that can cause the apparent relative ion signal to
deviate from the actual (in-solution) relative concentrations,
leading to errors in the measured Ky and obscuring the true
binding stoichiometry.”* These include changes in the
temperature and pH of the solution, nonspecific binding, and
in-source dissociation.”* Various experimental strategies have
been developed to eliminate or minimize these effects.”*™>*
Additionally, the relative ion signals of free components and
their complex(es) may differ from relative concentrations as a
result of nonuniform response factors (RF). The RF, which
collectively reflects the ionization (ion formation), trans-
mission, and detection efficiency of an analyte, is the
proportionality constant that relates the ion signal measured
by ESI-MS for a given species to the solution concentration.
Comparing the affinities measured by ESI-MS and other assays
reveals that unbound and bound species with similar (within
~5%) molecular weights (MWs) and surface properties have
similar RFs.”” Therefore, ESI-MS can be confidently used to
quantifz interactions of proteins with small-molecule li-
gands.1 '8 However, for the majority of protein complexes,
and essentially all multiprotein complexes, the RFs of the free
and bound species will differ significantly.”” In such cases, the
determination of an accurate Ky requires the measurement of
both the relative abundances of the bound and unbound
species and their relative RFs.

Several strategies have been developed to address the
problem of nonuniform RFs in direct ESI-MS affinity
measurements.”’ > Gabelica and co-workers demonstrated
the use of a nonreactive internal standard, which resembled the
analyte being studied, and equations of mass balance to
quantify the ligand affinities for DNA duplexes.”’ Measure-
ments performed at different concentrations yield a series of
independent linear equations, which can be solved to find the
relative (to the standard) RF of each complex formed and the
corresponding affinity. This approach was also demonstrated
for the quantitative monitoring of the kinetics of DNA duplex
formation.” Gross and co-workers described the application of
a mathematical model based on expressions of the abundance
of free and bound species, which takes into account both the
relative RF and in-source dissociation of the complex(es).***’
The Ky and relative RF are determined by solving (numeri-
cally) the corresponding system of differential equations. This
approach has been used to quantify oligomerization and
receptor—ligand binding reactions.**™** Zenobi and co-work-
ers demonstrated that the Kj and relative RF for protein and
DNA dimerization reactions can be simultaneously measured
by applying a global fitting approach to titration data.*®™**
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However, it was noted that high-quality binding data (i.e., a
low standard deviation) were essential to obtain meaningful
parameters.”*~*

Common to the aforementioned methods of determining
the relative RF in ESI-MS affinity measurements is the need for
precise binding data acquired over a range of analyte
concentrations and the requirement that the relative RF is
independent of the concentration. Satisfying these conditions
generally requires the use of a pump-driven ESI source.
However, because of limitations in available sample amounts,
most biomolecular interaction studies are performed using
static nanoflow ESI (nanoESI), which is implemented with
pulled glass emitters.””*’ Due to tip-to-tip variability, as well as
the physical deterioration of the emitter orifice during normal
operation, the condition of a constant relative RF in
measurements performed at different analyte concentrations
using different nanoESI tips is unlikely to be satisfied. As a
result, correcting for the nonuniform RF in binding measure-
ments performed using nanoESI-MS remains an outstanding
challenge, one that greatly restricts the utility of the assay.

Here, we introduce slow mixing mode (SLOMO) nanoESI-
MS, a direct ESI-MS method implemented with static
nanoES], to quantify biomolecular interactions and other
classes of association reactions. Importantly, the method allows
the relative RF and K to be measured in a single experiment.
The SLOMO technique relies on the continuous monitoring of
interacting species and their complexes under nonhomoge-
neous solution conditions. The relative RF values of the free
and bound species are determined from the changes in the
absolute ion signals of the free and bound forms as the system
approaches or moves away from a steady-state condition.
Combining the relative RF with relative abundances measured
under equilibrium conditions allows the Ky to be measured.
We test the reliability of SLOMO and demonstrate the ease of
use through affinity measurements performed on peptide—
drug, protease—protein inhibitor, and protein oligomerization
reactions for which affinity data were measured previously
using established assays. We then apply this method to study
interactions between a nanobody and human lectins, to
examine immune lectin binding to the receptor binding
domain of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) spike glycoprotein, and to look at the
interaction of bacterial lectin with glycolipids displayed on a
soluble model membrane. The use of SLOMO on these
diverse systems highlights the tremendous versatility and
power of this new technique for quantifying biomolecular
interactions important in human health and disease.

B MATERIALS AND METHODS

Peptides and Proteins. Soybean trypsin inhibitor (STI,
molecular weight (MW) 19.99 kDa), trypsin from porcine
pancreas (PT, MW 23.46 kDa), vancomycin (Van, MW 1448.4
Da), N-acetyl-D-Ala-p-Ala (AcAA, MW 202.2 Da), and bovine
P-lactoglobulin B (BLG, MW 18.3 kDa) were purchased from
Sigma-Aldrich Canada (Oakville, Canada). The receptor
binding domain (RBD, residues 319—541, MW ~32 kDa) of
the spike protein of SARS-CoV-2 was expressed in HEK293
cells and purified as described elsewhere.”' The C-terminal
fragment of the carbohydrate recognition domain of human
galectin 3 (GAL-3C, residues 107—250, MW 16.3 kDa) was a
gift from Professor C. Cairo (University of Alberta). The N-
terminal fragment of the family S1 carbohydrate-binding
module (CBM; MW 20.74 kDa) from Streptococcus pneumonia

https://doi.org/10.1021/acscentsci.2c00215
ACS Cent. Sci. 2022, 8, 963-974


http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

Slow Mixing Mode (SLOMO) nanoESI-MS
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Figure 1. Overview of the SLOMO workflow for measuring the affinities (K) of biomolecular interactions. Step 1. Tip loading (with solution 1
and solution 2). Step 2. Time-resolved ESI-MS analysis. Step 3. Extraction of time-resolved abundances. Step 4. Calculation of the time-dependent
relative RF. Step 5. Calculation of Ky from RF and R,,,. The insert summarizes biomolecular interactions used in this work and the range of K4 of

interactions that are measurable with SLOMO.

SP3-BS71 GH98 was produced in Escherichia coli and purified
as described previously.*” The membrane scaffold protein
(MSP) MSP1E1 (MW 27.49 kDa) was produced from the
plasmid pMSP1E1 (Addgene, Cambridge, MA) using
recombinant technology and purified as reported else-
where.””** The procedures used to produce and purify
galectin 1 (GAL-1, monomer MW 14.78 kDa), galectin 3
(GAL-3, MW 26.15 kDa), galectin 7 (GAL-7, monomer MW
14.94 kDa), galectin 13 (GAL-13, MW 16.12 kDa and 15.99
kDa (missing terminal methionine)), and the single-domain
antibody (Nanobody, sdAb, MW 19.86 kDa) are given in the
Supporting Information. Stock solutions of Van and of AcAA
were prepared by dissolving known masses in 200 mM
ammonium acetate (pH 6.9). Protein stock solutions were
dialyzed into aqueous 200 mM ammonium acetate (at the
required pH) using Amicon 0.5 mL microconcentrators (EMD
Millipore, Billerica, MA) with a MW cutoff of 10 kDa. Protein
concentrations were estimated by UV absorption at 280 nm.
All stock solutions were stored at —20 °C prior to use.

Other Reagents. The oligosaccharide f-p-Gal-(1 — 3)-f-
p-GlcNAc-(1 — 3)-f-p-Gal-(1 = 4)-p-Glc (LNT, MW 707.63
Da) was purchased from Elicityl SA (Crolles, France), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, MW 677.93
Da) was purchased from Avanti Polar Lipids (Alabaster, AL),
and the blood group B trisaccharide neoglycolipid (B-triygy,
MW 111247 Da) was a gift from Professor T. Lowary
(University of Alberta).” Both DMPC and B-triyg were
dissolved in HPLC-grade methanol to prepare stock solutions
at known concentrations. All the stock solutions were stored at
—20 °C prior to use. Other solvents and reagents were
purchased from common commercial sources and used
without further purification.

Preparation of Nanodiscs. A nanodisc (ND) composed
of DMPC and B-triyg, (15%) was prepared according to the
protocol described by Sligar and co-workers*® and purified by
gel-filtration chromatography using a Superdex 200 10/300
size-exclusion column (GE-Healthcare Life Sciences, Piscat-
away, NJ). The stock solution was stored at —20 °C prior to
use.

Isothermal Titration Calorimetry (ITC). The ITC
measurements of the Van—AcAA complex affinity were carried
out using a Microcal PEAQ ITC (Malvern Panalytical,
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Worcestershire, United Kingdom). Experimental details are
given in the Supporting Information.

Mass Spectrometry. ESI-MS measurements were per-
formed in the positive ion mode using a Q Exactive Orbitrap
mass spectrometer (Classic) or a Q Exactive Orbitrap with an
Ultra High Mass Range (UHMR) (Thermo Fisher Scientific,
Bremen, Germany) mass spectrometer, each of which was
equipped with a modified nanoflow ESI (nanoESI) device. The
nanoESI tips were produced from borosilicate glass capillaries
(1.0 mm outside diameter (o0.d.), 0.78 mm inner diameter
(i.d.), and 10 cm length) using a P-1000 micropipette puller
(Sutter Instruments, CA). To perform nanoES], a voltage of
approximately +0.8 kV was applied to a platinum wire that was
inserted inside the nanoESI tip and in contact with the
solution. For each experiment, two different solutions
(solutions 1 and 2) were loaded into the nanoESI tip. For
heterocomplex formation, ~ 2 uL of a solution of both
interacting partners at known concentrations (solution 1) was
introduced, followed by the injection of 10 uL of solution 2,
which contained both interacting partners but with one of
them at a high concentration. For protein homo-oligomeriza-
tion, ~6 pL of solution 1, the protein solution at a given pH,
was loaded, followed by the injection of 10 uL of solution 2,
the protein solution at the same concentration but with a
different pH. Tip loading was manually performed using 10 4L
syringes (Hamilton Microliter syringe, cemented needle,
volume 10 yL, needle size of 26s ga (cone tip)). To minimize
bubble formation, solution 1 was added slowly (~20 uL
min~'), with the end of the syringe needle placed
approximately 2 cm from the end of the nanoESI tip. The
tip was then gently shaken to further reduce the presence of
bubbles. Solution 2 was then slowly loaded (~20 pL min™)
with the end of the syringe needle in continuous contact with
the meniscus of solution 1.

All experiments were carried out at 25 °C. The capillary
temperature was 150 °C, and the key instrumental parameters
were as follows: S-lens RF level 40—100 and DC oftset from 15
to 100 (for both UHMR and Classic mass spectrometers). A
resolution setting of 6250 was used for the UHMR, and that of
17 500 was used for all but one data set (which used 140 000)
acquired with the Classic. Raw data were processed using the
Thermo Xcalibur 4.2 software. Time-resolved mass spectra

https://doi.org/10.1021/acscentsci.2c00215
ACS Cent. Sci. 2022, 8, 963-974


https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c00215/suppl_file/oc2c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c00215/suppl_file/oc2c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00215?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

were averaged over 1 min intervals, and the sum of the charge-
state-normalized abundances of the reactant and the complex
ions was calculated automatically using the SWARM software
(https://github.com/pkitov/ CUPRA-SWARM).*” For mass
spectra acquired for the glycoprotein (RBD) sample, which
exhibited poorly resolved or unresolved peaks as well as
spectral overlap between free and bound species, the analysis
was performed using charge-state-normalized peak areas
(comprising the combined signal of the free or bound
glycoforms), which were determined by fitting the ion signal
with Gaussian functions using the IgorPro Multipeak Fitting
tool (WaveMetrics Inc., Lake Oswego, OR) and SWARM.

B RESULTS AND DISCUSSION

Overview of Slow Mixing Mode (SLOMO) nanoESI
MS. One of the principle problems with measuring the Ky of
biomolecular complexes using ESI-MS is the variable RF of the
unbound (e.g., P) and ligand-bound (e.g, PL) species. We
realized that both the RF and Ky can be determined
simultaneously by monitoring dynamic changes in the relative
abundance of the complex (PL). A pictorial overview of the
SLOMO nanoESI MS method we developed is given in Figure
1. The assay relies on the continuous monitoring of interacting
species and their complexes under nonhomogeneous solution
conditions. Changes in the absolute ion signals of free and
bound species as the system approaches or moves away from a
steady-state enables their relative RFs to be determined. The
critical assumption that underpins the method, that the relative
RF is constant (independent of concentration) in a given
experiment, was tested in the present work and shown to be
generally valid. An overview of the data analysis procedures for
homo- and heterocomplexes with relevant examples is given
below.

Application of SLOMO to Heterocomplexes. Over-
view. To apply SLOMO to a monovalent PL complex (eq 1),
the nanoESI tip is first loaded with a solution (solution 1)
containing both P and L at known concentrations ([P], and
[L]o,1), followed by a second solution (solution 2) containing
the same concentration of P but a different concentration of L
(e.g, [P]y and [L],,). Mixing the solutions (as a result of
diffusion in addition to electroosmotic and electrophoretic
flow) leads to changes in analyte concentrations. However,
because mixing is slow, the equilibrium distribution of P, L,
and PL (present in the first solution) will initially remain
constant, thereby allowing the apparent abundance ratio (R,
eq 2) to be measured under known solution conditions (i.e.,
composition of solution 1). Over time, the equilibrium will
shift due to mixing. In the scenario considered here, [P], is
constant, while the concentration of L ([L]) near the orifice of
the nanoESI tip will increase due to mixing, which will in turn
shift the equilibrium (eq 1) toward PL and lead to an increase

in Ry
PL=P+1L (1)
_ Ab(PL) N [PL] _ R
PP Ab(P) [P] ()

Here, Ab(PL) and Ab(P) are the total abundances (sum of ion
signals) of PL and P, respectively, which are related to the
solution concentrations by eqs 3a and 3b.

Ab(P) = RE[P] (3a)
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Ab(PL) = RE, [PL] (3b)

The relative response factor of P and PL (RFp,p, ) is the ratio
of RF} to RFp; (eq 3c):

RE, p, = RE,/RE,, = (Ab(P)[PL])/Ab(PL)[P]) (3¢)

The magnitude of RF;/p; can be found from mass balance
considerations in eq 4.

[Pl — [Pl, = [PL], 4)

Here, [P];; and [PL];; are the corresponding concentrations of
P and PL measured at time t; and [P],, and [PL],;, are the
corresponding concentrations at #,. The ratio of the absolute
change in Ab between the two (acquisition) time points
measured for PL and P, under conditions where the
concentrations are changing, is shown by eqs Sa and Sb.

|Ab,,(P) — Ab,,(P)I/IAb,,(PL) — Ab,(PL)l = AAb(P)/AAb(PL)
(5a)

AADb(P)/AAb(PL) = RE, py, (5b)

Here Ab,;(P) and Ab,,(P) are the Ab values measured for P at
time points t; and t,, respectively, and Ab,;(PL) and Ab,,(PL)
are the corresponding values for PL.

In principle, RFp,p; can be determined from AAb(P) and
AAb(PL) values calculated using just two time points. In
practice, due to variability in the ESI-MS signal, it is advisible
to establish RFyp p; using multiple time points. One approach is
to use constant values for Ab,;(P) and Ab,;(PL), which are the
average (Aby(P) and (Ab (PL), respectively) values meas-
ured under equilibrium (or pseudoequilibrium) conditions
(i.e., in the absence of appreciable solution mixing). A series of
AAb(P) and AAb(PL) is then calculated from the difference in
Abeq(P) or Abeq(PL) and values measured at successive time
points, t; (i.e., Ab,(P) and Ab,(PL)) at which mixing occurs,
eqs 6a and 6b.

|Ab,(P) — Ab,,(P)l = AAb(P,)

- [PL],

(62)

|Ab,(PL) — Ab,,(PL)l = AAb(PL,) (6b)

The individual and average RFpp; values (RFpjp; and
RFppp, .y respectively) are calculated from eqs 7a and 7b,
respectively.

_ AAb(R,)

P/PL,ti AAb(PLn) (7a)
RE, _ 2, RE /o i

/PLav — " (7b)

Here, n is the number of time points considered.

In the present work, the values of Ab.(P) and Ab,(PL)
were taken as the average of the 5 min moving average of the
time-dependent R, (Rappl,-) values prior to mixing. The onset
of mixing was identified as the point where the difference
between the initial R, ; (Rapp,O) and R,,,,; at a given time point

(ie, AR,,,) exceeded two times the standard deviation (&)
measured for Ry, as shown by eq 8.
ARqpp = IRypp,i = Roppol (8)

The RFp/p, and R,,, values were then used to calculate R
(eq 9), and Ky was found from individual time points (eq 10)
or by fitting eq 11 to the concentration-dependent fraction of
occupied (ligand) binding sites (R/(R+1)).
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Figure 2. Validation of SLOMO using model biomolecular interactions with known affinities (a—d) Van—AcAA, (e—h) PT—STI, and (i—1) BLG—
BLG. (a) Representative ESI mass spectra acquired in the positive ion mode at three different times for a mixture of ammonium acetate (200 mM,
pH 6.9) solutions: solution 1, Van (2 M) and AcAA (10 uM); solution 2, Van (2 M) and AcAA (500 uM). (b) Plot of time-dependent AR,
values. The inset shows AR, values measured at early times, and the dashed line (blue) indicates two standard deviations (28) from the mean. (c§
Plot of time-dependent relative response factors (RFy,n/(van+acas)) measured for Van and the Van—AcAA complex. (d) Plot of the fraction of Van
bound to AcAA versus the initial AcAA concentration determined without (black circles) and with (red circles) consideration of RFy,,/(van+acas)-
Solid curves represent the best fit of eq 11 to the experimental data. (e) Representative ESI mass spectra acquired in the positive ion mode at three
different times for a mixture of ammonium acetate (200 mM, pH 4.5) solutions: solution 1, PT (3 #uM) and STI (0.5 uM); solution 2, PT (3 uM)
and STI (30 uM). (f) Plot of time-dependent AR,,, values. The inset shows AR,,, values measured at early mixing times. (g) Plot of time-
dependent relative response factors (RFpr(pr,srr)) measured for PT and the PT—STI complex. (h) Plot of the fraction of PT bound to STI versus
the initial STI concentration determined without (black circles) and with (red circles) consideration of RFpr(prsstr)- Solid curves represent the
best fit of eq 11 to the experimental data. (i) Representative ESI mass spectra acquired in the positive ion mode at three different times for a
mixture of ammonium acetate (200 mM) solutions of BLG (3 uM): solution 1, pH 6.9; solution 2, pH 10.6. (j) Plot of time-dependent AR,

values. (k) Plot of time-dependent relative response factors (RFpy/(s1c),) measured for the BLG monomer and dimer. (1) Plot of the fraction of

BLG present as the dimer versus the initial BLG (monomer) concentration (1—9 M) measured without (black circles) and with (red circles)
consideration of RFy;/p. Solid curves represent the best fit of eq 17 to the experimental data.

R =RE,/p R, (9) properties for which affinities have been reported: the smaller
biomolecular complex of Van and the peptide AcAA and the
_ [P][L] _ L)y, [P, larger enzyme—protein inhibitor complex of PT and STI

d [PL] R R+1 (10) detailed below.

Model System for Small Bimolecular Interactions (Van-

R __ AcAA Binding). The affinity of Van (1448.4 Da), a broad-
R+1 spectrum antibiotic against Gram-positive bacteria, for the
[Pl, + [Ll, + K; — /(K — [L], + [P],)* + 4K,[L] dipeptide AcAA (202.2 Da) has been measured to be 63 + 13

0 0 d \/ d 0 0 &0 UM (100 mM phosphate buffer, pH 7.0, and 25 °C)."**’ We

2[Plp analyzed this interaction using SLOMO for comparison. We

(11) used a fixed concentration of Van (2 uM) and varied

To test the validity of SLOMO for heterocomplexes, we concentrations of AcAA (5—40 uM) in solution 1. The
applied it to two complexes, of different sizes and chemical concentration of Van in solution 2 was the same as that in
967 https://doi.org/10.1021/acscentsci.2c00215
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solution 1, and that of AcAA was 500 #M. In both cases the
antibiotic and peptide were dissolved in 200 mM ammonium
acetate (pH 6.9 and 25 °C). All measurements were done in
triplicate (n = 3). As can be seen in the representative ESI mass
spectra (Figure 2a), the ion signal corresponding to doubly
charged Van (doubly protonated and associated sodium and
acetate adducts) and the Van—AcAA complex (doubly
protonated) was detected; AcAA was detected as singly
protonated and sodium adduct ions (Figure Sla). Time-
dependent R,,, values measured for a single experiment are
plotted in Figure S1b, and the corresponding AR, values are
shown in Figure 2b. Notably, R,,, is constant ((2.50 + 0.17) x
1072) at incubation times up to 11 min. The RFvun/(van+Acaa)
values calculated at incubation times from 11 to 50 min are
plotted in Figure 2c. The R,,, (prior to mixing),
REy,0/(van+acaay and R values determined for each AcAA
concentration are listed in Table S1. The long incubation times
required to detect a significant change in R, due to mixing
(up to SO min in some cases, Table SIS are, perhaps,
surprising. A series of control experiments (described in the
Supporting Information) designed to establish the dominant
factors controlling mixing (diffusion, electrophoretic or
electroosmotic flow) revealed that analyte mixing inside the
nanoESI tip was dominated by diffusion (Figure S2a).

The affinity of the Van-AcAA interaction (Table S1) was
determined at each concentration tested (eq 2) and by fitting
eq 11 to the concentration-dependent fraction of bound Van
using both R, (ie, neglecting RFy,,/(vansacan)) and R
(calculated from R,,, and RFy,,/(vanracas))- Both the average
Kg,pp calculated at each concentration (349 + 100 M) and
the K., (378 & 36 uM) obtained by fitting eq 11 to the R,
data directly (i.e., neglecting RFy,,/(vansacas)) from the
titration data (Figure 2d) are sixfold larger than the reported
value (63 + 13 uM).*® In contrast, the average
RFy,,/(vansacan)-corrected Ky (33.5 + 5.9 uM) and the value
obtained from fitting after the RFy,,/(vansacas) correction (32
+ 1 uM) (Figure 2d) are within a factor of 2 of the reported
value, which was measured in 100 mM phosphate buffer.””
Because the nature of the buffer can, in some cases, lead to
measurable differences (typically a factor of 2—3) in affinities
of biomolecular complexes, we measured (using ITC) the Ky
of the Van—AcAA interaction in 200 mM ammonium acetate
at pH 6.9 (Figure S2b). Importantly, the value (S0 + 14 uM)
agrees well with value obtained with SLOMO (and the value
measured in phosphate buffer).

It is also notable that RFy,,/(van+acaa) Values measured using
ESI-MS varied significantly between experiments (from ~4 to
~15), even for replicate measurements performed at the same
concentrations and instrumental parameters. This finding
suggests that applying a global fitting to ESI-MS titration
data to establish RFy,,/(vansacas) may be not reliable and
highlights the value of the SLOMO approach.

Application of SLOMO to Larger Heterocomplex Inter-
actions (PT—STI Binding). The inhibition of the protease PT
(23.46 kDa) by STI (19.99 kDa) is known to have a K; of 0.67
UM (25 mM potassium acetate and 10 mM calcium chloride
buffer, pH 4.25, and 25 °C).” We measured the binding
between these two proteins in 200 mM ammonium acetate
solutions (pH 4.5 and 25 °C) using SLOMO. A solution of PT
(3 uM) and STI (0.5 uM — 3.0 uM) was injected first
(solution 1), followed by a solution (solution 2) of PT (3 uM)
and STI (1S uM — 30 uM). Representative mass spectra are
shown in Figure 2e. The ion signal corresponding to

protonated STI, PT, and PT—STI ions was detected (Figure
2e). The corresponding AR, values are shown in Figure 2f.
The time-dependent RFpr,(pr,srr) Values determined at one set
of concentrations (3 uM PT and 3 uM STI) are shown in
Figure 2g. Plotted in Figure 2h are concentration-dependent
fractions of bound PT calculated using R,,, and R (corrected
using RFpr/pr +STI)). A K; (without RFpr/(prsstr) correction)
of 27.1 + 8.4 uM and the corrected value of 0.8 + 0.2 uM were
obtained by fitting eq 11 to the titration data. To demonstrate
the robustness of SLOMO, measurements were performed on
the same solutions described above using different instrumen-
tal conditions (lower resolution). The resulting titration curves
are shown in Figure S3. The Ky values without and with the RF
correction are 0.2 + 0.1 and 0.5 + 0.1 uM, respectively.
Notably, while changing instrumental conditions led to a 140-
fold change in Ky, the corrected Ky value matched within
error between the two conditions. This result highlights both
the importance of taking into account RF to obtaining reliable
Ky values using native MS and the ease with which this is
accomplished with SLOMO.

Application of SLOMO to Homocomplexes. Overview.
For homocomplexes, such as a protein homodimer (D) of
monomer (M), the Ky of the dissociation reaction (eq 12) can
be expressed by eq 13.

D = 2M (12)
K - M M,
L= =
[D] R(1 + 2R) (13)

Here, [M], is the initial concentration of monomer and R is
given by eq 14.

_ Ab(D) _ [D]

™ Ab(M) Mgy T D (14)

Unlike the situation with heterocomplexes, wherein R,,, can
be changed by mixing solutions with different concentrations,
the implementation of SLOMO for homocomplexes requires a
perturbation of solution conditions (e.g, pH or temperature)
to alter R,,, at a constant total protein concentration. The
resulting change in the Ab of M and D is related to their
relative RF (RFy,p), as shown in eq 15.

IAb(M,,) — Ab(M,,)I/IAb(D,,) — Ab(D,,)!
= AAb(M)/AAb(D)
= 2REy,p (15)

The equilibrium values Ab.((M) and Ab, (D) can be found
using an approach similar to that used for heterocomplexes.
The relative RF of the free protein and the homocomplex
(RFyp) for time points after the mixing started was calculated
using eqs 16a and 16b.

_ AAb(M,)
/DA 3 AAB(D,) (162)
B 2, REy/p g
RFM/D,av - n (16b)

The K can be calculated from a single experiment (eq 13)
or by fitting eq 17 to the fraction of bound M (ie, 2R/(2R

+1)):
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Figure 3. Applications of SLOMO to the following lectin interactions: (a—d) GAL-7 with sdAb, (e—h) GAL-3C with SARS-CoV-2 RBD
glycoprotein, and (i—1) CBM with glycolipid (B-triyg;) presented in a nanodisc (ND) model membrane. (b) Representative ESI mass spectra
acquired in the positive ion mode at two different times for a mixture of ammonium acetate (200 mM, pH 7.4) solutions: solution 1, sdAb (3 uM)
and GAL-7 (3 uM); solution 2, sdAb (3 uM) and GAL-7 (40 uM). (c) Plot of time-dependent relative response factors (RF gap/(saab+GaL-7))
measured for sdAb and the sdAb—GAL-7 monomer complex. (d) Fraction of sdAb bound to GAL-7 plotted as a function of the initial GAL-7
(monomer) concentration determined without (black circles) and with (red circles) consideration of RF,4ap/(aab+GaL7)- Solid curves represent the
best fit of eq 11 to the experimental data. (f) Representative ESI mass spectra acquired in the positive ion mode at two different times for a mixture
of ammonium acetate (200 mM, pH 7.4) solutions: solution 1, RBD (4 M) and GAL-3C (2 uM); solution 2, RBD (4 uM) and GAL-3C (25
uM). (g) Plot of time-dependent relative response factors (RFgpp,(rpp+Gar-3c)) measured for RBD and the RBD—GAL-3C complex. (h) Fraction
of RBD bound to GAL-3C RBD plotted as a function of the initial GAL-3C concentration determined without (black circles) and with (red circles)
consideration of RFggp,(rep+car-3c)- Solid curves represent the best fit of eq 11 to the experimental data. (j) Representative ESI mass spectra
acquired in the positive ion mode at two different times for a mixture of ammonium acetate (200 mM, pH 6.9) solutions: solution 1, CBM (S uM)
and a ND containing B-triygy (1 #M ND and 30 M B-triyg, = L); solution 2, CBM (5 4M) and a ND containing B-triyg, (10 M ND and 300
UM B-triygy). (k) Plot of time-dependent relative response factors (RFcpy/(cpms1)) measured for CBM and the CBM—L complex. (1) Fraction of
CBM bound to B-triyg, plotted as a function of the initial B-triyg, concentration determined without (black circles) and with (red circles)
consideration of RFcpy/(cpmsr)- Solid curves represent the best fit of eq 11 to the experimental data.

R K, - \/m buffer, ionic strength of 0.13),>> while K values of 4 arglld 8.6

= UM were obtained at pH 6.5 and 7.5, respectively.”” To

2R +1 Ky + Ky* + 8[M] K, (17) quantify BLG dimerization using SLOMO, we used a pH
change to affect the equilibrium. As noted above, the Kj of the

We tested the validity of using SLOMO to analyze (BLG), dimer increases with the pH.>”>"*°> To perform the
homocomplex formation using the well characterized dimeri- measurements, the tip was first loaded with 6 uL of a solution
zation of BLG as a model system. (200 mM ammonium acetate, pH 6.9, an 25 °C) of BLG at a
Application of SLOMO to Homocomplex Formation concentration of between 1 and 8 uM (solution 1) and then 10
(Dimerization of Bovine f-Lactoglobulin B). The dimeriza- uL of BLG (solution 2) at the same concentration but a

tion of BLG (18.3 kDa) has been studied over a range of different pH (pH 10.6) to induce the dissociation of the dimer.
pH.>** A Ky of 7 uM was obtained at pH 6.9 (phosphate Representative ESI-MS spectra are shown in Figure 2i; the
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corresponding AR, values are shown in Figure 2j. Protonated
ions corresponding to both the BLG monomer and the dimer
were detected. RFp;g/(pLg), Values, calculated as described

above, for different concentrations were found to range from
0.4 to 1.5 (Figure 2k). It is reported that the dimerization does
not significantly affect the BLG monomer conformation.>’
This might explain, at least in part, the similarity in RF values
between the monomer and the dimer. The apparent and
corrected Ky values (obtained by fitting eq 15 to the
uncorrected and corrected fraction bound values of bound
BLG, Figure 21) at pH 6.9 (solution 1) are 1.9 + 0.8 and 3.0 =
0.5 uM, respectively. While both values are in reasonable
agreement with the reported value (7 uM),>” the fit of eq 15 to
the apparent concentration-dependent fraction of bound BLG
values is poorer due to scattering caused by variations in
RFp16/(sLG), at each experiment.

Applications of SLOMO to Human and Bacterial
Lectin Binding. We next demonstrated the versatility of
SLOMO by applying the assay to a series of biomolecular
interactions involving human and bacterial lectins (glycan-
binding proteins, GBPs), which can be challenging to quantify
with conventional assays due to limited sample quantities and
limitations in detection methods. Considered were the
interactions between human galectins and a single-domain
antibody (Figures 3a—d) for which the direct measurement of
the binding stoichiometry and the quantification of multiple
equilibria are needed. The binding of galectins to the receptor
binding domain (RBD) of the spike glycoprotein of SARS-
CoV-2 (Figures 3e—h), which is a complex mixture of
glycoforms that exhibit differential affinities for the lectin,
and the binding of a fragment of the family 51 carbohydrate-
binding module (CBM) from S. pneumonia with a neo-
glycolipid (B-triyg,) ligand within a model membrane (Figures
3i-1) are processes for which differential response factors and
gas-phase processes have precluded reliable quantification by
native MS.

Immune Lectin—Nanobody Interaction. Human galectins
act as key apoptotic regulators and are viewed as potential
disease targets in multiple disorders.® As such, considerable
effort has been devoted to the design of galectin-specific
modulators, including allosteric modulators.’” To illustrate the
ease with which SLOMO can measure the effects of allosteric
modulators on galectin dimerization, SLOMO was applied to
the interaction between GAL-7 and a single-domain antibody
(sdAb) in both the presence and absence of the tetrasaccharide
ligand LNT. On its own, GAL-7 exists predominantly in the
dimeric form at micromolar concentrations (Figure S4a).
According to the SLOMO analysis (with the RF correction),
the K; of the monomer—dimer equilibrium in 200 mM
ammonium acetate (pH 7.4 and 25 °C) is 3.1 + 0.7 uM
(Figure S4b), which is in good agreement with the reported
value of 1.7 uM.>® Notably, without the RF correction, the
apparent K3 (17 =+ 22 (average of values measured at
individual concentrations (eq 13) or 46 + 28 nM (eq 17))
is 70- to 180-fold smaller (stronger) than the corrected Ky
(Figure S4b). Reports on the effect of glycan binding on GAL-
7 dimerization are contradictory, with some studies suggesting
ligands, such as lactose, significantly stabilize (>30-fold at 10
mM lactose) the dimer.”® However, the results of SLOMO
performed in the presence of the LNT (50 uM), which has a
lactose core and exhibits an affinity of 95 + 3 uM for GAL-7,>”

970

revealed that Ky was essentially unaffected by LNT binding
(Figure SS).

When excess sdAb, engineered to bind the dimerization
interface of GAL-7, was added to the mixture, only the
monomeric form of GAL-7 bound to sdAb was detected (along
with excess free sdAb), supporting the hypothesis that sdAb
binding prevents GAL-7 dimerization (Figure S6). From
SLOMO measurements, the K of the 1:1 sdAb interactions
with the GAL-7 monomer was found to be 3.0 + 0.1 uM
(Figure 3d), which is comparable in magnitude to the Kj of
GAL-7 dimerization. To establish whether glycan binding
influences the sdAb recognition of GAL-7, analogous measure-
ments were performed on solutions of GAL-7, sdAb, and LNT.
The K, for the GAL-7 monomer and the sdAb interaction in
the presence (4.6 + 0.4 uM) and absence of LNT are similar,
as are the affinities of LNT for GAL-7 and the GAL-7—sdAb
complex (143 + 24 uM) (Figure S7). Together, these results
suggest that the binding of sdAb and LNT to GAL-7 are
independent processes. Moreover, these results illustrate the
power of SLOMO to quantify multiple equilibria simulta-
neously.

SLOMO was also used to assess the specificity of sdAb for
GAL-7 by testing binding to three other available galectins,
namely the prototype galectins GAL-1 and GAL-13 and the
GAL-3 chimera (Figure S8). Notably, the absence of complex
formation detected by direct ESI-MS analysis (Figure S9) was
corroborated by the results obtained with SLOMO (i.e., the
lack of binding between sdAb and GAL-1, GAL-13, and GAL-3
is not due to the low RF of the sdAb complexes), further
confirming that the sdAb is specific to GAL-7. Taken together,
these results highlight the tremendous potential of SLOMO for
quantitatively assessing the specificities of single-domain
antibodies, an emerging therapeutic and imaging tool for
many diseases, including cancer.’”®!

SARS-CoV-2 RBD—Immune Lectin Interactions. A variety
of human immune lectins, including galectins, C-type lectins,
and Siglecs, have been reported to recognize the SARS-CoV-2
spike (S) glycoprotein and its RBD.’>** However, to date, few
of these interactions have been quantified.”” To demonstrate
the ability of SLOMO for characterizing immune lectin
interactions, the assay was used to measure the affinity of a
C-terminal fragment of galectin-3 (GAL-3C) for the RBD of
SARS-COV-2 (Wuhan strain). Representative ESI mass
spectra, acquired for solutions of RBD and for GAL-3C both
alone and together, are shown in Figures S10a—c. The RBD,
which was produced from HEK293 cells, contains two N-
glycosylation sites (N331 and N343) and two O-glycosylation
sites (T323 and S$325) and according to glycomics studies has
predominantly complex-type N-glycans (mostly fucosylated,
mono- and disialylated complex type) and core 1 and 2 mucin-
type O—glycans.64 From the mass spectrum (Figure S10a),
glycan compositions corresponding to 68 distinct MWs were
identified (Table S2). Although the mass spectrum is complex,
the signal corresponding to the 1:1 RBD—GAL-3C complex is
evident for the mixture (Figure S10c). There was no evidence
of higher-order complexes at the concentrations tested. Of the
68 MW-unique glycan compositions identified for RBD, 36
were detected in the RBD—GAL-3C complex. Comparison of
the distribution of glycan compositions measured for free RBD
and the RBD—GAL-3C complex suggests that GAL-3C
preferentially binds to the larger glycan structures of RBD
(Figures S10d and e). This finding is qualitatively consistent
with results obtained via glycan microarray screening, which
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revealed that GAL-3 had a preference for N-glycans with more
LacNAc (Galp1—4GIcNAc) moieties.®®

To implement SLOMO, a solution of 4 uM RBD and 1—4
UM GAL-3C was loaded into the nanoESI tip, followed by a
solution of 4 yM RBD and 25 M GAL-3C. Because of the
heterogeneity of RBD (due to glycosylation), the total signal
area (of the free and bound RBD glycoforms) was used as
opposed to discrete ion abundances (Figure 3f). The relative
response factors (RFrpp,(rpp+Gaisc)), found from four concen-
trations, range from approximately 2 to 4. That
RFgpprep+casc) >1.0 (Figure 3g) suggests that the increase
in the MW of RBD (due to binding) more strongly influences
the RF than the reduced exposure of glycans to the solvent.
From an analysis of the concentration dependence of the
fraction of bound RBD (eq 11), the overall (considering all
glycoforms) apparent and corrected affinities are 14.5 + 0.8
(Kgapp) and 5.2 & 0.4 uM (Ky), respectively (Figure 3h). It is
notable that the affinity of GAL-3C for RBD is significantly
stronger than that for the simple glycans containing epitopes
with terminal galactose (e.g., ~100 (lactose)® and ~50 uM
(lactosamine)), emphasizing the importance of the underlying
structure on the GAL-3C interaction.”” The binding of GAL-1,
GAL-7, and GAL-13 with RBD was also tested. However, none
exhibited measurable binding to RBD under the conditions
tested (Figure S11). The absence of binding to GAL-7, which
is at odds with the results of a recent NMR study,*® is curious
but may reflect differences in the glycosylation of the RBD
samples used.

Together, these results highlight the unique ability of
SLOMO to both quantify protein—glycoprotein interactions
and resolve the glycoform specificit in a single experiment.
This information will dramatically advance the understanding
of how protein glycosylation modulates protein interactions.

Bacterial Lectin Interactions with Glycolipids in Model
Membranes. Native MS is a promising tool for detecting GBP
interactions with glycolipids in model membranes. Analyzing
solutions of GBP and glycolipid-containing membranes allows
for the direct detection of ions corresponding to specific
GBP—glycolipid complexes, enabling the rapid and facile
identification of glycolipid ligands present in mixtures (natural
or defined) and, uniquely, establishing binding stoichiometry.
However, because the detected intact GBP-—glycolipid
complex ions arise from the spontaneous detachment of the
complexes from the membrane during the ESI process
(presumably from Coulombic repulsion between the GBP
and the membrane), while the GBP ions originate directly
from the solution, the relative abundances of free and ligand-
bound GBP will not reflect their relative concentrations due to
their nonuniform RF.*°

Native MS performed with SLOMO allows not only the
detection of GBP interactions with glycolipids in model
membranes but also the quantification of these interactions. To
demonstrate this capability, we applied the assay to measure
the affinity of the interaction between the soluble bacterial
lectin CBM and a blood group B trisaccharide neoglycolipid
(B-triyg) presented in a nanodisc (ND). The reported K for
this system, measured using a competitive assay, was 20.2 + 2
M. ESI-MS analysis of a solution of CBM (5 uM) and a B-
triyg -containing ND (4 uM ND; equivalent to 120 yuM B-
triygL) reveals ion signal that correspond to free CBM and the
1:1 CBM—B-triyg, complex (Figure S12). The ND appears as
a broad peak centered at m/z ~8000 (Figure S12). To apply
SLOMO, a solution of S yM CBM and 0.5-2 yuM ND
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(equivalent to 15—60 uM B-triyg) was added to the nanoESI
tip, followed by a solution of 5 yM CBM and 10 uM ND
(equivalent to 300 uM B-triy, ). Analysis of the time-resolved
mass spectra shows an increase in the relative abundance of the
CBM+B-triyg, complex with time (Figure 3j). The RFyp; was
found to vary from 26 to SS (Figure 3k) at the concentrations
tested, indicating that the efficiency by which the CBM—B-
triyg, complex is detected is only 2—4% that of free CBM. The
large RFp/pp values are, qualitatively, consistent with very
different pathways that lead to the free CBM and CBM—B-
triygr, complex ions. Specifically, the CBM—B-triyg;, complex
originates from the ternary CBM—B-triyg,—ND complexes
late in the ESI process. The small relative RF of the CBM—B-
tringt—ND complex is likely attributable to the large size and
hydrophilicity (low surface activity) of the ND. Analysis of the
concentration-dependent fraction of ligand-bound CBM
(Figure 31) yields a Ky,,, of 1.2 + 0.2 mM, while the RE-
corrected Ky of 28.1 & 3.0 M is in excellent agreement with
the reported value.*’

The ability to directly detect and quantify the binding of
soluble proteins and model-membrane-bound ligands with
SLOMO represents a significant methodological advance in
the analysis of interactions between soluble proteins and their
membrane-bound receptors. It opens up the possibility of
applying native MS to quantify cellular receptor interactions in
a membrane environment, information that will shed
important insights into diverse cellular processes, including
bacterial and viral infections, immune system regulation, and
various diseases such as cancer and neurodegeneration.

B CONCLUSIONS

Native MS is a powerful label- and immobilization-free assay
for detecting and deducing the stoichiometries of noncovalent
biomolecular interactions in vitro and is increasingly being
used to quantify binding thermochemistry. However, the
widespread adoption of the method for quantitative studies has
been hindered by the nonuniform RFs of the interacting
species and their complexes. While there exist methods to
account for differential ESI-MS RFs, these have been largely
limited to conventional pump-driven ESI sources, which tend
to consume large, and often prohibitive, amounts of sample.
Due to the small sample amount requirements, nanoESI,
performed using tips pulled from glass capillaries, is used
almost exclusively for native MS studies. In the present work,
we show how this longstanding and significant challenge in
native MS can be overcome with SLOMO nanoESI-MS. The
assay, which is implemented with static nanoESI emitters,
relies on the continuous monitoring of interacting species and
their complexes under nonhomogeneous solution conditions.
Changes in the absolute ion signals of free and bound forms as
the system approaches or moves away from a steady-state
concentration condition allows the relative RF and Ky of a
biomolecular interaction to be determined from a single
measurement.

The reliability and ease of use of SLOMO is demonstrated
by affinity measurements performed on a series of
biomolecular complexes of varying sizes, chemical properties,
and affinities. Notably, the affinities measured for the model
systems agree, within factor of 2, with reported values.
Moreover, the corrected (for RF) Kj values measured by
SLOMO were insensitive to the choice of instrumental
parameters and exhibited no significant tip-to-tip variability.
Applications of SLOMO to interactions between human and
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Table 1. Comparison of Affinities (K;) of Three
Biomolecular Interactions (Van—AcAA, PT—STI, and
BLG-BLG) Measured by SLOMO nanoESI-MS with
Literature Values”

system apparent K4 (uM) corrected Ky (uM) reported Ky (M)
Van—AcAA” 378 + 36 32+1 63 + 13°
PT—STI? 02 +0.1 0.5 + 0.1 0.67

28 +9 0.8 + 0.3
BLG-BLG" 19 + 0.8 3.0 £ 0.5 7.0%

“Included are the apparent K; (without correction for RF) and the
corrected Ky (correction for RF) measured by SLOMO. Errors
correspond to one standard deviation. “Measurements were
performed in ammonium acetate (200 mM, pH 6.9, and 25 °C)
solutions. “Measurements were performed in ammonium acetate (200
mM, pH 4.5, and 25 °C) solutions. 9Two sets of data were obtained
for the same solutions using different instrumental parameters. “Value
taken from ref 48. Measurements were performed in 100 mM
phosphate buffer (pH 7.0, 25 °C). FValue taken from ref 9.
Measurements were performed in 25 mM potassium acetate and 10
mM calcium chloride buffer (pH 4.5, 25 °C). $Value taken from ref
5S. Measurements were performed in phosphate buffer (pH 6.9, ionic
strength of 0.13).

bacterial lectins with a single-chain antibody, a glycoprotein
antigen, and glycolipids displayed in a model membrane
showcase the tremendous power, versatility, and sensitivity of
the assay for quantifying the stoichiometry and affinity of
biomolecular interactions relevant to human health and
disease. Given the growing reliance on native MS for the
analysis of biomolecular complexes, the SLOMO technique is
expected to be of considerable interest and importance to
academic and industrial researchers.
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