bioRxiv preprint doi: https://doi.org/10.1101/2024.03.07.583498; this version posted March 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Protein complex heterogeneity and topology revealed by electron capture charge reduction and surface induced
dissociation

Jared Shaw,*t Sophie Harvey,>t Chen Du,%? Zhixin Xu,%* Eduardo Olmedillas,* Erica Ollmann Saphire,** Vicki H.
Wysocki¥**

!Department of Chemistry, University of Nebraska, Lincoln, NE 68588;2Department of Chemistry and Biochemistry, Ohio
State University, Columbus, OH 43210; 3Native Mass Spectrometry Guided Structural Biology Center, Ohio State
University, Columbus, OH 43210; *Center for Vaccine Innovation, La Jolla Institute for Immunology, La Jolla, CA 92037;
>Department of Medicine, University of California San Diego, La Jolla, CA 92037

ABSTRACT

Herein, we focus on native mass spectrometry (nMS) combined with a fast, tunable gas-phase charge reduction, electron
capture charge reduction (ECCR), and illustrate its utility in the characterization of protein complex topology and
glycoprotein heterogeneity. ECCR is illustrated to effectively spread the charge states of tetradecameric GroEL, illustrating
Orbitrap m/z measurement out to greater than 100,000 m/z. For both the pentameric C-reactive protein and
tetradecameric GroEL, our novel device combining ECCR with surface induced dissociation (SID) lowers the charge states
and produces more topologically informative fragmentation. While more native-like fragmentation has previously been
illustrated for complexes charge reduced by proton abstraction in solution, this is the first illustration that ECCR can lead
to more native-like SID fragmentation of protein complexes. Application to protein glycosylation, one of the most common
and diverse protein posttranslational modifications, is also illustrated because glycosylation is important for structural and
functional properties and plays essential roles in many key biological processes. The immense heterogeneity resulting from
variability in glycosylation sites and glycan composition and structure poses significant analytical challenges that hinder a
mechanistic understanding of the biological role of glycosylation. Data for stabilized heavily glycosylated SARS-CoV-2 spike
protein trimer and thyroglobulin dimer illustrate that ECCR enables significantly improved resolution of glycan
heterogeneity. Without ECCR, the charge states of a glycoprotein complex are not resolved and average mass
determination is available only through the use of charge detection mass spectrometry or mass photometry. With ECCR
after narrow my/z selection, multiple glycoform m/z values are apparent, providing quick global, glycoform profiling and
providing a future path for glycan localization on individual intact glycoforms (e.g., though top-down dissociation).

INTRODUCTION

Proteins and other biological macromolecules rarely work alone. The assembly and regulation of active cellular machinery
is largely dependent on structure, which is modulated by subunit interactions, protein posttranslational modifications
(PTMs), and ligand binding among many other structure modifying mechanisms. PTMs are covalent modifications of
proteins and play a key role in numerous biological processes, affecting both structure and function. Full characterization
of protein and nucleoprotein complexes with and without PTMs, especially large or complicated systems with many small
and large partners, remains an analytical challenge. Of the potential modifications a protein can undergo, glycosylation is
one of the most diverse and common PTMs (with up to one-fifth of proteins potentially being glycosylated)?, both with
respect to the amino acids that can be modified and the modification structures. Monosaccharides can combine in a
variety of ways with varying sequences, lengths, anomeric natures, and positions and branching points of linkages. In
addition, the same site can be occupied by different glycosylation events. Characterization of glycosylation is essential as
many therapeutic proteins are derived from endogenous glycoproteins, and a substantial number of currently approved
protein therapeutics need to be properly glycosylated to exhibit optimal therapeutic efficacy.?

Native mass spectrometry (nMS) has emerged as a powerful tool for structural biology and enables characterization of
soluble and membrane protein complexes as well as heterogeneous assembilies, such as glycoprotein complexes, not
readily suitable for complete high resolution structural characterization.>® Although native MS does not typically provide
atomic level structure information, it does have advantages in speed, sensitivity, selectivity, and the ability to
simultaneously measure many components of a heterogeneous assembly or mixture.” However, extreme heterogeneity
in PTMs, assembly composition, and adduction of non-volatile salts can severely hinder mass determination and structure


https://doi.org/10.1101/2024.03.07.583498
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.07.583498; this version posted March 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

characterization by nMS. Several approaches have been presented in recent years to overcome this issue. These include
charge manipulation approaches and charge detection mass spectrometry (CDMS), in which the charge and mass-to-
charge ratio are simultaneously measured. CDMS overcomes the need for resolved charge states and provides insights
into heterogeneous glycoproteins and large heterogeneous systems.®1% Charge manipulation approaches typically involve
reducing the charge either in solution or the gas-phase. This moves the charge state distribution to lower charges where
the spacing between charge states is larger and enables resolution of heterogenous systems.%1?

lon-neutral reactions and ion-ion reactions have been exploited to reduce the charge acquired by denatured proteins,
native proteins, and protein complexes. Smith and co-workers demonstrated that gas-phase collisions between
desolvated protein ions and ammonia, methylamines, and ethylamines resulted in effective charge reduction under
denaturing and native conditions.?**> Additionally, the pioneering work by McLuckey and Stephenson demonstrated the
utility of ion-ion proton transfer reactions (PTR) for the study of ion chemistry as well as enhanced analytical capabilities
for polypeptide characterization.’®! In these experiments, a multiply charged polypeptide cation was reacted with a
singly-charged reagent anion in an ion trapping device to generate a cation with reduced charge and a neutral reagent
molecule. PTR enabled analysis of mixtures of low, medium, and high molecular weight peptides and proteins by reducing
spectral complexity introduced by multiple charging from electrospray ionization.?’ Additionally, the development of “ion
parking” techniques made it possible to inhibit ion-ion reaction rates via manipulation of ion velocities within ion trapping
devices.?? This capability was demonstrated by concentration of ions originally present in a range of charge states into a
selected charge state using PTR?? as well as inhibiting sequential electron transfer dissociation (ETD) reactions to enrich
first-generation ETD product ions®. Commercially, PTR and the related proton transfer charge reduction (PTCR) has been
offered on various instrument platforms.?*2° Similarly, Bush and coworkers have used a glow-discharge source to generate
anions for PTR with m/z-selected ions of native proteins and complexes to enable charge assignment and mass
determination.?® Sandoval and coworkers have recently demonstrated the utility of PTCR and gas-phase fractionation for
the analysis of intact glycoproteins.3!

lon-ion and ion-electron reactions have predominantly been used to enable and enhance the characterization of peptides
and denatured proteins by inducing covalent fragmentation for sequencing and PTM localization. However, several groups
have utilized electron-based fragmentation to characterize higher order protein structure.33* Electron-based
fragmentation methods don’t generally impart sufficient energy to disrupt noncovalent interactions in addition to protein
backbone fragmentation. Thus, ETD and its ion-electron reaction counterpart, electron capture dissociation (ECD), enable
mapping of surface exposed and flexible regions of protein structure.® 37 Supplemental activation via collisions with, e.g.,
inert gas or infrared photons are needed to release additional fragments and obtain greater sequence coverage.3®*
Without supplemental activation to disrupt noncovalent interactions in larger proteins and protein complexes, ECD and
ETD canyield abundant charge reduction without dissociation of the complementary N- and C- terminal peptide backbone
cleavage product ions. To date, non-dissociative electron capture or electron transfer events have generally been regarded
as reaction by-products to be minimized to enhance yield of peptide backbone cleavage products. However, some work
on intact proteins and complexes has sought to utilize this by-product for the characterization of heterogeneous samples.
Sobott and coworkers have demonstrated the utility of electron-based charge reduction to resolve heterogeneous
oligomers of ap-crystallin,* while Ujma and co-workers have shown its utility to resolve AAV capsids.*® The Smith group
utilized corona discharge or alpha-particle sources to generate anions used for charge manipulation via proton abstraction
of electrosprayed proteins.***

Treated as an analytical tool, tunable electron transfer or electron capture charge reduction could be used to improve the
apparent resolving power for large heterogeneous proteins and protein complexes by shifting ions to lower charge and
higher m/z, as previously demonstrated using PTR. However, one challenge encountered with charge-reduced proteins
and protein complexes is that they do not fragment as effectively as their high-charge counterparts. It is difficult to
perform effective tandem mass spectrometry (MS/MS) via collisions with an inert gas, i.e., collision induced dissociation
(CID)*® at energies accessible within practical limitations of the mass spectrometer hardware and electronics. Native
protein complexes activated by CID dissociate via a monomer unfolding/complex restructuring mechanism. Typical
products of CID are unfolded or elongated monomers with a disproportionate amount of charge and the corresponding
(n-1) multimer; while these products confirm stoichiometry the provide limited information on overall complex
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topology/connectivity.*’ Surface collisions, i.e., surface induced dissociation (SID), on the other hand proceed via fast,
high-energy deposition to yield more structurally informative subcomplexes, with the weakest protein complex interfaces
cleaving first, producing products with compact structures and more proportionate charge partitioning.**>* The Wysocki
group has recently developed a simple yet novel split lens geometry SID device that was readily adapted and integrated
into Q-IM-TOF, FTICR, and Orbitrap mass spectrometry platforms.>®

Here, we combine electron capture charge reduction with SID, via a novel ExD cell*>*! designed for improved transmission
of high m/z ions and facile integration of split lens SID electrodes at the exit of the ExD cell. The cell provides effective SID,
extensive and tunable electron capture charge reduction (ECCR), or a combination of the two (ECCR-SID), with each of
these modes illustrated for large protein complexes. Tetradecameric GroEL (800 kDa) captured more than 50 electrons in
a single pass through the cell and enabled observation of charge reduced peaks at m/z greater than 100,000. Charge-
reduced GroEL was also subjected to SID to determine whether the gas-phase charge reduced precursors gave more native
fragmentation. ECCR was also applied to heterogeneous glycoproteins, including a construct of the SARS-CoV-2 spike
protein and thyroglobulin enabling resolution of overlapping glycoform charge state distributions and hence mass
determination.

EXPERIMENTAL SECTION

Materials and Sample Preparation.

C-reactive protein, GroEL, B-Amylase (BAM), and thyroglobulin were purchased from Sigma Aldrich. VFLIP (a stable,
covalently linked SARS-coV-2 spike trimer with the D614G mutation of the Wuhan variant) was expressed and purified as
previously described.>® GroEL was refolded based on a previously described protocol.>? CRP, thyroglobulin, GroEL and VFLIP
were buffer exchanged into 200 mM ammonium acetate using BioRad micro P6 columns. VFLIP for narrow window
selection was buffer exchanged into 200 mM ammonium acetate using 50 kDa molecular weight cut-off (MWCO)
Amicon® Ultra Centrifugal Filter (Sigma Aldrich). Samples were run at approximately 1 uM complex concentration for
native mass spectrometry, 500 nM for CDMS, and 10 nM for mass photometry.

Mass Spectrometry.

All experiments were performed using a Q Exactive UHMR Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) fitted with a hybrid device enabling electron-based fragmentation and surface induced dissociation, here
referred to as the ExD-SID cell (cell generated by modifying ExD from e-MSion Inc., Corvallis, OR with SID, see results). The
ExD-SID cell replaced the transfer multipole between the quadrupole mass filter and C-trap as previously described for
the standard ExD cell¥”4%%! and standard 4cm SID cell.”” Static nanoelectrospray ionization was performed using uncoated
glass capillary emitters pulled in-house from borosilicate glass with a filament (0.D 1mm |.D 0.78 mm) using a Sutter P-97
micropipette puller. A platinum wire was inserted into the emitter, and the electrospray voltage was directly applied to
the analyte solution. Typical electrospray voltage was 900 V. In-source trapping collision energy for desolvation was
optimized for each sample and was generally between -30 and -100 V. An inlet capillary temperature of 250 °C, S-lens RF
of 200, and a fixed ion injection time of 50-1000 ms were used for all experiments. Approximately 2-5 minutes of averaging
was used to produce ECCR, SID, ECCR-SID spectra. Deconvolution and average charge state analysis was performed using
UniDec.*® The UniDec parameters for Figure 5C are Charge Range: 1-60, Mass range 400-600 kDa, Sample Mass Every (Da)
1, Peak FWHM(Th) 200.0, Beta: 50.0, Charge Smooth Width: 1.0, Point Smooth Width: 10.0, Mass Smooth Width: 0.0,
Maximum # of Iterations: 100, Peak Detection 5000 Da, Peak Detection Threshold 0.5. For the rest narrow quadrupole
selections, the parameters were Charge Range: 1-50, Mass range 400-600 kDa, Sample Mass Every (Da) 1, Peak FWHM(Th)
5.0, Beta: 0, Charge Smooth Width: 1.0, Point Smooth Width: 1, Mass Smooth Width: 0, Maximum # of Iterations: 100,
Peak Detection 500 Da, Peak Detection Threshold 0.1. The CDMS data were acquired at 200,000 resolving power atm/z
400 and trapping gas 2 using Direct Mass Technology mode. The CDMS datasets were processed and deconvolved by
STORIboard software (Thermo Fisher Scientific).>® We note here that with extensive use of the ExD-SID cell, some surface
contamination is detected; work is in progress to define the problem and resolve it with a cell redesign, although we
continue using the device to solve real-world problems.
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RESULTS AND DISCUSSION

In previous work in our lab and others, when it has been desirable to obtain topological/connectivity information on
protein complexes low charge states have been used or the charge has been intentionally reduced. Charge reduction has
been accomplished with solution additives (e.g., addition of the more basic triethylammonium acetate to the typical
ammonium acetate electrolyte used for nanoelectrospray) or an alternative electrolyte (e.g., ethylene diammonium
diacetate).®>%2 While this accomplishes the needed charge reduction, solution additives particularly triethylammonium
acetate often cause peak broadening, influencing mass accuracy. While adducts can be removed by collisional activation,
this activation can restructure protein complexes, leading to non-native fragmentation of the complex, obscuring desirable
topology information. There has thus been a strong need to accomplish charge reduction without adducting and peak
broadening.

Hybrid ExD-SID Cell.

An ExD cell designed and sold by eMSion for the Thermo Scientific Q Exactive Orbitrap platform was modified, through
the addition of short focusing quadrupoles before and after the electron producing cell and through the addition of a split
lens SID device with the goal of improving transmission of a broad and high m/z range and incorporation of electrodes to
perform SID. Figure 1 shows schematics of the hybrid ExD-SID cell and integration of the cell into the Q Exactive UHMR
Orbitrap mass spectrometer. Thick electrostatic lenses at each end of the standard ExD cell were replaced with quadrupole
ion guides. The quadrupoles were constructed using 3/16-inch diameter precision ground stainless steel round rods with
a rod radius to inscribed radius ratio of 1.14. DC voltages were supplied to the ExD portion of the cell using a commercial
power supply and software from eMSion. The SID electrode design and integration was similar to that previously described
by Snyder and coworkers®> and illustrated recently in combination with CDMS e.g., for GroEL, proteasome, and AAV8%,
Briefly, the three-electrode split-lens design was integrated at the exit of the cell. Half of the split-lens is the SID surface
electrode with a thickness of 3 mm. The other half is composed of the deflector and extractor electrodes with 1 mm
thickness and separated by a 1 mm insulating spacer. The split lens aperture is 2 mm in diameter. The C-trap DC offset
during injection steps was supplied by an external power supply to allow a larger range of voltages to be applied and
therefore increasing the SID voltage range (defined as the difference in voltage between the bent flatapole and surface
voltage), as previously described.’” C-Trap DC offset and SID device voltages were supplied via external power supplies
(Ardara Technologies, Ardara, PA) and controlled by Tempus software (Ardara Technologies, Ardara, PA). The device works
well as an SID device, as illustrated by fragmentation of the 50S ribosome subunit spectrum shown in Figure S1.
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Figure 1. Schematics of the ExD-SID cell and integration of the cell into the Q Exactive UHMR Orbitrap mass spectrometer.

Q Exactive UHMR
% Orbitrap MS


https://doi.org/10.1101/2024.03.07.583498
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.07.583498; this version posted March 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Tunable Electron Capture Charge Reduction (ECCR).

The first goal of this work was to develop an approach for tunable gas phase charge reduction to improve the effective
resolving power of heterogeneous protein complexes. By reducing the charge of the heterogeneous complex ions, the
species detected are shifted to a greater m/z range thus increasing the A m/z for overlapping peaks, an approach that has
been used by others to better resolve large or heterogeneous systems.'>3164-66 Fqor jnjtial method development and proof
of principle for ECCR, we first used GroEL.5”"% GroEL is an ~801 kDa homo-tetradecameric protein composed of two
stacked seven-member rings and has been thoroughly studied by native mass spectrometry.*67%71 GroEL prepared in
200 mM ammonium acetate and ionized by nano-electrospray ionization produced the “native charge” mass spectrum
shown at the top of Figure 2. The intensity weighted average charge was 64+ with a charge state distribution, for peaks
greater than 5% relative abundance, ranging from 67+ to 62+. Charge reduction was achieved via ion-electron reactions
in which the multiply charged cations of GroEL captured multiple low energy electrons while flying through the ExD-SID
cell. For peptides and some proteins, ECD products (covalent bond cleavages) are the major expected products, but for
large complexes, the major product is the intact non-covalent complex with multiple lower charge states. Detection of the
intact mass of the charge-reduced species relies on preservation of GroEL subunit intramolecular and intermolecular non-
covalent interactions. This is achieved using minimal collisional activation throughout the experiment. The extent of ECCR
was modulated by adjusting the DC voltages applied to the center of the ExD device namely the two magnetic lenses and
filament holder (representative tuning conditions are given in Table S1 along with a labeled schematic of the ExD-SID cell).
The voltages were incrementally increased to reduce the velocity of the ions in transit. The lower panels of Figure 2 show
incremental increases in ECCR with maximum ECCR yielding reduction in the average charge of GroEL from 64 to 12+, with
an average of 52 electrons captured at maximum ECCR. The width of the charge state distribution increased from 7 to 11
charge states with minimal ECCR and plateaued at approximately 22 for higher levels of ECCR before returning to 12 charge
states above 5% intensity at maximum ECCR. This reflects the distribution of ion kinetic energies in the ion beam and the
strong dependence of electron capture kinetics on the ion kinetic energy and charge state. All experiments were
performed using in-source trapping (-75 to -100 V) for desolvation.” This process involves collisional activation follow by
storage of the ions in the source region of the instrument for a few milliseconds. The momentum dampening and
desolvation capabilities enabled by in-source trapping greatly increase transmission and sensitivity for high m/z ions, but
some distribution in ion kinetic energy is unavoidable due to gas dynamics in the atmospheric pressure interface and
spatial distribution of ions trapped in the injection flatapole. The extent of charge reduction exhibited a linear relationship
when voltages are incrementally linearly increased (data shown in Sl Figure S2).
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Figure 2. Electron capture charge reduction of GroEL. The top panel shows the mass spectrum of GroEL with the typical
charge distribution generated by spraying from ammonium acetate (i.e., no gas phase charge reduction). Panels B-G show
results from increases in electron capture charge reduction, with the device voltage that initiates ECCR increasing in two-
volt steps (in source trapping of =75V and trap gas setting of 7). Panel H is from a different sample from A-G and shows
more extensive charge reduction with peaks up to 107K m/z; more 15-mer of GroEL (additional, lower abundance peaks)
was present in this sample, an older sample that had aged after refolding (in source trapping of —100 V and trap gas setting
of 8). Panels | and J are zoomed in on the high m/z range of panels G and H, respectively.

Coupling ECCR and Surface Induced Dissociation

Initial experiments with GroEL highlighted that ECCR is tunable, which could be advantageous for heterogeneous samples
(as demonstrated with glycoproteins below) but we also wanted to determine whether ECCR affects the protein
guaternary structure and if structurally relevant information could still be obtained from the protein complex after ECCR.
This is especially important because many structural studies using nMS already employ charge reducing conditions
(typically with solution phase additives), as lower charge states can give more stable, native-like structures and
fragmentation products.®®”® To probe the structure of ions after ECCR we used SID. It has been shown that protein complex
dissociation via a surface collision can occur, depending on the complex, with greatly reduced subunit or subcomplex
unfolding compared to traditional inert gas collision induced dissociation, providing information consistent with the native
structure.®’* To investigate the effect of gas phase charge reduction on SID, we compared dissociation of the pentameric
C-reactive protein complex (CRP) under normal charge (ammonium acetate), solution charge reduction, and gas phase
charge reduction conditions (Figure 3). Analysis of CRP from 200 mM ammonium acetate yields a weighted average charge
state of 23+ which will be referred to as native charge for CRP (Figure 3A). SID of CRP at 40 V (average energy of 920 eV)
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produced primarily monomer and dimer, with lower levels of trimer and tetramer in agreement with previous studies
(Figure 3B).”>75 For a cyclic complex like CRP, we expect all oligomeric states between monomer and tetramer at low SID
energies, with relatively high abundance due to the equal interfaces between all subunits. Analysis in 160 mM AmAc and
40 mM TEAA yielded solution charge reduction of CRP and produced a charge state distribution with a weighted average
charge of 16+ (Figure 3C), SID of this distribution at 60 V (average energy of 960 eV) produced monomer and tetramer,
and dimer and trimer at high intensity (Figure 3D) consistent with the native cyclic structure and with previous SID studies
of CRP.>Y7>7% Finally, gas-phase charge reduction via ECCR of the native charge distribution yielded a weighted average
charge state of 18+ (Figure 3E), which when subjected to SID at 40V (average energy of 720 eV) (Figure 3F) produced a
similar SID spectra to that obtained from solution-phase charge reduction (Figure 3D). Previous studies have shown
solution charge reducing agents, such as TEAA, do not markedly change the gas-phase structure of precursor ions,** but
help stabilize noncovalently associated complexes and direct the course of gas-phase dissociation.®? Therefore, the high
degree of similarity between solution charge reduced and gas-phase charge reduced CRP indicate modulation of charge
driven processes during dissociation rather than gas-phase structural changes resulting from charge neutralization via
ECCR. These results demonstrate that ECCR-SID can be used to probe the topology of protein complexes with dissociation
occurring in a manner consistent with the solved structure.
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Figure 3. Comparison of C-reactive protein MS and SID patterns for A&B) normal charge (acquired in ammonium acetate),
C&D) solution charge reduced (acquired with an 80:20 ratio of ammonium acetate to triethylammonium acetate) E&F)
gas-phase charge reduced (ECCR). Acquired with in-source trapping -30 V, and SID voltage of 40 V (normal charge) or 60
V (solution phase and gas-phase charge reduced).

We further investigated gas phase charge reduction (ECCR) to produce more native-like topology/connectivity information
by comparing SID and ECCR followed by SID for the tetradecamer of GroEL. Figures 4A and B show the SID mass spectrum
and charge deconvolved spectrum for native charge (68+ weighted average charge) GroEL. The monomer of GroEL is by
far the most abundant product ion with lower levels of dimer through 12mer. However, gas-phase charge reduction of
native charge GroEL (46+ weighted average charge) followed by SID (Figure 4C and D) yielded a significantly lower relative
abundance of monomer and very abundant 7mer corresponding to dissociation at the interface of the two stacked 7mer
rings. It should be noted that SID was performed at the same voltage in each case, corresponding to different SID energies
because charge is reduced in the ExD-SID device and charge and electric field determine kinetic energy. To confirm that
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the kinetic energy difference did not cause the spectral differences, we lowered the kinetic energy for the normal charge
GroEL and that did not yield increased 7mer.
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Figure 4. GroEL SID at 230 V under (A) raw data for native charge (68+ weighted average charge) and (B) deconvolved data
for native charge (C) raw data for gas-phase charge reduction (46+ weighted average charge) and (D) deconvolved data
for gas-phase charge reduction.

Application of ECCR to Glycoproteins

Posttranslational modifications pose significant challenges to mass spectrometric analysis at the intact protein and protein
complex levels. For glycosylation the challenge results from the immense complexity arising from glycosylation site
heterogeneity and glycan heterogeneity at each site. Electrospray ionization mass spectra of heterogeneously glycosylated
proteins and protein complexes contain complex overlapping distributions of peaks resulting from the observation of
multiple charge states and varying states of glycosylation.3! Heterogeneity is often sufficient to preclude mass
determination due to the inability to resolve distinct isotopic and or charge state distributions. An example of this is shown
in Figure 5 for VFLIP, a stable construct of the SARS-CoV-2 spike protein trimer with disulfide bonding between monomers
and native-like glycosylation which is of interest as an improved tool for diagnostics and vaccine design.>® Figure 5A shows
a broad and unresolved m/z distribution corresponding to the intact complex for which mass determination is not possible
by traditional mass spectrometry methods. To resolve charge states of VFLIP, ECCR was applied to the entire m/z
distribution of the intact complex, moderately reducing the charge in the gas-phase. The resulting mass spectrum in Figure
5B shows resolved charge states of the VFLIP complex which enable mass determination. An average mass of 506 kDa was
determined from UniDec consistent with the expected mass based on sequence and known glycosylation profile (expected
mass 510 kDa). The application of ECCR to the heterogeneous glycoprotein complex VFLIP illustrates the capability to
determine mass and resolve sources of heterogeneity when traditional native MS approaches don’t provide any
information. There are, however, alternative approaches that can be used for such heterogeneous samples. Mass
photometry utilizes the linear relationship between light scattered from a single particle and this particle’s mass to
measure masses of molecules.”””’° This instrument provides single molecule level studies in solution for proteins without
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labels.®’ The mass was measured using MP and the mass distribution centered at 510 kDa (see Figure S3A). Charge
detection mass spectrometry (CDMS)® and the recently commercialized version of CDMS, Direct Mass Technology (DMT)??
for Orbitrap mass analyzers, enables simultaneous detection of m/z and charge (z) of analytes. This approach is particularly
useful for mass determination of very large biomolecules, e.g., megadalton size viral capsids, where heterogeneity in
composition and incomplete desolvation yield very broad and unresolved spectra and for heterogeneous spike
proteins.®5381 CDMS was applied to a VFLIP spike protein and mass distributions centered at 513 kDa (HCD 0 V) and 509
kDa (HCD 200 V) were determined (see Figure S3B and C).
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Figure 5. (A) An unresolved native mass spectrum of the heterogeneously glycosylated spike trimer VFLIP.*® Inset shows
the ribbon structure of SARS-CoV-2 spike trimer (PDB: 6X79). Three protomers are shown in pink, green, or blue, and N-
glycans are shown in gold. (B) A charge state-resolved native mass spectrum of the spike trimer after electron capture
charge reduction (ECCR, voltage 7V). (C) The average mass is 506 kDa deconvolved using UniDec.*® (D) Selection of a
narrow m/z window (11900-11950) of the spike trimer without charge reduction. (E) A charge state-resolved native
mass spectrum after the m/z selection of D and electron capture charge reduction (ECCR, voltage 7 V). (F) The detected
masses are 499,799 Da, 500,950 Da, 511,614 Da, 512,771 Da. This was deconvolved using UniDec. *® (G) Zoom in for
spike trimer VFLIP from A with the positions of three narrow quadrupole selections shown. H) Plots showing ECCR
corresponding to the three narrow window isolations (10975-11025 (maroon); 11475-11525 (green); 11975-12025
(magenta), respectively. (I) Overlayed deconvolved mass spectra for data shown in panel G. The intensity was not
normalized to better reflect the original intensity in panel G. The detected masses for first narrow window selection
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(maroon) are 499,645 Da, 509,355 Da, 520,689 Da; those for the second (green) are 494,331 Da, 504,835 Da, 506,070
Da, 516,276 Da, and 517,408 Da; those for the third selection (magenta) are 503,916 Da, 514,746, and 526,832 Da.

While we can determine the average mass with CDMS, ECCR, or mass photometry of the full charge state distribution,
more detailed information on the different glycoforms present can be obtained using narrow window isolations and ECCR
across the unresolved region, enabling better resolution of the different glycoforms (Figure 5). Three narrow window
isolations across the unresolved charge state distribution, followed by ECCR, give results illustrated in Figures 5G and H.
ECCR of the narrow window isolation shows well resolved peaks that can easily be deconvolved to gain more accurate
mass measurements. Within each m/z selection window, 3-6 different mass species are observed (Figure 5F, 1), reflecting
the heterogeneity of the VFLIP glycosylation. For a protein complex with a lower total glycosylation mass, e.g.,
thyroglobulin, each m/z selection window results in a less complex distribution of glycoforms (see Figure S4) and narrow
m/z selection windows reveal glycoforms. Overlaying the deconvolved mass peaks from multiple narrow window
isolations for the spike protein (e.g., three shown in Fig. 51) reconstructs the original, unresolved VFLIP mass distribution,
providing a global glycan profile. This method of narrow-window m/z selection coupled to ECCR could be utilized as a
quick screen for glycan complexity under different expression conditions for therapeutic proteins or various variants of
concern in infectious diseases and could be coupled with in-depth glycoproteomics studies (top down or bottom up) when
the variable identities at each glycosylation site are required.

CONCLUSIONS

In this study, a prototype device combining ion-electron reactions and surface induced dissociation was developed and
incorporated into a commercial ultra-high mass range Q-Orbitrap mass spectrometer for the characterization of native
protein complexes. The new device enabled efficient and tunable gas-phase electron capture charge reduction (ECCR) as
demonstrated for GroEL by enabling detection of 8+ tetradecamer and pentadecamer at greater than 100,000 m/z.
Furthermore, we demonstrated that gas-phase charge reduction produces charge states that give native-like surface
induced dissociation fragments for C-reactive protein and GroEL. Additionally, ECCR yields mass spectra that enable mass
determination and better resolved heterogeneity in the glycoproteins stabilized VFLIP spike and thyroglobulin. This rapid
and tunable gas-phase charge reduction technique is complementary to charge detection mass spectrometry techniques
for very large and heterogeneous biomolecular assemblies and is expected to enhance future MS-based structural biology
approaches. Work is in progress that applies this approach to SARS-CoV-2 spike proteins from multiple variants of concern
and to other structural biology problems.
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