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Abstract
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Department of Chemistry

This dissertation describes new ion mobility-mass spectrometry (IM-MS) approaches for
the characterization and differentiation of similar proteins, namely antibodies. Antibodies form
the basis of a growing class of biotherapeutics, and they pose an analytical challenge due to their
size, flexibility, and heterogeneity. Thorough characterization is required for the safety and
efficacy of such therapeutics. IM is a gas-phase separation technique in which charged ions are
separated based on their size, shape, and charge, and from IM measurements, ions’ collision
cross-sections, Q, can be determined. When IM is paired with MS, which gives a readout of
ions’ mass-to-charge (m/z) ratios, richer structural information can be gained. The new
approaches described herein utilize various combinations of solution-phase chemistry, gas-phase
chemistry, and collisional activation in conjunction with IM-MS to probe gas-phase ion

structures and enhance the ability to distinguish between similar antibodies.



Chapter 1 reviews the effects of charge on ion structures through the discussion of results
from gas-phase charge-reduction experiments using cation-to-anion proton-transfer reactions
(CAPTR). Comparisons with results from other charge-reduction strategies are also provided.
Chapter 2 discusses the differentiation of 1gG1x and 1gG4« antibodies using combinations of
CAPTR, collisional activation, and IM-MS. The novel application of a Jensen-Shannon
similarity score for the quantitative comparison of apparent Q distributions is also introduced.
Pre-CAPTR and post-CAPTR activation are applied, and the quantitative comparison of Q
distributions reveals that, relative to established workflows using energy-dependent IM without
charge-state manipulation, pre-CAPTR activation and post-CAPTR activation both enhance the
differentiation of these antibodies by IM-MS.

Chapters 3 and 4 discuss the use of reducing agents in native IM-MS for the maintenance
of redox conditions in electrospray solutions and for the performance of disulfide bond
reduction. Chapter 3 investigates the addition of three common reducing agents to protein
electrospray ionization solutions and provides needed guidance on which reducing agents and
concentrations minimize mass spectral signal interference and protein structural disruption.
Chapter 4 introduces a novel programmed-temperature electrospray ionization (ptESI) source
and a novel method for performing disulfide bond reduction of proteins with real-time
monitoring by MS or IM-MS. The temperature and time resolution allows experimenters to view
the onset and progression of bond reduction, rather than just the final product. Four antibody
samples are subjected to real-time disulfide bond reduction, and the antibodies are easily
distinguished by their reduction profiles, suggesting that this method is sensitive to the stability
and disulfide-bond connectivity of these proteins. Overall, the new IM-MS methods presented

here could be implemented to enhance current biotherapeutic characterization workflows.
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Chapter 1. Effects of Charge on Protein Ion Structure: Lessons from Cation-to-Anion,

Proton-Transfer Reactions

This chapter is reproduced with permission from Gozzo, T.A., Bush, M.F. “Effects of charge on
protein ion structure: Lessons from cation-to-anion, proton-transfer reactions.” Mass

Spectrometry Reviews 2023. Copyright 2023 Wiley
1 Introduction

In cation-to-anion, proton-transfer reactions (CAPTR), gas-phase protein cations are
quadrupole-selected and reacted with even-electron monoanions to generate a sequential series
of charge-reduced cation products.! CAPTR products are then analyzed using ion mobility (IM)
mass spectrometry (MS). The precursors and products of CAPTR can also be manipulated using
other MS-based techniques, including collisional activation, before mass analysis.> We first
introduce the foundations and context for these experiments, including charging during
electrospray ionization (ESI), IM of ESI-generated protein ions, and methods for manipulating
the charge states of protein ions. We then describe various aspects of CAPTR experiments,
review the results of our CAPTR-IM-MS studies, and discuss how those results contribute to a

deeper understanding of the relationship between protein ion structure and charge state.
1.1 ESI and Charge-State Distributions

Inherent to the formation of ions is the acquisition of charge. For example, subjecting
proteins in solution to positive-mode ESI generates cations with excess protons. The charge
states of proteins in solution, and in vivo, depend on the pH of the solution or cellular
environment, amino acid composition, protein structure, and interactions with other molecules.

Notably, Figure 1.1A shows that charge states of proteins in solution are uncorrelated with mass.?
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In contrast, the charge states of ESI-generated ions are strongly correlated with mass for well-
folded proteins and uncorrelated with the corresponding charge states in solution.® This leads us
to consider the factors that influence observed gas-phase charge-state distributions, and
additionally, how that charging affects the structures of gas-phase ions relative to their

condensed-phase counterparts.
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Figure 1.1. (A) Net charges of proteins in solution estimated based on the pKa of
constituent amino acids.* Nano-ESI of B-galactosidase in 200 mM ammonium
acetate at pH 7.0 measured in (B) positive and (C) negative polarities. Spectrum
D is similar to spectrum B, but the solution also contained 10 mM triethylamine
and additional charge-reduced cations were also observed. (E) Absolute value of
the average charge states of selected protein and protein complex ions in positive
(red) and negative (black) ion mode as a function of mass. Power functions are fit
to the data to serve as a guide to the eye. The bars on those markers span two
standard deviations of the observed charge-state distribution. The mean and width
of each charge-state distribution varied little between experiments performed over
several months. Figure and caption adapted with permission from Allen et al.

(2013).3

A detailed discussion of proposed ESI mechanisms is beyond the scope of this review,
but the ionization process is important to answer these questions. There is no singly agreed upon
mechanism to date, but molecular size appears to play a role.>® The charged-residue model is
often invoked when discussing the multiple charging of macromolecules;’® however, the
charged-residue model alone does not explain all observations.>’ For example, it does not
explain the polarity dependence of protein ion charge-state distributions: lower average charge
states are observed for anions from negative-mode ESI than for cations from positive-mode ESI
(Figure 1.1B-E), though anions and cations have been found to be similar in size.* These
observations and others have been used as evidence to support the combined charged-residue,

field-emission model, in which the charge states of many protein ions are limited by competitive


https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/mas.21847#mas21847-bib-0004
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emission of charge carriers during the final stages of analyte desolvation.** Positive-mode ESI is
most used for the study of proteins, so protein cations are the primary focus of this review.

In addition to molecular size, the observed charge-state distributions of macromolecules
can depend on solution conditions before ESI.!®!? Native-like solution conditions seek to
preserve noncovalent interactions from the solution environment into the gas phase; these are
typically aqueous solutions at neutral pH with similar ionic strength to physiological
conditions.!? Native-like conditions produce narrow charge-state distributions with lower
average charge states. In contrast, denaturing solution conditions often contain organic solvent
and/or have acidic pH; generating ions from denaturing conditions yields wider charge-state
distributions and higher average charge states.'> Other factors that can affect the observed
charge-state distribution in ESI include current and voltage,'® the position of the ESI emitter
relative to the atmospheric-pressure interface to the mass spectrometer,'* and other IM-MS

instrument parameters. !>

1.2 IM-MS of Protein Ions

IM-MS is sensitive to the structures of gas-phase ions, and it is increasingly being applied
to questions of structural biology.!” MS is sensitive to the mass and charge of ions, whereas IM is
sensitive to the size, shape, and charge of ions. In IM, ions are propelled forward by an applied
electric field (£) and slowed down by collisions with a background gas. Ions' mobilities (K) are

calculated from their drift times (%) through a cell of length, L:
K= — (1.1)
Within the low-field limit, the kinetic energy imparted by the drift field is negligible compared to

the thermal kinetic energy, and the collision cross-section, 2, can be calculated using K and the

Mason-Schamp equation:'®
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1

0= o Gr) (12)
where e is the elementary charge, z is the ion charge state, N is the drift gas number density, u is
the reduced mass of the ion—drift gas pair, kg is the Boltzmann constant, and T is temperature of
the drift gas.

Since generating gas-phase ions is central to making IM-MS measurements, it is
important to consider how charge affects the structures of the analytes. As mentioned previously,
ESI of proteins in denaturing solutions yields ions with higher charge than those generated from
native-like solutions. IM results show that more highly charged ions also exhibit larger Q
values.!®!21%20 IM-MS experiments probing the effect of ESI solution conditions consistently
show a strong link between charge and Q.'°~?* For instance, ubiquitin ions generated by ESI from
denaturing conditions of 1:1 water: acetonitrile with 2% acetic acid resulted in charge states 6+
to 13+,%* whereas 4+ to 6+ were observed under native-like conditions of aqueous 200 mM
ammonium acetate at pH 7.2 Denatured ions exhibited larger Q values than native-like ions,
suggesting unfolding and elongation of the structures. Interestingly, the 6+ ions from denaturing
conditions exhibited multimodal € distributions: as shown in Figure 1.2, some ions exhibited Q
values similar to native-like 6+ ions and close to values calculated using crystal structures,
whereas other ions exhibited larger Q values indicative of partial unfolding.?* Such studies
provided foundational insights into the contributions of solution conditions and charge state to
the structures of gas-phase ions. To investigate these relationships more extensively, a variety of

charge-manipulation strategies have been pursued.
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Figure 1.2. Experimental collision cross sections for all conformations and charge
states observed for ubiquitin, including those produced via charge reduction. 6+ to
13+ charge states were observed directly from electrospray ionization from 1:1
water: acetonitrile with 2% acetic acid. The vertical lines correspond to a
distribution of unresolved conformations having a range of collision cross-
sections. The filled circles that are superimposed on the lines correspond to
reproducible maxima in the unresolved spectra. The horizontal dashed lines
correspond to the calculated cross sections for the crystal conformer (C) and the
near-linear conformer (L). Horizontal dotted lines are used to divide the data into
three conformer types: compact, partially folded, and elongated. Figure and

caption adapted with permission from Valentine et al. (1997b).%*

This review focuses on the effects of charge state on the structures of protein ions. Note
that charge state also contributes to the Q of an ion, even without any changes in structure,

because of long-range interactions between the ion and drift gas.?*"*® The magnitude of this


https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/mas.21847#mas21847-bib-0101
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effect increases with the polarizability of the drift gas. Most results described in this review are
based on IM measurements performed in helium gas, which has very low polarizability and

minimizes this effect.?®

1.3 Charge-State Manipulation
1.3.1 Solution Additives

Supercharging or charge-reducing agents can be added to solution to generate different
charge-state distributions after ESI.>"!1:23¢ Generating ions from denaturing or supercharging
conditions are common approaches to produce broader charge-state distributions,'>*” but these
strategies typically result in greater spectral congestion due to the presence of many different
highly charged ions with smaller differences in m/z, which can make it more challenging to
resolve bound species or interfering components. Increasing charge may not produce desirable
conditions for maintaining native-like structure; Coulombic repulsion can preferentially favor
extended structures relative to compact structures,*® and supercharging agents are associated with
protein unfolding.'!**37 Charge reduction is advantageous because it creates additional charge
states and can potentially resolve more species at higher m/z. A drawback to using solution-phase
additives is that they can make it more challenging to isolate contributions from solution
conditions, ionization, and gas-phase charge state on the structures of the resulting ions.
Additionally, the entire sample is exposed to the charge manipulation agent, whereas some gas-
phase techniques discussed below may enable the isolation of subpopulations of ions before

charge reduction.

1.3.2 Ion/Neutral Chemistry
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Gas-phase reactions can decouple ionization and charge modulation, so contributions
from changes in charge can be isolated from solution-phase interactions. Gas-phase charge
reduction can be accomplished by ion/neutral or ion/ion reactions. lon/neutral reactions
frequently utilize proton transfer. For example, protein cations can be reacted with vapors of
neutral basic reagents, and the extent of charge reduction depends on the number of ion/reagent
collisions, the thermodynamics of the reaction, and other factors that affect the fraction of
ion/reagent collisions that lead to products, i.e., the reaction efficiency.**** Even with strong
“proton sponges,” this charge reduction strategy is not universal and may compete with
ion/neutral clustering.*** As charge state decreases, the reaction efficiency also decreases,
which limits the extent of charge reduction.*>**** The low volatility of some reagents also causes

persistence in vacuum systems and limits usable pressures.>®4043

1.3.3 Ion/Ion Chemistry

Ion/ion reactions benefit from long-range Coulombic attraction, exothermicity at all
charge states, and the ability to quickly modulate or purge anions.** Ion/ion reactions primarily
proceed through electron or proton transfer, though ion exchange or adduction can also occur.*>

For reactions of multiply charged cations and singly charged anions, proton transfer, and electron

transfer compete. Proton transfer is more likely when even-electron anions are used:**

[M + xH]** + A~ > [M + (x — 1)H]*"V* + AH (1.3)
This reaction yields a charge-reduced cation that is also even electron; fragmentation of these
products is rare.*’*® Electron transfer is more likely when a radical anion is used:*’
[M + xH]** + A~ — [M + xH]"®~D* + 4 (1.4)
This reaction yields a charge-reduced cation that is odd electron, i.e., a radical cation. When

electron transfer yields products that have the m/z of the expected charge-reduced product, it is
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also possible that radical-induced cleavages occurred, but that fragments remain bound through
noncovalent interactions.*’**>* Therefore, Reactions 1.3 and 1.4 may yield charge-reduced
products that have very different structures. Although beyond the scope of this review, ion/ion
chemistry enables many other exciting reactions,’! including the ability to invert the polarity of
protein ions®? and form crosslinks that are sensitive to the gas-phase structures of protein ions.>
)

The advent of electron-capture dissociation (ECD)™, and electron-transfer dissociation

(ETD), techniques helped motivate additional electron-based charge-transfer studies.’*> In
ECD, low-energy electrons are captured, forming odd-electron species, which frequently
undergo fragmentation at the backbone N—C. bonds.®*®* In ETD, instead of free electrons,
anions are used to transfer electrons to cations; ETD has been found to produce similar
fragments to ECD.>*® Charge-reduced products are also observed from both ECD and
ETD,*38 but ETD has been used more extensively to intentionally generate those
products.64%3863 Both charge-reduction ETD (crETD) and electron transfer with no dissociation,
i.e., ETnoD, are used to describe the use of ETD as a charge-reduction technique. For ease of
discussion, we will use crETD to refer to both implementations for the remainder of the review.
Some reagents that have been used for crETD are fluoranthene, azobenzene, 1,3-
dicyanobenzene, 1,4-dicyanobenzene, and p-nitrotoluene, 3649366364

Perfluorocarbons have several properties that are beneficial for proton transfer.**
Foundational studies using perfluoro-1,3-dimethylcyclohexane (PDCH) as an anion source were
particularly useful for reactions with protein cations. Many of these experiments were performed
on a modified 3D quadrupole ion trap.®> An ESI source produced peptide and protein cations,

and an atmospheric-sampling, glow-discharge interface produced anions from vapors of PDCH.

The ion trap was floated at a negative voltage for the accumulation of cations, a precursor ion
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isolation step followed,* and then the trap offset was switched to a positive voltage for the
subsequent injection of anions. A period of mutual storage followed during which the voltage
was held at or near zero, and ions were permitted to react. Anions were often removed, and then
cations were detected. High-m/z measurements were made using resonance ejection.®’

Using this setup, ions of insulin, ubiquitin, cytochrome ¢, myoglobin, albumin,
transferrin, phosphorylase B, and more were reacted with PDCH anions.**%> From these
experiments, key aspects of these reactions were revealed. For one, anions derived from PDCH
formed no adducts with peptide and protein cations, but, for other anions studied, adduction to
high-mass cations was observed.** Furthermore, no evidence of product cation fragmentation
was observed, despite the net exothermicity of the reactions.** It was additionally found that
PDCH-derived anions resist electron transfer, likely due to their high electron affinity and the
instability of radical products.*’ Finally, favorable reaction kinetics were demonstrated under
pseudo-first-order conditions; rates increase with the square of the charge state, and the reaction
efficiency is constant for all charge states.***® This work also highlighted the utility of proton-
transfer reactions for assigning the charge state and mass of protein analytes as well as for

resolving interfering signals.*>46

1.3.4 Atmospheric-pressure Analogues

As mentioned previously, it is useful to perform reactions within the mass spectrometer,
but charge reduction can be performed at the instrument interface, for example, by positioning a

6970 or an o emitter’! adjacent to the ESI emitter induces

corona-discharge ionization source
charge reduction. The first reported implementation of gas-phase ion/ion reactions of multiply

charged ions used a y-tube reactor at atmospheric pressure coupled with a quadrupole mass

filter.”>”® In these cases, the reactant ion species are not specifically identified because they are
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formed by discharge or o particle reactions with air or bath gas at near-atmospheric pressure. The
chemistry of the reactions is less clear. lon/neutral reactions have also been performed at

atmospheric pressure by exposure of generated ions to nebulized base.?’
1.4 Combining Charge-state Manipulation and IM-MS

IM-MS has been combined with the full catalog of charge-manipulation strategies to
achieve a range of goals including increasing the information content of experiments and probing
the effects of charge on ion structure. For example, Clemmer and coworkers performed
groundwork in incorporating IM after ion/neutral proton-transfer reactions of protein ions,
investigating the effects of multiple different reagents.?**>’* The first instrument integrating an
IM separation of charge-reduced products following ion/ion reactions was reported by Badman
and coworkers; it included three ion sources, a 3D ion trap where ion/ion chemistry was
performed, an IM drift tube, and a quadrupole-time-of-flight mass spectrometer.” The
implementation of CAPTR with IM-MS is described in the following section. Selected results
from IM-MS studies using different charge-reduction strategies will be discussed in the

Comparison to Other Charge Reduction Strategies section.
2 CAPTR Implementation and Effects on Mass Spectral Analysis
2.1 Instrumentation

CAPTR experiments were performed on a Waters Synapt G2 HDMS modified with a
radio frequency-confining drift cell’® and a glow-discharge ionization source to generate
monoanions for ion/ion chemistry,”’ as shown in Figure 1.3A. In collaboration with Frantisek
Turecek, this instrument has also been used to characterize the structures of peptide ions and

their ETD products.”®®** A nanoESI source was used to generate protein cations from borosilicate
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capillaries with inner diameters of 0.78 mm pulled to a 1-3 pm tip for all studies. By inserting a
platinum wire into the wide end of the capillary, electrical contact with the solution was
established. The atmospheric—pressure interface was held at an elevated temperature of 120 °C
for the duration of experiments to prevent fouling of the ion optics; some experiments used a
temperature-controlled source for independent control of the temperatures of the sample
capillary and MS interface since heat transfer to the capillary had been observed.®> PDCH was
placed in the solvent reservoir at room temperature, and nitrogen gas seeded with the headspace
vapor was introduced to a stainless-steel discharge needle positioned after the sampling cone.
[PDCH-F] monoanions were generated by glow discharge, quadrupole selected at m/z 381, and
accumulated in the stacked-ring ion trap cell for 100 ms. The instrument was then switched to
positive polarity, and cations, the whole population or a quadrupole-selected population, were
transmitted through the cloud of anions for 1-10 s. During transmission, the traveling-wave
amplitude in the trap remained at 0 V for maximum spatial overlap of cations and anions. Figure
1.3B shows the relative potentials applied to ion optics during anion fill and cation transmission
under minimal-activation conditions. Figure 1.3C shows the relative potentials during
experiments that activate cations before or after CAPTR. Residual precursor ions and charge-
reduced products were sent on to the drift cell, the collision cell, and then to the time-of-flight
analyzer. Unless otherwise stated, the drift gas was helium for the discussed experiments. The
use of this platform for characterizing the relationship between charge and gas-phase ion

structure is discussed in Section 3.
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Figure 1.3. (A) Diagram of the modified Waters Synapt G2 HDMS used in these
experiments. Anions (green) are generated by glow-discharge ionization and
accumulated in the trap cell. Cations (purple) are generated by nanoESI and are
trapped with anions for CAPTR. Residual precursor and CAPTR product ions are
separated using IM in a radio-frequency confining drift cell before mass analysis.
(B) Relative potentials applied to selected ion optics during cation transmission

(solid purple line) and anion fill (dashed green line). (C) Representative potential-
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energy diagrams for cation transmission during minimal activation, pre-CAPTR
activation, and post-CAPTR activation experiments. Panels (A) and (C) and
associated caption adapted with permission from Laszlo et al. (2016).> Panel (B)

and associated caption adapted with permission from Laszlo and Bush (2015).!

The instrument geometry used for CAPTR is most similar to that of Badman and
coworkers.” Our implementation differs from previous approaches in that ion/ion chemistry is
performed in a stacked-ring ion guide, and the anion population is depleted significantly during
most experiments, so pseudo-first order conditions are not maintained.' In previous approaches,
the reaction time was tuned to preferentially form a specific charge-reduced product of interest,
but with CAPTR a wider range of z values for charge-reduced products are observed

simultaneously.’
2.2 Charge-state Determination, Mass Assignment, and Resolution

Although this review is focused on the effects of charge on protein ion structure, we also
want to comment on the utility of CAPTR to aid in the interpretation of native mass spectra,
which often exhibit congestion and narrow charge-state distributions that challenge charge-state
assignments and determination of mass.3* Creating additional charge states helps alleviate the
uncertainty in this process. Figure 1.4 shows a native mass spectrum of pyruvate kinase and the
CAPTR mass spectrum of the isolated m/z 7200 ions.! Simulated mass spectra corresponding to
charge state assignments of 31+, 32+, and 33+ for the precursor ion are plotted over the
experimental spectra. Each of the simulated native mass spectra provides a reasonable
representation of the experimental native mass spectrum, but only the simulated CAPTR mass

spectrum for the charge-state assignment of 32+ agrees well with the experimental CAPTR
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spectrum. With CAPTR, the ambiguity in charge state was virtually eliminated. Adjacent mass
spectral peaks that differ by one charge have increased spacing at higher m/z, so, for example, a
12+ ion of neutral mass 223.1 kDa, a 13+ ion of neutral mass 230.1 kDa, and a 14+ ion of neutral
mass 237.3 kDa can be resolved in m/z space. Additionally, increasing the number of mass
spectral peaks provides more observations for mass determination. This is a benefit of any
strategy that increases the available charge-state observations, but CAPTR both increases the
number of observations and the spacing between peaks. The accuracy of the mass analyzer and
the mass heterogeneity of the analytes stemming from incomplete desolvation, nonspecific
adduction, covalent modifications, and so on, become the main contributing factors to mass

uncertainty.

Simulated Precursor MS N CAPTR MS
Spectra ¥ T 7
. (A) (D) 3
Zmodel Mpyodel b
[] 31+ 223.1kpa \\\ E
® f u (E)
|:| 32+ 230.1kDa 3 E
(©)
| | 33+ 2373kDa
6500 7500 m/z 8000 10000 14000 18000 m/z

Figure 1.4. (A)—(C) Each shows a simulated spectrum (blue, red, and green)

modeling the experimental native mass spectrum of pyruvate kinase (black).
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Assigning the base peak at m/z 7200 a charge of 31+ (A, red), 32+ (B, blue), or
33+ (C, green) results in apparent masses of 223.1, 230.3, and 237.3 kDa,
respectively; (D)—~(F) Each shows a simulated spectrum modeling the
experimental CAPTR spectrum for the m/z 7200 peak of pyruvate kinase. These
spectra were simulated using the mass determined for the corresponding model of
the native mass spectrum. Intensities were set manually to resemble the intensities
in the experimental spectrum. Figure and caption adapted with permission from

Laszlo and Bush (2015).!

CAPTR can also increase the resolution of interfering species in congested mass spectra,
analogous to previous approaches by McLuckey and coworkers in ion traps.*+638386 The
improved resolution was demonstrated using yeast enolase and bovine serum albumin.! In the
native mass spectra, peak overlap was observed, but after isolating an overlapped peak and
performing CAPTR, the products were well resolved. After 12 CAPTR events, the mass spectral
resolution was 54 compared to 0.016 for the precursors. The change in resolution with charge
reduction depends on the effect of each CAPTR event on the peak width and centroid values of

product ion distributions. The following equation predicts the resolution of two peaks as a

function of the number of CAPTR events (n):

my My
@G- @n)

zx Z;
T ()

where m, z, and o are mass, charge, and standard deviation of species x and y. z* and o* signify

(1.5)

Reaprr(n) =

the charge state and standard deviations of the initial precursor ion specifically. The relationship

between charge and peak width is based on fundamental time-of-flight equations;®’ this equation
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assumes that centroid values shift only because of the changes in charge state. In sum, CAPTR

provides a facile way to resolve components in high-mass, heterogeneous samples.
3 Effects of CAPTR on the Structure of Protein Ions

Observations of CAPTR with PDCH-derived monoanions support previous findings that
proton transfer is the predominant charge-transfer pathway, rather than anion adduction or
electron transfer.! Unlike electron transfer, no evidence for fragmentation has been observed
during CAPTR experiments.!!1:?88388These properties of CAPTR, in addition to the wide range
of charge states produced for structural characterization and mass assignment, support its utility
as an analytical platform. In this section, we review the results of CAPTR-IM-MS of various

protein cations generated from different solutions.
3.1 CAPTR of Protein Ions from Denaturing Solutions

As discussed previously, ions generated from denaturing solutions yield more highly
charged ions with larger Q values, indicating varying degrees of protein unfolding. By
monitoring changes in Q, we used CAPTR to investigate whether charge reduction can mitigate
some of the structural effects associated with denaturing conditions. Studies also helped
investigate the relationship between protein mass, €2, and the extent of refolding with charge
reduction. Ions of ubiquitin (8.6 kDa, monomer), cytochrome ¢ (12 kDa, monomer), lysozyme
(14.3 kDa, monomer), bovine serum albumin (BSA, 66 kDa, monomer), and antibodies, IgG1
(149 kDa, heterotetramer) and [gG4 (156 kDa, heterotetramer), were probed using various
denaturing conditions. Ubiquitin and cytochrome c ions were both generated from 70:30
water:methanol acidified with trifluoroacetic acid to a pH of 2.8} Ubiquitin ions with charge

states of 5+ to 13+ were observed from ESI, and from each precursor ion, CAPTR products as
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low as 3+ in charge were observed.? For ease of discussion CAPTR ions will be represented by
“P — C” for the remainder of the review where “P” is the precursor ion charge state and “C” is
the product ion charge state. For example, ubiquitin 13 — 3 specifies the 3+ CAPTR product ion
generated from the 13+ precursor.

Figure 1.5A shows the Q distributions for the 13 — C ubiquitin ions. With increasing
numbers of CAPTR events (i.e., decreasing C), the distributions shift to smaller Q values. The
distributions appear relatively symmetric for large and small values of C, whereas the
distributions appear multimodal for intermediate values of C. The largest compaction for
denatured ubiquitin was observed for the 13 — 3 ions; this corresponds to a 50% decrease in €,
indicating significant refolding upon reduction in charge by 10 CAPTR events.” Figure 1.5B
shows the Q values found for all P — C ubiquitin ions—these values depend strongly on C and

weakly on P. Differences between selected P — C ubiquitin ions will be discussed in Section 4.
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Figure 1.5. (A) Normalized Q distributions of all 13 — C ions of ubiquitin. All
ions except 13 — 6 and 13 — 5 exhibit monomodal Q distributions. 13 — 6 and

13 — 5 exhibit trimodal and bimodal Q distributions, respectively. (B) Q of
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precursor (P) and CAPTR product ions (P — C) of ubiquitin. The lowest charge
state product detected for each precursor ion was 3+. Precursor charge states are
represented by differently colored circles, which were selected to facilitate
visualization of the data. Average Q of 4+ to 6+ ubiquitin from a native-like
solution?® is shown with a dotted line for comparison. Figure and caption adapted
with permission from Laszlo et al. (2016).> CAPTR, cation-to-anion, proton-

transfer reaction.

Generated from the same solution conditions, cytochrome c cations as high as 18+ in
charge were observed.®® Figure 1.6A shows the Q distributions for the 18 — C cytochrome ¢
ions; these distributions follow the general trends with decreasing C that were described for the
13 — C ubiquitin ions. The 18+ precursor ions exhibited a near 56% decrease in Q2 on charge
reduction to 4+ and 3+, corresponding to 14 or 15 CAPTR events. To compare with ubiquitin
after 10 CAPTR events, cytochrome ¢ 18 — 8 compacted by 30%. Interestingly, cytochrome ¢
13 — 3 ions, also produced by 10 CAPTR events, compacted by 49%. Lysozyme ions were
generated by ESI from 1:1 water:acetonitrile with 0.2% acetic acid.”® Under these conditions, 8+
to 13+ ions were produced. The 13 — 3 ions were the lowest-z CAPTR products observed with a
corresponding 37% decrease in Q. BSA ions, which are much larger in mass than lysozyme ions,
were generated from 70:30 water:methanol with 0.2% formic acid.!! Tons up to 45+ in charge
were subjected to CAPTR. Following 35 CAPTR events, the 45 — 10 ions decreased 48% in Q
from that of the precursor (Figure 1.7C). After 10 CAPTR events, Q decreased by only 10%.
IgG1 and IgG4 ions were generated by ESI from aqueous 0.1% acetic acid; these ions are over

twice as large in mass as BSA ions (Gozzo & Bush, manuscript submitted). 49+ ions were the
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ions of highest z subjected to CAPTR, yielding products as low in z as 15+ and 16+ for IgG1 and
IgG4, respectively (33—34 CAPTR events). The parallel decrease in Q was 21% for [gG1 and
17% for IgG4. After 10 CAPTR events, 49 — 39 ions had only decreased by 5.4% and 4.3% in Q

for IgG1 and IgG4, respectively.
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Figure 1.6. (A) Apparent Q distributions for all 18 — C ions of cytochrome c
from denaturing conditions. (B) Q distributions for all 7 — C ions of cytochrome

¢ from native-like conditions. The Q distribution (black solid lines), cumulative



distribution (red lines), and critical Q values (black dashed lines) for the (C)

18 — 9 and (D) 9 — 9 ions from denaturing conditions. All experiments probed

ions generated using a temperature-controlled, electrospray ionization source set

to 25°C. Figure and caption adapted with permission from Laszlo et al. (2017a).%®
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DRSCp_C, P=70 and 80, ions, (B) the P'5CP—C, P=50, 60, 70, and 80, ions, (C)
the P'45—C ions, and (D) the MS¢P—C, P=18 to 21 (copper tones), and the
Np_C, P=15 to 17 (cool tones), ions. (E) Summary of results for the highest P
from each solution condition, that is, the PR5¢80—C, P'5¢80—C, P'45—C,

NISC21 -, and N'17—C ions. The inset of E shows the results for PRS¢80—C,
DISC80—C, P'45—C ions for 20 > C > 10. Figure and caption adapted with
permission from Gadzuk-Shea and Bush (2018).!" CAPTR, cation-to-anion,
proton-transfer reaction; DI, denaturing, disulfide-intact; DISC, denaturing,
disulfide-intact, supercharging; DRSC, denaturing, disulfide-reducing,
supercharging; IM, ion mobility; MS, mass spectrometry; NI, native-like,

disulfide-intact; NISC, native-like, disulfide-intact, supercharging.

A summary of the results for CAPTR of denatured protein ions can be viewed in Figure
1.8A,C. Across the board, protein cations generated from denaturing solutions all refolded to
some extent following CAPTR. The extent to which, if at all, removing excess charges may
enable protein ions to form new interactions that are also present in the corresponding native
structures is unclear. For example, molecular dynamics simulations of 13+ ubiquitin in the gas
phase following sequential proton stripping results in the formation of increasingly compact
structures that yield calculated Q values that are qualitatively similar to many of our
experimental observations for the CAPTR products of 13+ ubiquitin generated from a denaturing
solution.® The proton-stripped 3+ ions from the simulations had calculated Q values similar to

20,25

those measured for native-like ubiquitin ions== and similar to those previously calculated for

native structures of ubiquitin.”®! However, the molecular-dynamics structures were “inside-out,”
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with new electrostatic interactions on the interior and hydrophobic residues on the exterior, as
shown in Figure 1.9.% Additional simulations would benefit our understanding of the specific
structural changes that occur at the molecular level following individual CAPTR events,
especially for ions that exhibit Q distributions that depend strongly on how they were formed
(e.g., 7+ ions from different solution conditions or from different numbers of CAPTR events). A
trend between the degree of compaction and mass was also observed. As the ions increased in

mass, the level of collapse in Q from precursor ions to CAPTR products tended to decrease. This

trend will be discussed further in Section 3.4.
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Figure 1.8. Summary of CAPTR results across different studies. Q values used to
determine Qproduct/ Qprecursor correspond to either the centroid values of the
Gaussian fits of the Q distributions or to the 50% critical value calculated from
cumulative distributions functions (integrations of apparent Q distributions),
depending on the study. (A) and (C) Results from protein ions generated by ESI
from denaturing conditions. (B) and (D) Results from protein ions generated from
native-like conditions. (A) and (B) Represent Qproduct/ Qprecursor as a function of
charge state, so precursors are of the highest charge and have Qproduct/Qprecursor
equal to 1.0. (C) and (D) Represent Qproduct/ Lprecursor as a function of m/z, so
precursors are of the lowest m/z. Protein abbreviations are as follows: cytochrome
¢ (cyt ¢), lysozyme (lyso), ubiquitin (ubq), bovine serum albumin (BSA),
streptavidin (SAVD), avidin (AVD), and alcohol dehydrogenase (ADH). CAPTR,

cation-to-anion, proton-transfer reaction; ESI, electrospray ionization.
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Figure 1.9. Cartoon summary of protein folding (A) in the gas phase and (B) in
aqueous solution. Native ESI provides a connection between the two energy
landscapes. Protein chains are shown in hydrophobic (green) and hydrophilic
(positive/blue, negative/red) residues. An extended Usperches cOnformation was
included in (B) to facilitate comparisons with the gas-phase behavior; we do not
suggest that folding in solution generally starts from Usgeschea. Figure and caption

adapted with permission from Sever and Konermann (2020).%° ESI, electrospray

ionization.

3.2 CAPTR of Protein Ions from Native-Like Solutions

CAPTR was also applied to investigate the relationship between Q and charge for protein
ions generated from native-like conditions. Native-like solution conditions were the same for all

protein cations probed: aqueous 200 mM ammonium acetate at pH 7. Cytochrome ¢, lysozyme,
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BSA, and IgG proteins were probed under both denaturing and native-like conditions, so they
will be discussed first. The observed charge states were lower overall when compared to
denaturing conditions, as expected. The most-intense charge states observed directly from
electrospray were 6+ to 8+ for both cytochrome ¢ and lysozyme. The 7+ cytochrome ¢ precursor
ions gave rise to CAPTR products as low as 3+ in z, corresponding to four CAPTR events.** The
7 — 3 ions were observed to be 11% smaller than their 7+ precursors (Figure 1.6B). Lysozyme
8+ precursor ions yielded lowest-z CAPTR products of 3+ as well; these were 8.4% smaller than
their precursors.?® For comparison, lysozyme 7 — 3 products were only about 6.3% smaller than
the 7+ precursors.

CAPTR of the native-like ions of BSA yielded a maximum compaction of 6% for the
17 — 6 ions, corresponding to 11 CAPTR events'! as shown in Figure 1.7D. From recent work
probing IgG1 and IgG4 ions, maximum relative decreases in Q of 2.3% and 2.2% were observed
for the IgG1 25 — 13 ions and IgG4 26 — 14 ions, respectively (Gozzo & Bush, submitted).
Twelve CAPTR events occurred in both cases. Additional native-like proteins probed by CAPTR
included avidin (64 kDa, homotetramer), streptavidin (53 kDa, homotetramer), and alcohol
dehydrogenase (147 kDa, homotetramer). Relative to their precursor ions, the maximum
decreases in Q values of the product ions were 2.9%, 2.3%, and 3.6% for avidin, streptavidin,
and alcohol dehydrogenase, respectively, which occurred within the first few CAPTR events

(Figure 1.10).
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Figure 1.10. Q values of the P — C ions of (A) serum albumin, (B) streptavidin,
(C) avidin, and (D) alcohol dehydrogenase, where “P” is the charge state of the
precursor and “C” is the charge state of the CAPTR product. The bars span the
95% confidence interval for each value, and the upper and lower limits of each
panel correspond to the Q values calculated using the projection approximation,
PA, and exact hard spheres scattering, EHSS, methods. The different colors
indicate ions from different P. Figure and caption adapted with permission from

Laszlo and Bush (2017).38 CAPTR, cation-to-anion, proton-transfer reaction.

A summary of the results for CAPTR of native-like protein ions is shown in Figure 8B,D.
Overall, minimal compaction was observed with charge reduction by CAPTR indicating that the
excess charges on native-like ions have a relatively small impact on Q. Less charge-state
dependence was observed than for the unfolded ions generated from denaturing solutions. €2
values of cytochrome ¢ and lysozyme exhibited a stronger dependence on C than those of the
other proteins studied. Trends in this data and comparisons to those for denatured ions will be

discussed in Section 3.4.
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3.3 Comparing Solution Conditions for Single Proteins

In addition to examining the effect of charge state on protein ions spanning a range of
masses and  values, CAPTR-IM-MS was used to investigate the relationship between Q and
charge reduction for gas-phase ion structures of a single protein generated from different solution
conditions. Our broadest study of the relationship between solution conditions, charge state, and
Q) was one in which bovine serum albumin, BSA, ions were generated from five different
solutions ranging from native-like to very disruptive.!' These conditions are referred to as native-
like, disulfide-intact (NI); native-like, disulfide-intact, supercharging (NISC); denaturing,
disulfide-intact (DI); denaturing, disulfide-intact, supercharging, (DISC); and denaturing,
disulfide-reducing, supercharging (DRSC), as described in the original work.!! The more
disruptive the original solution, the higher the charge states, the wider the charge-state
distributions, and the larger the initial Q values. Despite some overlap in the observed charge
states produced (DISC and DRSC), none of the observed Q values overlapped, indicating that
ion structure depended strongly on the original solution conditions.

A subset of BSA ions from each condition was selected and subjected to CAPTR (Figure
1.7). Q values of P — C ions from both DRSC (P =70 and 80) and DISC (P =50, 60, 70, and 80)
conditions depended weakly on P and decreased monotonically with decreasing C. lons from DI
conditions exhibited lower charge states than those from DISC conditions, so the selected
precursor was 45+. A steady decrease in Q was observed for most 45 — C ions, except for 35+ to
40+ products, which all had similar Q values. Compared to ions from native-like conditions, ions
from denaturing conditions exhibited more significant compaction with decreasing C due to
refolding. From NISC conditions, precursors of charge 18+ to 21+ were selected. For P =19 to

21, a steeper decrease in Q was observed for the first CAPTR event with smaller decreases in Q
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for the remaining charge reduction down to C=6. 18 — C ions from NISC conditions were all
similar in Q. Some ions from NISC conditions exhibited weak dependence on P, for example,
the P — 14 ions increase in Q with increasing P, but the lowest C ions (6+) exhibited no trend in
Q with P. From NI conditions, P =15 to 17, and Q values for the P — C ions were all similar to
each other, suggesting no significant dependence on the charge state of the precursor or product.
When comparing ions across conditions, P — C ions from denaturing conditions were all larger
than the corresponding P — C ions from NISC conditions, which were all larger than those from
NI conditions. P — C ions of the same C from DISC and DI conditions were similar in €. lons
from DRSC conditions were larger for high C, but the difference decreased with decreasing C.
The rate of compaction with each CAPTR event was similar for ions from both DISC and DRSC
conditions for C'> 36, but both rates of compaction increased for C <36. The DRSC compaction
rate increased more, leading to the convergence of Q values at low C. The difference between
these two conditions was the presence or absence of disulfide bonds. Ions from DRSC conditions
were more able to extend to larger structures than ions from DISC or DI conditions and were also
able to refold more with each CAPTR event, emphasizing the constraining nature of disulfide
bonding on the structures of these ions.

Another notable observation was that P — C ions from denaturing conditions with C
values also observed from native-like conditions did not compact down to similar € values to the
P — Cions from NI conditions—they remained about 30% larger. This result suggests that these
ions retained some aspects of their solution-phase structures, even as they folded to smaller Q
with each CAPTR event. Finally, even though ions from NISC conditions decreased in Q with
decreasing charge state, they remained larger than ions from NI conditions for all charge states,

indicating that protein structure is perturbed with supercharging by sulfolane. These structural
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changes were not mitigated by CAPTR, that is, supercharging can cause irreversible changes to
the structures of protein ions.

In summary, these results suggest that gas-phase ions retain some aspects of their
solution-phase structure in the gas phase. CAPTR revealed that the Q values of product ions can
depend simultaneously on the original solution conditions, P, and C. These experiments suggest
that protein ions have a memory of their prior structures from solution, and their gas-phase

structures respond to charge reduction and collisional activation accordingly.

3.4 Effects of Charge Density on Ion Structure

Together, the results discussed above suggest that charge density, as represented by m/z,
is a significant factor governing the overall impact of charge on gas-phase ion structures.
CAPTR-IM-MS experiments showed that, without exception, the Q values of protein cations
generated from denaturing solution conditions had a stronger dependence on charge than protein
cations generated from native-like conditions. Denatured ions experienced significant refolding
with charge reduction by CAPTR. Smaller protein ions with lower masses, lower initial m/z
values, and lower initial Q generally compacted more significantly with C than larger ions, as
evidenced by larger percent decreases in 2 with CAPTR, even over the same number of CAPTR
events (Figure 1.8A,C).

An exception to this trend was observed when comparing 18 — 8 ions of cytochrome c to
13 — 3 ions of lysozyme from DI conditions. Although these both correspond to 10 CAPTR
events, and the charge density is greater for 18+ ions of cytochrome ¢ when compared to 13+
ions of lysozyme from DI conditions, lysozyme ions exhibited greater compaction in Q (37% vs.
30%). When we instead compare 13 — 3 ions from both proteins, cytochrome c ions exhibited

the greater compaction in 2. There was a steeper decrease in () when subjecting the 13+
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cytochrome c precursor ions to 10 CAPTR events than when subjecting the 18+ ions to the same
extent of CAPTR. This may suggest that, up to a certain point, excess protons limit the formation
of additional noncovalent interactions because the Coulombic strain is still too high.
Additionally, 13 — C cytochrome c ions were similar in Q to the 18 — C ions where C =13 to 3.
An increase in the rate of compaction with CAPTR was also observed for BSA ions from DISC
and DRSC conditions below C =36, supporting this hypothesis. 18+ DI lysozyme ions were not
observed from denaturing conditions, so 18 — C ions are not available for comparison; however,
disulfide-reduced (DR) lysozyme 18+ ions were produced and subjected to CAPTR. 18 — C ions
exhibited similar extents of compaction to cytochrome ¢ 18 — C ions across all C. This
observation suggests that, in addition to charge density, other aspects of structure, for example,
disulfide-bonding, impact the relationship between Q and charge.

The Q values of native-like ions depended relatively weakly on charge (Figure 1.8B,D).
Compared to denatured ions, the percent decrease in  values with CAPTR was minimal, but a
similar trend between charge density and the extent of compaction was observed. These
experiments suggest that the amount of charging resulting from ESI is generally well-
accommodated by large, native-like protein ions, but it can still have a modest effect on Q. The
structures of smaller protein ions appear to be far more sensitive to the excess charges associated
with ESI.

Altogether, these observations reveal that excess charges can have a larger effect on
smaller protein ions, which may be the result of higher charge density, lower surface-to-volume
ratios, and a more limited ability to self-solvate those excess charges. These results are in
agreement with recent work investigating the charge-state distributions of protein ions formed by

ESI and their relationships with ©.*® Smaller protein ions exhibited more positive slopes in Q
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with increasing charge across their charge-state distributions. The increase in Q with charge was
attributed to the limited ability of these smaller proteins to undergo surface compaction and self-
solvation, leading to Coulombic repulsion that stabilized larger conformations.*® This is
consistent with the stronger relationship observed between Q and z for smaller proteins using
CAPTR-IM-MS. This suggests that smaller, native-like ions have significant Coulombic strains,
which are associated with more significant decreases in Q upon charge reduction, whereas larger,
native-like ions initially have lower Coulombic strains, and concomitantly, exhibit less

compaction upon charge reduction.
4 Probing Energy Landscapes

Energy-dependent IM is used to study the stability and conformational space of ions in
the gas phase.®? For example, in collision-induced unfolding (CIU), native-like ions are activated
as a function of collision energy and then analyzed by IM. Activation enables ions to overcome
the energy barriers to isomerization and often results in the formation of new, stable structures
that have larger Q values.”® CIU results have been used to study the stabilities of proteins,”*
modes of ligand binding,” and to differentiate similar biotherapeutics.”® Applying collisional
activation before or after CAPTR enables us to probe different regions of the energy landscapes

of gas-phase ions.
4.1 Pre-CAPTR Activation

Pre-CAPTR activation is performed on precursor ions before subjecting them to CAPTR
for charge reduction. This will be represented with an asterisk by the precursor charge
state: P* — C. Pre-CAPTR activation can be accomplished at the atmospheric-pressure interface

by increasing the bias between the sampling cone voltage and the extraction cone (Figure 1.3C).
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Pre-CAPTR activation has also been accomplished by increasing the bias between the
quadrupole and the trap cell.? These methods allow for the investigation of the effects of
precursor activation on product ion structures and have been proposed to provide an indirect
probe of precursor ion structure. For example, in studying denatured ubiquitin ions with CAPTR,
the 8* — 8 (activated precursor ions that did not undergo reaction) Q distributions were
independent of the voltage applied,? but the Q distributions of the 8* — 6 ions changed with
increasing energy (Figure 1.11E). The 8* — 6 1ons display features I, I, and 111, with I being the
most intense at low energies. Features II and III grow in intensity, whereas feature I decreases in
intensity, with increasing activation. It is possible that the 8% — 8 ions isomerize to different
conformations that have indistinguishable Q, but form structures with resolvable Q for the

8* — 6 ions. For the highest energies tested (70—100 V), the 8% — 6 distributions were similar.
This may reflect a quasi-equilibrium®? of structures formed in the 8* — 8 populations at those

energies.
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Figure 1.11. Post-CAPTR activation of (A) 6 — 6*, (B) 8 — 6*, and (C) 13 — 6*
ubiquitin ions. Pre-CAPTR activation of (D) 6* — 6, (E) 8* — 6, and (F) 13* — 6
ubiquitin ions. Vertical lines corresponding to the average Q for the three features
of the Q distribution of 6+ (I-III) from Figure 1.5B are included for comparison.
These mobility experiments used a field of 6.4 V-cm™'. Figure and caption adapted
with permission from Laszlo et al. (2016).2 CAPTR, cation-to-anion, proton-

transfer reaction.
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Recently, pre-CAPTR activation was used to differentiate IgG1x and IgG4x from human
myeloma (Gozzo & Bush, submitted). These antibodies have high sequence similarity and have
the same number of interchain disulfide bonds, but they differ in connectivity of said bonds.”’
They are difficult to differentiate by IM-MS alone.”® The 25* — 25 ions of IgG1 and IgG4
displayed indistinguishable or very similar Q distributions at all the pre-CAPTR activation
voltages tested, but with charge reduction, the Q distributions of the 25* — 12 ions were more
resolved. At 75 V precursor activation, for example, [gG4 did not compact as much as IgG1 with
charge reduction, creating differences in the Q distributions with decreasing charge that reflect
the subtle differences in their structures. These results suggest that pre-CAPTR activation and
IM-MS may be useful for differentiating similar biomolecules and biotherapeutics, even in cases

where activation and IM-MS alone (i.e., CIU) are inadequate.
4.2 Post-CAPTR Activation

Post-CAPTR activation is performed on residual precursor and CAPTR product ions after
exiting the trap cell and before analysis by IM-MS. This is represented with an asterisk by the
product charge state: P — C*. Post-CAPTR activation can be performed as a function of the dc
bias between the trap cell and mobility cell, which increases the kinetic energy of ions during
injection to the mobility cell (Figure 1.3C). Collisional activation after CAPTR has also been
accomplished by establishing a region analogous to the helium cell on the unmodified Synapt
G2,%8 but pressurizing it with argon for more energetic collisions.®® This region is located just
before the drift region. Post-CAPTR activation is used to directly probe the stabilities and
structures of product ions.

Post-CAPTR activation was applied to the 6+ ions generated from various precursors

(P=6, 8, and 13) of denatured ubiquitin.? The 6* — 6 and 6 — 6* results were similar, indicating
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similar activation mechanisms for pre- and post-CAPTR activation in the experiments (Figure
1.11A,D). Features I, I1, and III were observed in the Q distributions, with feature I being the
most compact and feature III being the most unfolded. At low energies, 6 — 6* displayed mainly
feature I, with low intensity for the other two features. 8 — 6* ions also exhibited the highest
intensity for feature I, but presented significant intensities for features II and III as well. With
increasing activation voltage, both the 6 — 6* and 8§ — 6* ions unfolded to predominantly
feature I1I, though 8 — 6* 1ons completed the transition 10 V earlier than 6 — 6* ions (Figure
1.11A,B). In contrast, 13 — 6* ions populate feature Il mainly, with low intensities of I and III at
low energies (Figure 1.11C). The intensity of feature I do not change significantly with
increasing energy but feature II gives way slightly and feature III increases in intensity until they
are about equivalent at the highest voltages. The persistence of features I and II contrasts
observations for the 6 — 6* and 8 — 6* ions, which suggests that 13 — 6* ions exhibit different
structures than those ions. They do not appear to interconvert in these experiments, indicating
that different regions of the energy landscape were probed.

Post-CAPTR activation was also applied to 15+ ions of BSA generated from different
solution conditions.!! In this case, nitrogen was used as the drift gas, so, as ions were injected
into the mobility cell with increasing voltage, more efficient energy deposition occurred than
with a helium-filled drift cell. 15 — 15* ions from NI conditions, 60 — 15* ions from DISC
conditions, and 70 — 15* ions from DRSC were tested. The apparent Q distributions and their
median values are presented in Figure 1.12. At low energies, Q distributions of ions from DRSC
and DISC conditions overlapped significantly, while the Q distributions of ions from NI
conditions were distinct and appeared at smaller Q. With increasing activation, the populations

from DRSC and DISC conditions began to compact while the ions from NI conditions got larger.
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At the highest injection voltages, ions generated from all three conditions exhibited similar Q
values and their Q distributions largely overlapped, providing evidence for population of similar
areas of their energy landscapes. The distributions of ions from DRSC were slightly shifted to
larger Q compared to distributions of ions from NI and DISC conditions. This is different from
the results observed using post-CAPTR activation on ubiquitin 6+ ions generated from the same
solution conditions, but from different precursors.” In this case, a quasi-equilibrium®? of
structures may have been reached before the energy required for dissociation was reached. On
the other hand, these ions could have different structures that just happen to coincide in Q. The
initial population of 15+ ions from NI conditions is significantly different than the other
populations based on its response to increasing energy; the ions from NI conditions overcome
energy barriers to isomerize to larger structures while the other ions decrease in size. This
reflects the disintegration of intramolecular interactions that prevent such expansion, whereas the
compaction of ions from DISC and DRSC conditions may be credited to the formation of
initially absent intramolecular interactions. This provides additional support for the generation of
kinetically trapped structures via ESI; ions from different solution conditions retain aspects of

condensed-phase structure, but gas-phase equilibrium structures may be significantly different.
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Figure 1.12. (A) Apparent Q. distributions of the N'15* (magenta),

DISC60 — 15* (purple), and P'SC70 — 15* (yellow) BSA ions as a function of the
injection voltage used to transfer the ions into a drift cell containing 1.2 Torr
nitrogen gas. (B) ﬁNz values of the distributions in (A) as a function of the

injection voltage. Figure and caption adapted with permission from Gadzuk-Shea

and Bush (2018)."!

5 Comparison to Results from Other Charge-Reduction Strategies

The following section compares the IM-MS results from studies using CAPTR with those
using other methods to manipulate charge. As discussed in Section 1.3, these methods include
the addition of solution modifiers before ESI, atmospheric-pressure methods, gas-phase
ion/neutral chemistry, and gas-phase ion/ion chemistry. Some methods include the isolation of

precursors of a specific charge state, but others simultaneously affect all precursors. This


https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/mas.21847#mas21847-bib-0024

49

discussion focuses on studies of ubiquitin, cytochrome ¢, lysozyme, alcohol dehydrogenase, and
pyruvate kinase. Although many of these studies used drift tubes®® or radio-frequency confining
drift tubes'® containing helium gas, some used traveling-wave IM in N> gas and external
calibration with helium-based Q values. We will not discuss potential bias in the values
determined using the latter, but the challenges and potential errors associated with calibration are

discussed elsewhere.'01-102

5.1 Effects of Charge on Small, Single-Domain Proteins

Ubiquitin and cytochrome ¢ are widely used as models of single-domain proteins. Results
from the following experiments were selected for comparison to results from CAPTR of these
protein ions: ion/neutral proton transfer of denatured ubiquitin,?* crETD of denatured
ubiquitin,'® and crETD of native-like and denatured cytochrome c.** CAPTR was performed on
quadrupole-selected 6+ to 13+ ubiquitin ion populations generated from denaturing solution
conditions, as discussed in Section 3.1 and shown in Figure 1.5.2 Clemmer and coworkers
generated ubiquitin ions from a different denaturing solution and performed ion/neutral proton-
transfer reactions broadly, on the whole population of observed ions, 6+ to 13+.2 Results of
ion/neutral proton-transfer reactions are shown in Figure 1.2. ®TQye values of the precursor ions
in these two studies were similar, with some differences observed for 6+ to 8+ distributions.
After CAPTR, all P — C ions exhibited smaller Q values than their precursors.> The product ions
of a particular C formed from different P had very similar Q values, pointing to a strong
dependence on P and a weak dependence on C. These results are also consistent with an earlier
study of ion/ion proton transfer of ubiquitin ions.”

The 4+ and 5+ products of ion/neutral proton transfer from ubiquitin cations to different

bases exhibited either compact or partially folded, rather than elongated conformers.** More-
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compact populations were depleted preferentially; this effect was stronger with stronger bases.
More-elongated populations exhibited no evidence for folding, which was attributed to the larger
gas-phase acidities of elongated protein ions (i.e., removing a proton from those ions is more
endergonic) and the preferential depletion of compact ions that are expected to have smaller gas-
phase acidities®* (i.e., removing a proton from those ions is less endergonic). In contrast, CAPTR
appears to charge reduce all conformers of ubiquitin,? which is consistent with the large
exergonicity of ion/ion proton-transfer reactions. Despite these differences, both studies report
values that depend strongly on z.

CAPTR? and crETD'® of selected ubiquitin ions generated from denaturing solutions
both resulted in folding and compaction in Q with charge reduction. ctETD was performed on
quadrupole-selected ubiquitin ions with 1,4-dicyanobenzene radical anions;'? this reagent yields
both proton-transfer and electron-transfer products.***-** In this case, the apparent ratio of
proton-transfer to electron-transfer products was determined, and, in contrast to ion/neutral
studies, preferential depletion of certain conformations was not observed, which was attributed to
the more homogenous sizes of the precursor ions. In both the crETD and CAPTR studies, the
charge-reduced products exhibited similar Q values to those for the identically charged ions
generated directly from ESI, indicating that Q depends on z. With increasing post-reduction
collisional activation, the Q distributions of 6 — 6* and 8§ — 6* ions evolved qualitatively
similarly in the two studies, suggesting similar structures may have been probed.

CAPTR was performed on quadrupole-selected cytochrome ¢ ions generated from both
native-like and denaturing solution conditions as discussed earlier and shown in Figure 1.6.%°
crETD was performed on quadrupole-selected cytochrome c¢ ions from similar solution

conditions using 1,3-dicyanobenzene radical anions.*’ That study reports that proton transfer was
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not a major pathway in those crETD experiments. Like the ion/neutral studies of denatured
ubiquitin, the most compact features of denatured cytochrome ¢ were preferentially depleted by
charge-reduction reactions; the remaining precursor ions exhibited more extended populations. In
CAPTR experiments, preferential depletion was not observed. Despite some differences in
precursor and product distributions, both studies observed that Q2 depended on z. For instance,
10+ products of ctETD from 10+, 11+, and 12+ precursor ions all exhibited similar Q
distributions.*’ For the intermediate-charged CAPTR products (P — C, C=9 to 5), the Q of the
product ions also depended weakly on P.33 Q distributions of native-like ions generated for
CAPTR experiments were significantly smaller and exhibited fewer features than the
corresponding native-like ions in crETD studies. To perform crETD in this case, the optimized
instrument conditions were activating. When crETD was performed on the native-like 7+ ions
for example, the resulting 6+ ions compacted to sizes closer to native-like 6+ ions measured
under non-crETD conditions.*’ As a result, compaction was more significant than was observed
with CAPTR. Overall, these studies suggest that 2 can depend strongly on z for small, single-

domain protein cations.
5.2 Effects of Charge on Proteins with Internal Disulfide Bonds

Lysozyme is a 14 kDa protein whose native structure contains four internal disulfide
bonds. The charge states of lysozyme ions from denaturing, disulfide-intact (DI) and denaturing,
disulfide-reducing (DR) conditions have been manipulated using ion/neutral proton transfer
reactions*> and CAPTR.?® Both studies reported similar PTQue values for ions from DR
conditions and the presence of a slightly unfolded population for ions from DI conditions, but the
earlier study also reported a more-folded population for ions from DI conditions. For the

ion/neutral proton-transfer experiments, the full populations of lysozyme ions from DI or DR
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conditions were transmitted through a gas cell containing a vapor of either n-butylamine or 7-
methyl-1,5,7-triazobicyclo[4.4.0]dec-5-ene.* For ions from both conditions that were subjected
to ion/neutral proton-transfer reactions, T Que distributions were more compact than those of the
originating ions.*> CAPTR of selected precursors from both conditions also yielded charge-
reduced product ions that were more compact than their precursors.?®

Energy-dependent experiments were used to probe stabilities of charge-reduced lysozyme
ions. For ions from DI conditions, collisional activation of 6+ lysozyme ions from ion/neutral
proton transfer resulted in ®TQy. values that appeared to be independent of the applied activation
voltage.** In contrast, the °TQy. values of 12 — 6* CAPTR products decreased with increasing
energy.”® At low energies, the 12 — 6* ions exhibited °TQue values that were larger than those of
the 6+ ions from ion/neutral proton transfer, and at the highest energies, 12 — 6* ions exhibited
PTQpe values that were indistinguishable from those of the 6+ ions from ion/neutral proton
transfer.®*? The results are consistent with the formation of fully annealed products following
ion/neutral proton-transfer reactions and kinetically trapped products following CAPTR; with
increasing energy the CAPTR products anneal and have similar structures to those formed
directly by ion/neutral proton-transfer reactions. Potential factors that may contribute to these
results include: (1) the CAPTR product was generated from a 12+ precursor, whereas the
ion/neutral proton-transfer products were generated from a full distribution of charge states that
did not extend to the 12+ ion, (2) ion/neutral proton-transfer products may have preferentially
reacted with more compact precursors and yielded more compact products,?* and (3) ion/neutral
proton transfer may result in greater heating (and preannealing) than CAPTR.

For ions from DR conditions, collisional activation of 6+ lysozyme ions from ion/neutral

proton transfer resulted in ®"Qye values that increased with increasing energy.*? At low energies,
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the 12 — 6* CAPTR products exhibited larger ®'Qp. values than those for the 6+ ions from
ion/neutral proton transfer. With increasing energy, structures with smaller °TQu. values became
populated, but larger structures near 17.5 nm?persisted over all energies. Although the results
from these two studies using identical DR conditions indicate that Q can depend strongly on z
and the presence of disulfide bond, the significant differences in the energy-dependent IM
analysis of ions from ion/neutral proton-transfer reactions and CAPTR suggest that those two
charge-reduction methods can yield products that populate very different regions of the energy

landscape of a protein.
5.3 Effects of Charge on Native-Like Ions of Larger Proteins

Alcohol dehydrogenase (ADH) and pyruvate kinase (PK), which are homotetramers with
masses of 147 and 237 kDa, respectively, have been used to study the effects of charge on the
structures of native-like protein ions. In addition to CAPTR,®® the charge states of ADH and PK
have been manipulated using solution-phase additives of triethylamine® or 1,5-
diazabicyclo[4,3,0]non-5-ene (DBU),?’ and ion/neutral proton transfer with nebulized DBU.?’ In
addition, the charge states of ADH have been manipulated using crETD with 1,4-dicyanobenzene
radical anions® and those of PK have been manipulated using corona-discharge.”” CAPTR and
crETD were applied to quadrupole-selected ions, whereas other charge-reduction methods were
applied to all ions simultaneously.

Figure 1.13A shows Q values of ADH as a function of charge state. Overall, CAPTR
yielded the widest range of product-ion charge states. The products compacted slightly following
the first few CAPTR events and the maximum decrease in € relative to the precursor was
3.6%.%% Q values of ions generated from solutions with triethylamine were nearly identical to

those of ions of the same z from native-like conditions.’ Below 24+, ions generated from
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triethylamine solution increased in Q modestly with decreasing charge.® A similar trend was
observed for ions exposed to nebulized DBU at atmospheric pressure.?’ When DBU was added
to solution, instead of introduced in the gas phase, addition activation was required to knock off
proton-bound base molecules and accomplish the desired charge reduction.? This also resulted
in slightly unfolded ions that were significantly larger than native-like ions from ESI at charge
states 21+ to 27+. These ions exhibited a significant decrease in Q with decreasing charge state.
The observation that solution modifiers often complex with protein cations during EST—thus
requiring supplemental activation to release the protein ion of interest—illustrates some of the
challenges associated with using solution modifiers and using the resulting data to understand the
relationship between charge and protein ion structure. The Q values of crETD products of ADH
depended more strongly on charge state than those for the CAPTR products, for example, the
26+ precursor yielded a 15+ product that was 6.4% smaller.®* The comparatively large decrease
in Q when 26+ ADH is subjected to crETD is consistent with heating and annealing of those
products; the arrival times of 25 — 17* ADH ions decrease with increasing post-CAPTR
collision energy.®® The products generated from crETD may be different than those produced
from CAPTR; charge reduction with 1,4-dicyanobenzene radical anions can proceed through
either nondissociative electron transfer or proton transfer. All studies of the charge reduction of
native-like ions of ADH indicate the Q values of these ions depend less strongly on charge than

smaller, single-domain proteins.
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Figure 1.13. Q values for (A) alcohol dehydrogenase and (B) pyruvate kinase
ions. Results from CAPTR (blue triangles) are based on the average of values for
the products from each precursor.®® For comparison, values are also plotted for
ions generated from ESI of solutions containing 200 mM ammonium acetate at
pH 7.0, black circles,> 200 mM ammonium acetate with 10 mM triethylamine at
pH 7.0, cyan diamonds,> 100 mM ammonium acetate at pH 6.9 with exposure to
nebulized 1,5-diazabicyclo[4,3,0]non-5-ene, DBU, green squares,” 100 mM
ammonium acetate at pH 6.9 and reacted with 1,4-dicyanobenzene radical anions,
red inverted triangles,®* and 100 mM ammonium acetate in close proximity to a
corona discharge probe, purple inverted triangles.®® Dashed horizontal lines

indicate £2% of the data point marked with an asterisk (*). Figure and caption
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adapted with permission from Laszlo and Bush (2017).3 CAPTR, cation-to-

anion, proton-transfer reaction; ESI, electrospray ionization.

Figure 1.13B shows Q values as a function of charge state for PK. For experiments with
DBU and triethylamine, similar challenges were reported as described above for ADH.>?°
Incorporating triethylamine into the electrospray solution and exposing ions to nebulized DBU
both yielded ions with Q values that were similar to those generated from solutions without those
modifiers.>* These results support the claim that the structure of native-like PK ions does not
depend strongly on charge state. Another study generated PK ions from native-like conditions in
close proximity to a corona-discharge probe using N2 gas.®® Contrary to results using the other
approaches discussed, the application of the corona-discharge probe yields ions whose Q values
decrease significantly with decreasing z, for example, the Q values of the 25+ ions were 19%
smaller than the 36+ ions.®® These differences may be attributable to factors inherent to the
charge-reduction method, for example, generation of new species by corona discharge or
activation in the high fields of the discharge region. Alternatively, the larger changes reported for
these experiments could be a consequence of the IM measurement, which used traveling-wave

IM with ramped amplitudes.
6 Energetics

As discussed in Section 1.3.3, ion—ion reactions like CAPTR (Reaction 1.3) are expected
to be highly exothermic. These expectations originate from comparison of the proton affinities of
the monoanion and the protein cations.* Here, we will expand on energetics by quantifying the

change in free energy of these reactions, and we will discuss implications for interpreting
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CAPTR data. Reaction 1.3 can be separated into reactions for extracting a proton from a protein
polycation:
[M + xH]** - [M + (x — )H]*" D+ + g+ (1.6)
and adding a proton to the monoanion:
[PDCH —F]” + H* - [PDCH — F + H] (1.7)
The change in free energy for a proton-transfer reaction in the gas phase is usually
expressed using the gas-phase basicity (GB) of the proton acceptor, which is the negative of the
change in free energy that occurs when the proton acceptor and a proton combine to form
product. Therefore, the change in free energies for Reactions (1.6) and (1.7) are:
AGpeaction s = GB([M + (x — DH]*~DH) (1.8)
AGgeqction s = —GB([PDCH — F]7) (1.9)
Experimental measurements of the apparent GB of cytochrome c¢ ions generated from denaturing
solutions range from 801 kJ mol™' (for the 15+ ion) to 980 kJ mol™! (for the 3+ ion);'** GB values
increase with decreasing charge state. Based on experimental measurements of the GB of lysine-

104105 and the relative GB of lysine and arginine, '’ we proposed an upper

containing peptide ions
limit for the GB of a protein ion of 1080 kJ mol'.! Based on electronic structure calculations, the
diabatic GB of the lowest-energy conformer of [PDCH-F]~ was 1310 kJ mol™'. Many
conformers of the reactant and product were also considered, but this was the smallest GB found
for this reaction. !

These comparisons suggest that each CAPTR event is exergonic by at least 230 kJ mol ™!,
as shown in Figure 1.14. A protein ion has far more degrees of freedom than the PDCH—

containing product, therefore statistical partitioning of the energy from a series of CAPTR events

would result in significant heating of the protein ion. However, no significant fragmentation has
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been observed during CAPTR experiments,' which is consistent with analogous reactions
performed under different conditions.!”” Furthermore, activation and re-thermalization of
CAPTR products can result in the formation of new structures (see Section 4.2). Those results
indicate that the structures of CAPTR products depend strongly on kinetic trapping, that is,
energy deposition during CAPTR is insufficient to anneal the products and form the equilibrium

distribution of structures.

IM+(x-1)HJX=D* + H* [PDCH-F]" + H*

AGReaction 6 = 800 to 1080 kJ mol~"

AGReaction 7 = 1310 kj mol™!

[M+xHPX*

AGReaction 3> 230 k) mol’

[PDCH-F+H]

Figure 1.14. Partial reactions that were used to estimate the exergonicity of each
cation-to-anion, proton-transfer reaction event (Reaction 1.3). See text for a

discussion of these estimates.

Although the total change in free energy resulting from each CAPTR event is highly
exergonic, it is possible that the energy does not partition statistically between the products. For
example, Uggerud and coworkers reported results from ab initio direct dynamics of proton

transfer from the hydronium cation to neutral ammonia.'% In some trajectories, the proton
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transferred directly and deposited a “high and nonstatistical fraction of the reaction enthalpy into
the product ammonium ion.” In trajectories exhibiting long-lived interaction complexes, the
reaction enthalpy partitioned statistically between the products.!®” Because the rate-limiting step
of ion/ion reactions in the gas phase is the formation of a long-range interaction complex,*’ direct
proton transfer and nonstatistical partitioning may be even more likely for 1on/ion reactions than
for the ion/neutral reaction considered by Uggerud and coworkers.

Based on the evidence and discussion above, we propose that nonstatistical partitioning
of energy into the neutralized monoanion is a significant process during CAPTR experiments,
which would result in significantly less heating of charge-reduced protein ions than suggested by
the large total change in free energy associated with each CAPTR event. Although some
interpretations of ECD and ETD data invoke nonstatistical partitioning of energy after the

O 311 models are consistent with the bulk of that

polycation combines with an electron,
recombination energy being available to the reduced cation.®*-%2 Note that in ECD, a free
electron combines with a polycation; without fragmentation the entire recombination energy
must partition into the protein. In ETD, extracting an electron from a monoanion is endergonic
and combining that electron with the polycation is exergonic; it is challenging to envision a
mechanism for the exergonicity of that reaction to preferentially partition into the electron donor.
Therefore, relative to CAPTR, electron-based, charge-reduction methods result in greater energy
deposition into the charge-reduced protein ions. The extent of ion heating from this energy

deposition will be mitigated by the large number of degrees of freedom of protein ions and

competition with relaxation via radiative emission and collisional cooling.
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7 Conclusions

Foundational IM-MS studies demonstrated that protein ions with different charge states
can exhibit very different Q values (Figure 1.2). However, the charge states observed for a given
protein can depend on many factors (Figure 1.1), not all of which affect their Q values.
Combining charge manipulation and IM-MS has furthered our understanding of the relationship
between the charge states and structures of protein ions in the gas phase. Results from CAPTR-
IM-MS experiments on a variety of protein ions suggest that charge density plays a crucial role
in this relationship. Protein ions with higher charge densities, that is, smaller m/z values,
generally experience significant decreases in € values following each CAPTR event (Figure
1.8C). For these protein ions, the charge state appears to be a predominant factor affecting their
gas-phase structure (Figures 1.5, 1.6, 1.7A-C). On the other hand, protein ions with low charge
densities tend to have Q values that depend weakly on charge state (Figure 1.8D), suggesting that
their gas-phase structure is not primarily determined by charge state and corroborating their
ability to retain many structural characteristics from solution (Figures 1.6,1.7,1.10). Other factors
influencing the magnitude of the decreases in Q values following CAPTR events include the
original solution conditions before ESI and the presence of disulfide bonds (Figure 1.7).
Compared to other charge-manipulation strategies, CAPTR-IM-MS experiments offer the
advantage of precursor isolation (Figure 1.3) and the ability to analyze a large series of charge-
reduced products in parallel (Figurel.4).

Activating CAPTR precursors, that is, pre-CAPTR activation, or CAPTR products, that
is, post-CAPTR activation (Figure 1.3C), often results in the formation of new structures that
have different Q values (Figures 1.11 and 1.12). This indicates that CAPTR products are

kinetically trapped and can retain a memory of their solution-phase structures. The observed
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kinetic trapping and lack of fragmentation, despite the high net exergonicity of each CAPTR
event (Figure 1.14), suggests that energy partitions preferentially into the neutralized monoanion.
This may limit the structural changes to the portions that interacted with the extracted charge.
Compared to other charge-reduction strategies, CAPTR-IM-MS appears to offer more
independent control over the extent of charge reduction and energy deposition during
experiments. CAPTR also exhibits no signs of selective reaction with certain precursor
conformations over others.

CAPTR-IM-MS has proven to be an effective method for unraveling the complex
relationship between the charge state and structure of protein ions. With the ability to isolate the
contributions of charge from other factors, this technique offers a valuable addition to the current
suite of tools for structural biology and biophysics research. Its ability to resolve charge-state
ambiguities (Figure 1.4) and enhance the resolution of ions with similar m/z values (Equation
1.5) provides a clear advantage for native mass spectrometry. We suggest that researchers
consider incorporating CAPTR into their workflows when exploring the structures of proteins

and their complexes.
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Chapter 2. Differentiating Antibodies Using Charge-State Manipulation, Collisional

Activation, and Ion Mobility — Mass Spectrometry

This chapter has been submitted to Analytical Chemistry and ChemRxiv. Gozzo, T.A., Bush,
M.F. “Differentiating Antibodies Using Charge-State Manipulation, Collisional Activation, and

Ion Mobility — Mass Spectrometry.” Manuscript Submitted 2023.

1 Abstract

Antibody-based therapeutics continue to expand both in the number of products and their
use in patients. These heterogeneous proteins challenge traditional drug characterization
strategies, but ion mobility (IM) — mass spectrometry (MS) approaches have eased the challenge
of higher-order structural characterization. Energy-dependent IM-MS, e.g., collision-induced
unfolding (CIU), has been demonstrated to be sensitive to subtle differences in structure. In the
present study, we combine a charge-reduction method, cation-to-anion proton-transfer reactions
(CAPTR), with energy-dependent IM-MS and varied solution conditions to probe their combined
effects on the gas-phase structures of I[gG1x and [gG4k from human myeloma. CAPTR paired
with MS-only analysis improves the confidence of charge-state assignments and the resolution of
interfering protein species. Collision cross-section distributions were determined for each of the
charge-reduced products. Similarity scoring was used to quantitively compare distributions
determined from matched experiments analyzing samples of the two antibodies. Relative to
workflows using energy-dependent IM-MS without charge-state manipulation, combining
CAPTR and energy-dependent IM-MS enhanced the differentiation of these antibodies.
Combined, these results indicate that CAPTR can benefit many aspects of antibody

characterization and differentiation.
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2 Introduction

Monoclonal antibodies (mAbs) constituted 4 out of 10 of the top drugs by sales in 2021
and the list of approved mAbs therapeutics continues to expand.? All currently approved mAb
therapeutics are based on Immunoglobulin Gammas (IgGs).>* Relative to small-molecule
therapeutics, mAbs have resisted general strategies for characterization and quality control. They
are large, flexible molecules rich with post-translational modifications, making them
heterogeneous.>® These properties challenge high-resolution structural techniques and only a few
atomic-resolution structures for full-length, intact antibodies have been reported.”'° These
challenges have motivated the use of complementary techniques.'!"!> Ion mobility (IM) mass
spectrometry (MS) is fast, sensitive, and tolerant of heterogeneity and dynamics. In IM, ions are
separated by size, shape, and charge by collisions with background gas molecules in the presence
of an electric field; their mobilities can be used to determine what is commonly referred to as a
collision cross-section (€2). This can be used in conjunction with native MS, which provides
information about the mass and noncovalent interactions of analytes. Protein ions generated by
electrospray ionization (ESI) from native-like solution conditions can have similar Q values to
those predicted based on condensed-phase structures, consistent with the retention of aspects of
native structure in the gas phase.'*!* Complementary methods have corroborated these
conclusions, e.g., GroEL ions were soft-landed following MS, and the resulting electron
microscopy images were consistent with the retention of solution-phase structures.'>!®
IM-MS has been used to characterize multispecific antibodies,!”!® differentiate disulfide

19,20

variants,'>? glycosylation variants,?! and IgG subclasses,'® measure the drug-to-antibody ratios

22,23

of antibody-drug conjugates, and more. The subjects of the present study, IgG1 and IgG4,

share more than 90% sequence identity, and they differ not in terms of number, but in
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connectivity of their disulfide bonds.* The apparent Q distributions for IgG1 and IgG4 have been
reported to be similar to each other,>*?* but centered at Q values that are more than 30% smaller
than those calculated for the few existing crystal structures of IgGs.?*?’ Furthermore, the
apparent Q distributions are wider than those for other protein complexes of similar masses.***’
The small magnitude and large widths of the apparent Q distributions have been attributed to the
flexibility of IgGs in solution, specifically that of the hinge region,?* and the structural collapse
upon entry into the gas phase.?*2” Collision-induced unfolding (CIU) has been demonstrated to
be sensitive to subtle differences in gas-phase IgG structures. In CIU, ions are subjected to
increasing collisional activation, their arrival times are monitored via IM, and the resulting
unfolding patterns can be used to distinguish ion populations. Although IgG1 and IgG4 are
difficult to differentiate based on IM-MS measurements alone, they do show distinct unfolding
patterns with CIU.!??8

The charge states of gas-phase protein ions depend on the size and structure of the
protein, the properties of the solvent and other solutes, the ionization mechanism, and other
factors.?°3? Charge-state manipulation of protein ions can help probe the effects of charge on the
properties of those ions.** Several charge-reduction methods have been implemented with MS,*5
38 and with IM, it is also possible to probe structural changes in relation to charge state. Building
upon the pioneering contributions of McLuckey and coworkers,** we introduced Cation-to-
Anion Proton-Transfer Reactions (CAPTR) to generate a series of charge-reduced protein ions

that can be analyzed in parallel.’’

For example, we used CAPTR to investigate the effects of
charge state, solution conditions, and internal disulfide bonding on Q for a large, multidomain

protein, bovine serum albumin (BSA).3! BSA ions were generated from five different solution

conditions that perturbed the native-like structure to varying extents.*! Ions generated from
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denaturing conditions exhibited € values that depended strongly on z, whereas ions from native-
like conditions depended weakly on z. The CAPTR products of single domain proteins from
denaturing conditions and native-like ions of the same charge states can exhibit similar Q
values,***! but the lowest-z CAPTR products of BSA from denaturing conditions exhibited Q
values that were significantly larger those for the corresponding native-like ions.*! CAPTR
results for BSA®! and lysozyme*! from denaturing, disulfide-reducing conditions indicate that
those ions compact more per CAPTR event than the corresponding ions from disulfide-intact
conditions. These results suggest that disulfide bonds limit expansion to larger Q at high z, but
also limit compaction at low z. Collisional activation in combination with CAPTR, i.e., pre- or
post-CAPTR activation, has aided in differentiating ions with similar apparent € distributions.
For example, Q distributions of 8+ ubiquitin appeared to be independent of applied activation
voltage, but Q distributions of 6+ ions generated by CAPTR of the activated 8+ precursors
depended on the extent of activation; these differences provided indirect evidence for unresolved,
energy-dependent structural changes in the precursor.*> Additional results from CAPTR-based
experiments and comparisons with results from other charge-reduction methods have been
reviewed recently.>* Overall, these results support the ideas that solution conditions and disulfide
bonding impact gas-phase protein ion structure and suggest that charge should be considered
when using IM-MS to study biomolecular structure.

Based on CIU of IgGs,'*?® CAPTR of BSA,*! and pre-CAPTR activation of ubiquitin,*?
we hypothesized that combining charge-state manipulation and energy-dependent IM may enable
better differentiation of antibodies than either technique alone. Here, we tested that hypothesis
using a combination of experiments and quantitative comparisons of results for I[gG1 and IgG4

using similarity scoring®® implemented with the Jensen-Shannon distance metric.***¢
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2 Methods

2.1 Samples. Samples of [gG1x and [gG4x (product/lot numbers: 15154/SLCB8124 and
14639/SLBR4231V, respectively) from human myeloma were purchased from Sigma-Aldrich
(St. Louis, MO). For native-like conditions, 20 puL samples with a concentration of 1 mg mL™"!
(~7 uM) antibody were exchanged into aqueous 200 mM ammonium acetate at pH 7.0 using
Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA). For denaturing conditions, the same
procedure was used, but the samples were instead exchanged into aqueous 0.1% acetic acid.

2.2 Experiments. All experiments were conducted on a Waters Synapt G2 HDMS
modified with a glow-discharge ionization source*’ and a radio-frequency confining drift cell
(Figure 2.1a).*® Cations were generated using electrokinetic electrospray ionization, as described
previously.*’ The sample capillary was inserted into a copper block that was maintained at 25 °C
using a Peltier device. The atmospheric-pressure interface was maintained at 120 °C for the
duration of CAPTR experiments to reduce fouling of the source and ion optics; the temperature
of the sample capillary and atmospheric-pressure interface are independent in these
experiments.*’ To perform CAPTR, perfluoro-1,3-dimethylcyclohexane (PDCH, Sigma-Aldrich,
St. Louis, MO) was introduced as a vapor in nitrogen gas. After glow-discharge ionization, the
fragments, the monoanion [PDCH-F]" at m/z 381, were quadrupole selected and accumulated in
the trap for 100 ms. The instrument polarity was then switched to positive mode to allow
selected cations of IgG1 or IgG4 to be transmitted through the trap cell of accumulated anions
for 1 to 5 s.*” Product ions and residual precursor ions were then pulsed into the mobility cell for
200 ps every 36.4 ms. The sampling cone voltage was varied between 25 and 125 V to probe the

effects of pre-CAPTR activation, and the trap bias was varied between 5 and 100 V to probe the
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effects of post-CAPTR activation (Figure 2.1b). For collision-induced unfolding (CIU)
experiments without CAPTR, cations of a single charge state were selected, and the trap collision
voltage was ramped from 5 to 200 V (Figure 2.1b).

IM arrival-time distributions were measured using an RF-confining drift cell*® filled with
approximately 1.5 Torr helium for most experiments. For post-CAPTR activation experiments,
0.9 Torr nitrogen drift gas was used instead. Field-dependent measurements at eight to ten drift
voltages between 104 and 354 V were used to determine the m/z-dependent and m/z-independent
transport times from the end of the mobility cell to the time-of-flight (TOF) analyzer. The
arrival-time distributions collected for CAPTR product ions from measurements at a single field
strength (7.3 V-cm™) were corrected with transport times, translated into mobility (K)
distributions, and finally transformed into apparent Q distributions using the Mason-Schamp
equation.’® Additional details are described in the Supporting Information.
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Figure 2.1. (a) Diagram of the modified Waters Synapt G2 HDMS with radio-
frequency confining drift cell. Anions (green) are generated by glow-discharge

ionization and accumulated in the trap cell. Cations (purple) are generated by
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nanoelectrospray ionization and transmitted through the anion population in the
trap cell for CAPTR. Residual precursor and CAPTR product ions are separated
by IM prior to mass analysis. (b) Representative potential-energy diagrams for
cation transmission during minimal activation, pre-CAPTR activation, collision-
induced unfolding (CIU), and post-CAPTR activation experiments. Figure
adapted with permission from J. Am. Chem. Soc. 2016, 138, 9581-9588.4?

Copyright 2016 American Chemical Society.

3 Results and Discussion

The goal of this study was to probe the relationship between solution conditions, charge
state, and Q for highly flexible macromolecules and to determine whether their responses to
activation could be used to rapidly differentiate similar proteins. To achieve this goal, we
characterized the gas-phase structures of IgG1x and IgG4 k from human myeloma, which will be
referred to as IgG1 and I1gG4, using CAPTR and IM-MS as a function of solution conditions and
energy. lons originating from electrospray of two different solution conditions will be analyzed
by MS and IM-MS experiments. Selected ions will be subjected to CAPTR to probe the
relationship between charge and Q. And finally, results from collisional activation in

combination with CAPTR will be used to compare IgG1 and IgG4 1on stabilities and structures.

3.1 Differentiation of IgGs by Charge State Assignment and Mass Determination.
Figures 2.2a-d show the mass spectra of IgG1 and IgG4 from native-like conditions of
samples held at 25 °C; similar mass spectra were also obtained without temperature control of

the sample (Figure A1). Ions generated from native-like conditions will be denoted with a
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superscript "N", e.g., MgG1. Like other large proteins, the mass spectra of NgG1 and NgG4
display a narrow charge-state distribution with high m/z values. The degree of similarity between
these spectra should also be noted; it is challenging to distinguish IgG1 and IgG4 from these
results alone. Simulated mass spectra are overlayed on top of the experimental native mass
spectra based on the charge-state assignment of the peaks at 6195 m/z (MgG1) and 6227 m/z
(MgG4) as either 24+ or 25+; the simulated native mass spectra agree reasonably well with the
experimental native mass spectra for both sets of charge-state assignments.
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Figure 2.2. (a-d) The IgG1 (a, b) and 1gG4 (c, d) experimental mass spectra of
ions from native-like conditions (black) are overlayed with simulated mass

spectra based on the charge assignment of the peaks centered near 6195 m/z
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(IgG1) and 6227 m/z (IgG4). Assignment of the indicated IgG1 peak as 24+ (a,
green) or 25+ (b, blue) results in mass determinations of 148.8 and 154.9 kDa,
respectively. Assignment of the indicated IgG4 peak as 24+ (c, purple) or 25+ (d,
orange) results in mass determinations of 148.7 and 155.7 kDa, respectively. (e)-
(h) show the experimental mass spectra (black) of the CAPTR products generated
after quadrupole of the indicated ions; corresponding CAPTR mass spectra were
simulated using the masses determined from the models of the native mass

spectra.

The ions near 6200 m/z were also quadrupole-isolated and subjected to CAPTR; the
experimental CAPTR spectra are shown in Figure 2.2e-h. CAPTR mass spectra were also
simulated based on the masses determined from the 24+ and 25+ models of the native mass
spectra. The experimental and simulated CAPTR spectra agree only when the peaks near 6200
m/z are assigned to 24+ for MgG1 and 25+ for MgG4. Some mass spectra of MgG1 and NgG4
from the same source have been assigned so that peaks with similar m/z for both proteins have
the same charge state.!>?* For the IgG samples used in this investigation, the additional peaks
generated by CAPTR reveal that these two analytes have different charge-state distributions and
different masses. Figures A2 and A3 show the standard deviations associated with propagating
mass through various charge-state assignments of the precursor and charge-reduced ion peaks.
The analysis resulted in average masses of 148,714 + 58 Da and 155,826 = 61 Da (95%
confidence interval) for IgG1 and IgG4, respectively, under these minimally activating
conditions. This analysis suggests that some previously reported charge-state assignments for

NgG4x may be incorrect. Different post-translational modifications on IgG1 and IgG4 may
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contribute to the observed mass difference between these two samples. IgG glycosylation can
represent 2% to 3% of the total antibody molecular weight.*>! With minimal applied activation,
incomplete desolvation could contribute to the overall masses as well, but this likely affected
both analytes similarly. With increased collisional activation in the source (up to 125 V sampling
cone voltage), the mass difference decreased to 6.7 kDa from 7.1 kDa. Regardless, this analysis
highlights the potential ambiguity in interpreting native mass spectra of high mass ions and
showcases the application of CAPTR to increase the confidence in native MS charge-state and
mass assignments.?” In this case, despite exhibiting similar native mass spectra, CAPTR also
enabled the rapid differentiation of “NgG1 and MgG4 ions by mass alone.

IgG1 and 1gG4 ions generated from aqueous 0.1% acetic acid display a much wider
charge-state distribution and higher charge states overall than those from native-like conditions.
Ions generated from these denaturing conditions will be denoted with a superscript "D", e.g.,
PIgG1. Figures A5 and A6 show mass spectra of PIgG1 and PIgG4 from ESI. The highest
resolved charge states observed for PIgG1 and PIgG4 were 50+ and 58+, respectively. The lowest
charge state observed for both PIgG1 and P1gG4 was 27+. Bimodal charge-state distributions
were observed for each sample: one at lower m/z and one at higher m/z. The presence of higher
m/z distributions, like those observed for NgG1 and MgG4, suggest that these conditions were
only partially denaturing, but will be referred to as denaturing for simplicity.

The PIgG1 and PIgG4 ions were also subjected to CAPTR prior to mass analysis. lons are
identified by “Condiionp_, > where “P” is the charge state of the precursor ion, “C” is the charge
state of the CAPTR product, and “Condition” is the solution conditions (“N” or “D”’). When
CAPTR was performed on either all ions (no precursor selection), P =47 or 49 for PIgG1, or P =

49 for PIgG4, a single series of products were generated (Figures A5 to A10). The masses of
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these products are consistent with the analysis of native-like ions discussed above. Interestingly,
when CAPTR was performed on P = 47 for PIgG4, two series of product ions were generated
that have masses 155.6 kDa and 158.9 kDa (Figure AS5). These species were unresolved in the
spectra of both the full population of ESI-generated ions and the CAPTR products of that full
population (Figure A8). The 155.6 kDa species is predominant in this spectrum, consistent with
the other spectra of this sample (Figures A5 to A10) and that form being predominant in solution.
No evidence for a 3.3 kDa fragment ion was observed, consistent the presence of the 155.6 kDa
species in solution and the absence of fragmentation in CAPTR experiments.>* These two species
represent different antibody proteoforms in the original sample, and may differ in both sequence,
glycosylation, and other properties. Resolving interfering populations is another benefit of

CAPTR that could aid in the analysis of challenging biopharmaceutical samples.

3.2 Collision Cross-Section (€2) Values and Solution Conditions

Q with helium (°TQpe) were determined from field-dependent measurements of drift time
as a function of reciprocal drift voltage. Arrival-time distributions were found to be unimodal for
electrospray-generated NgG ions. The centroid of each distribution was estimated from that of
the best-fit normal distribution, as described previously.*? Figure A4 shows CCS values
calculated based on different charge-state assignments. When the charge states are assigned
based on the CAPTR mass spectra, the ®TQp. values of the NgG1 and NgG4 ions differ by less
than 2%. The 24+ and 23+ populations are most similar in size with a <0.6% difference. With
such small differences in Q IgG1 and IgG4 cannot be differentiated by Q alone. Within samples,
the Q values ranged from 67.6 to 69.6 nm? (3% difference) for 22+ to 27+ IgG1 and 67.9 to 72.1

nm? (6% difference) for 23+ to 28+ IgG4. For comparison, 24+ to 27+ alcohol dehydrogenase
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(mass of 147 kDa) exhibited PTQy that differed by up to 3.5%.% If IgG1 and I1gG4 are assumed
to have more similar masses, i.e., peaks at similar m/z in both spectra are both incorrectly
assigned the same charge state (Figure 2.2), the apparent maximum difference in Q grows to
3.9% for the 22+ or 23+ populations, depending on the misassignment (Figure A4). These results
illustrate how charge-state assignment can impact the interpretation of ion mobility results.

The PTQpe values for ions from denaturing conditions ranged from 69.2 to 112.2 nm?
(47% difference) for PIgG1 and 72.6 to 132.0 nm? (58% difference) for P1gG4. For comparison
to PIgG1, 50+ ions of PIgG4 had a Q value of 114.0 nm?. Tons of charge states also observed
under native-like conditions exhibited similar centroid Q values to their native-like counterparts
(Figure A10). Relative to MgG1 and NgG4 ions, Q values depended more strongly on charge
state, which is consistent with results for other protein ions generated from denaturing
conditions.*"***! For most charge states, larger differences in Q values were observed between
PIgG1 and PIgG4 ions than for MgG1 and NgG4. The largest difference was observed for the

31+ charge state (7.8%).

3.3 Relationship Between Charge and Q

Three NgG1 and NgG4 precursors, 26+, 25+, and 24+, and two PIgG1 and PIgG4
precursors, 49+ and 47+, were selected for analysis based on their intensities and subjected to
CAPTR. The CAPTR products originating from each of the precursors were characterized by
IM-MS. Arrival-time distributions were converted to median collision-cross sections (°"2y,)
with helium as described in the Supporting Information. For the NP—C ions, the { values
depended weakly on both P and C (Figure 2.3). Although there were small, systematic

differences between the Q values of IgG1 and IgG4, but those differences were comparable in
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magnitude to those for the precursor ions that were not subjected to CAPTR. The Supporting
Information includes a more detailed discussion of these values. Compared to other native-like
proteins of similar mass, NgG1 and MgG4 undergo slightly less compaction with charge
reduction, which may be the result of the compaction these molecules have undergone upon
entrance into the gas phase, consistent with previous work.?>"2® The small magnitude of these
differences in € are consistent with those for the CAPTR products of other large, native-like

31,53

protein ions, as shown for NBSA in Figure 2.3. Overall, the results of these experiments

suggest that the excess positive charges on these native-like antibody ions have a small effect on
their structures as monitored by CAPTR and IM, which is consistent with our observations for

large, well-folded proteins.*!»>
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Figure 2.3. °T(ly;. values of IgG1, IgG4, and BSA ions produced from
electrospray from native-like and denaturing solution conditions and subjected to
CAPTR. Denaturing conditions used for BSA experiments were comprised of
70:30 water/methanol with 0.2% formic acid; native-like conditions were the
same as those used for IgGs. Precursors 26+, 25+, and 24+ were selected for

CAPTR of MgGs, and precursors 47+ and 49+ were selected for CAPTR of
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PIgGs. Note that CAPTR of PIgG4 47+ ions revealed the presence of two species
within the sample (Figure A4); these IM results are not shown. The 45+ and 17+

precursors were selected for CAPTR of PBSA and MBSA, respectively.

For the °P—C ions, the { values depended weakly on P and strongly on C (Figure 2.3).
For a given P and C, the Q values for the [gG4 ion was between 0.5 and 5.9% larger than the
corresponding IgG1 1on. The Supporting Information includes a more detailed discussion of
these values. Although the Q decreased significantly after each CAPTR event, the Q value for
each PP—C ions was considerably larger that for all XP—C ions. For each C, the Q values for
the CAPTR products of PIgG1 and PIgG4 were larger than those for PBSA. However, relative to
PBSA ions, the PIgG ions compacted less per CAPTR event. Linear regression of the results in
Figure 2.3 suggests that PBSA ions exhibited a maximum change of 1.97 nm?-z"!, whereas PIgG
ions exhibited a maximum of 0.92 and 0.88 nm?-z"! for PIgG1 and PIgG4, respectively. This
finding may be a consequence of the denaturing conditions. The condition used for the IgGs
were less disruptive than that used for PBSA; the Q and charge states and Q observed for the
PIgGs may have been limited by decreased extents of structural disruption in solution and

charging during ionization.

3.4 Pre-CAPTR Activation of Ions from Native-Like Conditions.

To investigate the relationship between the structures of the precursors and their CAPTR
products, MgG ions were analyzed as a function of sampling cone voltage (Figure 2.1b).
Increasing this voltage increases the extent of collisional activation in the atmospheric-pressure

interface, which occurs prior to quadrupole selection and CAPTR. Note that collision activation
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can also result in the loss of charge,** which may also contribute to these results. An asterisk is
used to indicate the activated species, i.e., “NP*—C.” The 26+ and 25+ precursor ions of IgG1
and IgG4 were selected for these experiments and were probed at sampling cone voltages of 25,
50, 75, 100, and 125 V.

Generally, with increasing sampling cone voltage, the apparent PTQyy. distributions for all
observed NP*—(C ions tended to shift to larger values, increase in width, and exhibit more
multimodal character. Figure 2.4 illustrates these trends for the N25*%—C ions of IgG1 and IgG4.
With decreasing C, the apparent Q distributions tended to shift to smaller values, decrease in
width, and exhibit more unimodal character. These trends are generally consistent with results
from pre-CAPTR activation of other native-like ions of proteins.” For a given C and sampling
cone voltage, the apparent Q distributions for IgG1 and IgG4 exhibited varying extents of
overlap. The extent of that overlap was greatest for the two highest sampling cone voltages. For
example, with a sampling cone voltage of 100 V, the distributions for I[gG1 and [gG4 exhibited
significant overlap and the extent of overlap depended weakly on C. By comparison, with a
sampling cone voltage of 75 V, there were greater differences between the distributions for IgG1
and IgG4, and those differences increased with the number of CAPTR events. These results all
indicate that the apparent Q distributions of these antibody ions can depend on the pre-CAPTR

activation voltage, C, and the identity of the antibody.
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Figure 2.4. (Left) The apparent °TQye distributions of CAPTR products and
residual precursor ions generated after activation (75 V and 100 V, pre-CAPTR
activation) of 25+ precursors. Similarity scores are provided for representative
distribution comparisons. (Right) The similarity scores for comparison of the
apparent ®TQue distributions of replicates of IgG1 and 1gG4 N25—C versus
charge state (triangles) and the similarity scores for the comparison of the

apparent °TQue distributions of IgG1 and IgG4 at different pre-CAPTR activation
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voltages versus charge state (circles). For most pre-CAPTR activation voltages,
the PTQy. distributions of the lower charged ions are more distinguishable (lower

similarity scores) than those of their activated precursors.

Next, we quantified these differences using similarity scoring. We previously introduced
the use of similarity scores to quantify the differences between arrival-time distributions and
evaluate the significance of those differences relative to the variance of the underlying
measurements.** Here, we calculated the Jensen-Shannon distance metric, which scores the

difference between two probability distributions***

and has been applied across many fields,
including bioinformatics, genomics, proteomics, machine learning, and linguistics.>>>° We
define the similarity as 1 minus the Jensen-Shannon distance, which is the square root of the
Jensen-Shannon divergence. A more detailed description of this similarity score metric and how
it was calculated is available in the Supporting Information.

Figure 2.4 helps identify the most dissimilar Q distributions for NgG1 and NgG4 ions
formed from 25+* precursors. The apparent Q distributions at 75 V and 100 V pre-CAPTR
activation are shown as examples, and similarity scores comparing € distributions at all pre-
CAPTR activation voltages are plotted. At most levels of pre-CAPTR activation, the Q
distributions of charge-reduced products exhibit less similarity than the corresponding
precursors. For example, using 75 V, the Q distributions of the 25+* precursor of MgG1 and
NgG4 yield a similarity score of 0.81, whereas that for the N25*—12 ions is 0.53. For reference,
scores comparing replicates of N25—C at 25 V are all 0.87 or higher (Q distributions of

replicates shown in Figures A11 and A12). Therefore, the low similarity determined for the

N25%—12 ions from the two samples provides unambiguous evidence that the samples are
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different, at a higher level of confidence than possible for the 25+* ions from those samples.
NgG1 and NgG4 activated precursors display similar Q distributions, but their 12+ products are
extremely sensitive to their differences. Similar trends in similarity scores are seen for N26*—C
Q, as shown in Figures A13 and A14. These results provide further evidence that ions with
similar Q) values don’t necessarily have similar structures.

Collisional activation without charge-state manipulation, i.e., CIU, has been used applied
previously to differentiate MigG1 and NgG4 from the same source.!® To directly compare CIU
with pre-CAPTR activation, 25+ and 26+ ions of both antibodies were probed as a function of
collision energy using methods as indicated in Figure 2.1b. Figures A16 and A17 show
representative Q distributions. Figure 2.5 shows the similarity score between the distributions
obtained for each charge state as a function of the collision voltages. The lowest similarity score
calculated for NgG1 and MgG4 Q distributions is 0.66, which was for the 26+ ions that were
analyzed using a 70 V trap injection voltage with a value of 0.66. This aligns well with the low
collision voltage range in which large CIU differences were observed previously for 23+ ions of
IgG1x and IgG4«." For comparison, the similarity scores for N25*—C and M26*—C ions at 50
V pre-CAPTR activation are plotted as a function of C. The lowest score achieved from pre-
CAPTR activation experiments is 0.41, which was for the 25*—13 ions. The apparent Q
distributions resulting from pre-CAPTR activation of the two samples are less similar, i.e., the
two samples are better differentiated by pre-CAPTR activation than CIU.

Note that we previously compared Q distributions using a similarity score that depended
on dot products.* Analyzing the current results using either that similarity score or the Jensen-
Shannon similarity score results in similar trends and identical conclusions (Figure A15).

However, in other ongoing projects, we identified edge cases for which the dot-product-based



similarity score yields values outside of the expected bounds from zero to one. Based on that
finding, we now recommend using the Jensen-Shannon similarity score for comparing

distributions from IM experiments.
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Figure 2.5. The similarity scores of the apparent PTQy distributions of MgG1 and
N[gG4 CAPTR products and residual precursor (25+ and 26+) ions at 50 V pre-
CAPTR activation versus charge state (cool colors, bottom axis), and the
similarity scores of apparent ®TQye distributions of NgG1 and MNgG4 precursor
ions (25+ and 26+) subjected to collision-induced unfolding versus trap collision
energy (warm colors, top axis). The distributions of charge-reduced products are
more distinguishable (lower similarity scores) than those of the precursor ions

subjected to CIU.

3.5 Post-CAPTR Activation of IgG1 and IgG4
To further probe the gas-phase structures of MgG ions and their CAPTR products, those

ions were analyzed as a function of the injection voltage into a nitrogen-filled mobility cell



98

(Figure 2.1b). This will be referred to as post-CAPTR activation and the activated species are

noted with an asterisk, i.e., “NP—C*.” Only the 26+ precursor ions of IgG1 and IgG4 were

selected for these experiments. Note, the temperature of the sample capillary was not controlled

independently of the atmospheric-pressure interface for the post-CAPTR activation experiments.
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Figure 2.6a shows apparent ®'Qy, distributions of N26—26*, N26—21*, and "26—12*
ions of IgG1 at selected mobility cell injection voltages; corresponding distributions for IgG4 are
shown in Figure A18. ﬁzvz values of IgG1 and IgG4 N26—C* ions are shown in Figure 2.6b at

all post-CAPTR activation voltages tested. IgG1 and IgG4 N26—C* ions exhibited very similar
trends. Notably, ions of lower C exhibited a collapse in Q with increasing injection voltage,
whereas ions of intermediate C exhibited an initial collapse, and then expanded in Q at higher
injection voltages. lons of highest C did not exhibit any evidence for collapse prior to expanding
in Q with increasing injection voltage. As discussed in the Introduction, IgGs are hypothesized to
undergo significant collapse upon transition to the gas phase.?**’ Some charge-reduced ions in
these experiments exhibited evidence for collapse, suggesting that the initial ions from were not
fully collapsed. Previous work investigating charge-state dependent compaction of protein
complexes with and without internal cavities showed that ions of lower charge with internal
cavities accessed compact conformations at low activation voltages prior to undergoing
unfolding at higher voltages.®® The post-CAPTR activation results for IgGs qualitatively
resemble those for charge-reduced complexes with internal cavities. This suggests ion flexibility

can contribute to similar charge-state dependent compaction.
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Figure 2.7. Similarity scores comparing the apparent Qx> distributions of

N26—C* ions of IgG1 and 1gG4 at different post-CAPTR activation voltages.

Figure 2.7 shows similarity scores calculated for apparent Q distributions of the N26— C*
ions of IgG1 and IgG4 at selected post-CAPTR activation voltages. These results show that
many combinations of C and activation voltage yielded similar apparent € distributions for IgG1
and IgG4, notably when the values of C and the activation voltage were both large. However,
other combinations yield very different apparent  distributions. For example, data for the

N26—C* ions, where C = 13 to 18, acquired using a post-CAPTR activation of 35 V yielded
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similarity scores near 0.4. Those scores are amongst the lowest found in this study (Figures 2.4,
2.5, and 2.7) and demonstrate that post-CAPTR activation can also provide compelling evidence

that these two samples are different.

4 Conclusions

This study used CAPTR, pre- and post-CAPTR activation, and IM-MS (Figure 2.1) to
characterize and compare samples of IgG1 and IgG4 from human myeloma. Consistent with

previous studies, !**

it was challenging to distinguish between IgG1 and [gG4 using native MS
or native IM-MS alone (Figures 2.2a-d and Figure A4). Combining CAPTR and native MS
enabled more confident charge state and mass assignments, which revealed a significant mass
difference between the two antibodies (Figure 2.2e-h). Combining CAPTR and denaturing MS,
revealed intrasample heterogeneity that would have otherwise gone undetected (Figure ASD).
Combining CAPTR and IM-MS reveals that for ions from native-like conditions (Figure 2.3), the
initial ions and their charge-reduced products all have similar Q values. For ions from denaturing
conditions, each consecutive CAPTR event results in a charge-reduced product that has a smaller
Q value, but values for all products were significantly larger than those for all CAPTR products
of ions from native-like conditions. In general, these trends suggest that native-like IgGs ions
share many properties with other native-like protein ions that have high masses.?!**3

These samples were also analyzed using pre-CAPTR or post-CAPTR activation. With
increasing pre-CAPTR activation, the Q distributions for all ions tended to shift to larger values,
increase in width, and exhibit more multimodal character. With decreasing C, the apparent Q

distributions tended to shift to smaller values, decrease in width, and exhibit more unimodal

character. These trends are generally consistent with results from pre-CAPTR activation of other
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native-like ions of proteins.>'>* With increasing post-CAPTR activation, the changes in the Q
distributions depended on the number of CAPTR events. Products with the lowest charge state
exhibited a collapse in Q with increasing injection voltage, products with the intermediate charge
state exhibited an initial collapse, and then expanded in Q at higher injection voltages, and
products with the highest charge state only expanded in Q with increasing injection voltage. This
relationship between charge state and the effect of activation qualitatively resembles that
reported based on CIU of charge-reduced complexes with internal cavities.®® This suggests the
IgGs 1ons did not fully collapse during transfer to the gas-phase. Similarity scoring was used to
quantitively compare Q distributions determined from matched experiments analyzing samples
of the two antibodies, which aided in identifying experiments that maximized sample
differentiation. Relative to workflows using energy-dependent IM without charge-state
manipulation (Figure 2.5), pre-CAPTR activation (Figure 2.4) and post-CAPTR activation
(Figure 2.7) both enhanced the differentiation of these antibodies by IM. In sum, CAPTR
enhanced many aspects of our ability to characterize and differentiate these antibody samples.
We suggest that researchers consider incorporating CAPTR into their workflows for

characterizing biotherapeutics.

Supporting Information: Additional description of data analysis procedures and

similarity score calculations, as well as figures of additional experimental results.
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Chapter 3. Recommendations for the Use of Reducing Agents in Native Mass Spectrometry
1 Introduction

Maintenance of cellular redox homeostasis is critical for proper function, and redox
imbalance is implicated in various diseases.!** Relative to extracellular spaces, the cytoplasm in
cells is reducing and different organelles and compartments maintain different redox conditions
to carry out important biological functions; these conditions can even change in conjunction with
the cell cycle.** The mitochrondria, which relies on electron transfer chains in order to generate
ATP, is the most redox-active locale and maintains a lower steady-state redox potential than the
cytosol.> Within the cell, glutathione (GSH), a tripeptide, serves as a key reducer or antioxidant.’

In laboratory protocols for protein science, reducing agents are often added during the
purification and storage of protein solutions; these additions are useful in cases where the
protein, its cofactors, or ligands are sensitive to oxidative stress. For proteins with free cysteines,
this prevents unwanted cysteine modifications, including the formation of non-native disulfide
bonds, that can cause protein aggregation.® For example, proteins that utilize iron-sulfur clusters
are typically sensitive to oxygen. Fumarate and Nitrate Reduction Protein (FNR) in E. coli is a
regulator for the switch between anaerobic and aerobic respiration; FNR binds a [4Fe-4S] cluster
that acts as an oxygen sensor, and once oxidized to [2Fe-2S], FNR can no longer form the dimer
necessary to bind to DNA.” In many studies of FNR, anaerobic chambers have been used to
protect the protein from oxygen during protein purification and sample preparation, and common
reducing agent, dithiothreitol (DTT), has been added to purification buffers in concentrations of
1-2.5 mM.”# Sodium dithionite has been used for this purpose as well.>!° Both of these agents
have been added in investigations of the anerobic restoration of the protein from the [2Fe-2S]

state to the [4Fe-4S] state.®!? Native MS studies of FNR, and other iron-sulfur proteins, may
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control exposure to oxygen, but the reducing agent, dithiothreitol, DTT, has also been added in
concentrations up to 20 mM before MS measurements, in order to remove any stray persulfides,
or after MS measurements, in order to investigate reversibility of protein modifications.”!! Other
agents, GSH and tris(2-carboxyethyl)phosphine (TCEP), have also been used in native MS
studies of iron-sulfur cluster proteins.'? Reducing agents are also used to reduce native or non-
native disulfide bonds in bottom-up proteomics experiments, in which proteins are digested with
enzymes prior to primary structural analyses by LC-MS,!? or for protein unfolding/refolding
experiments. '

B-mercaptoethanol (BME), DTT, and TCEP are some of the most commonly used
reducing agents in protein science.!>!*!® BME is a monothiol and under standard conditions, the
reaction of BME to reduce disulfide bonds is reversible, so an excess must be added to drive the
reduction reactions to completion.!®!” Of the three reducing agents to be discussed here, PME is
the most volatile and will readily evaporate from solution.'®!® As BME concentration decreases,
the equilibrium effects, i.e., the reoxidation of products, need to be considered. Thiol-containing
reducers will also reduce metals in solution, so the presence of metals will decrease the long term
stability of BME and DTT, a dithiol reducer.'>!” Metal chelates can be added to improve stability,
but only in the case that metal-containing cofactors are unimportant to the native structure and
function of the protein-of-interest.'> PME is foul-smelling, is the most toxic of these common
reducing agents,'>!® forms hydrogen gas in the presence of strong acids or alkali metals, and
releases toxic fumes on heating.

DTT is a dithiol and is converted to a stable cyclic disulfide on oxidation, preventing
reoxidation of products by the reverse reaction, so a lower concentration of DTT is required

compared to reduction with BME.!” In-solution, DTT is readily oxidized by air, so it has a shorter
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half-life than BME or TCEP, but solid DTT is more shelf stable than liquid BME.!>!? It is less
foul-smelling, less volatile, and less hazardous than BME, so it is easier to handle safely.!’
Regarding the useful pH ranges of DTT and BME, the pKa values of the thiol groups are above
9.16.1921 Because of the decreased nucleophilicity of thiol groups versus thiolates, they are less
effective at acidic pH.!6*

TCEP is a phosphine-based reducing agent, rather than a thiol, and it is nonvolatile and
odorless.'® It also is less susceptible to oxidation by air, so TCEP solutions are more stable than
BME or DTT solutions.'® It has a higher reducing capacity and performs faster than the thiol
compounds as well, and due to the stability of the phosphine oxide product, the reaction is
essentially irreversible.!>?* TCEP is also effective over a much wider pH range of 1.5 to 8.5.%
TCEP is not as sensitive to metal ions in solution as DTT, but it is sensitive to oxidation by metal
chelators, and its stability is reduced in phosphate buffers.!> Like DTT, TCEP has been shown to
be competitive with protein sulfthydryls for labeling with maleimide or iodoacetamide, which is
sometimes performed after disulfide bond reduction.' A final caveat of reduction by TCEP is
that it should be performed at room temperature, rather than with heating like BME or DTT; with
heating, TCEP can convert cysteine to alanine.?*

In the pursuit of protein studies using native mass spectrometry (MS), it may be desirable
to maintain reducing conditions throughout the analysis in order to preserve aspects of solution-
phase structure. As mentioned before, some protein complexes are particularly sensitive to redox
conditions, so oxidation can compromise native MS investigations of their structures, like in the
prior example of iron-sulfur proteins.” There is, however, a lack of consensus in the literature
regarding the compatibility of reducing agents with mass spectrometric analyses. Some studies

have mentioned the use of reducing agents in native MS,?*?® but different agents are chosen
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depending on the study, and for most, there is no discussion of the choice of agent or
concentration. Two protocols provide suggestions, but one lacks mention of TCEP,?’ while the
other recommends TCEP or DTT over BME.?® The protocols also recommend different ranges of
reducing agent concentration (1-2 mM versus 1-5 mM) without much discussion of the origin of
these recommendations. Additionally, there is evidence for BME or DTT covalent binding in

non-native MS following purification or SDS-PAGE separation,?’>!

making the ideal choice of
reducing agent unclear.

This study seeks to evaluate effects of the addition of BME, DTT, or TCEP on the
resulting mass spectra of proteins standards in order to provide recommendations for their use.
Reducing agents were included at various concentrations over a pH range common to native MS

experiments (pH 6-8), and IM-MS results were analyzed for effects like adduction and disruption

to protein structure.

2 Methods

Cytochrome c¢ (horse heart, C7752), ribonuclease A (bovine pancreas, R6513), and
dithiothreitol (D0632) were purchased from Sigma-Aldrich (St. Louis, MO). B-mercaptoethanol
(AC125470100) was purchased from Fisher Scientific (Palatine, IL). TCEP*HCI was a gift from
Prof. Ning Zheng (University of Washington). Protein stock solutions were prepared at 100 uM
in aqueous 200 mM ammonium acetate at pH 6, 7, or 8 and buffer exchanged (final
concentration 50 uM) into fresh aqueous ammonium acetate solutions using either Sartorius
Vivaspin 500 Centrifugal Concentrators (MWCO 5kDa, Fisher Scientific) or Micro Bio-Spin 6
columns (Bio-Rad, Hercules, CA) in order to desalt. TCEP, DTT, and BME were prepared at

stock concentrations of 20 mM, 150 mM, and 150 mM, respectively, in 200 mM ammonium
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acetate and adjusted to pH 6, 7, and 8 with acetic acid or ammonium hydroxide. TCEP was also
prepared at a stock concentration of 5 mM in 200 mM ammonium acetate and not pH adjusted
(measured pH 5.74) in order to investigate impacts of improper sample preparation on protein
mass spectra. The final concentration of protein was 10 uM in all solutions subjected to IM-MS
analysis. Reducing agent concentrations were varied. For reduction experiments, DTT or BME
was added to ribonuclease A solutions and incubated at 70—-80 °C for 7 minutes. For reduction
with TCEP, incubation was performed for 10 minutes at ~40 °C.

Mass Spectrometry experiments were performed on a Waters SELECT SERIES Cyclic
IMS system?? or a modified Waters Synapt G2 HDMS.?* As described previously,
nanoelectrospray ionization was performed from borosilicate capillaries with inner diameters of
0.78 mm pulled to tip of 1-3 uM with a Sutter Instruments P-97 micropipette puller (Novato,
CA).>* Ton mobility arrival time distributions were measured using the traveling wave cyclic ion
mobility cell filled with 2 mBar nitrogen. All mobility experiments were performed on the same
day. Driftscope v2.8 was used to extract ion mobility data, and all arrival time distributions were

normalized to an integral of 1.

3 Results and Discussion

The goal of this study was to determine if and under what conditions intact protein ions
can be generated by electrospray ionization from solutions containing common reducing agents,
BME, DTT, or TCEP, without negative impacts on the ionization process or protein structure. For
most experiments, cytochrome ¢ was chosen. The mass of cytochrome ¢ (equine heart, Cyt c) is
about 12 kDa, making isotopic resolution feasible on both mass spectrometers used in this study.

In its native state, no cysteine-cysteine disulfide bonds are present, but Cyt ¢ does contain two
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cysteine residues, which are covalently bound to a heme ¢ group via thioether bonds.**> Because
the cysteines of Cyt ¢ are already in a reduced state in coordination with the heme group, no
further reduction can occur by the addition of reducing agents; however, the iron center of the
heme can be reduced to the Fe?" form (neutral heme) from Fe** form (+1-charged heme).**> As
a follow-up test-case, ribonuclease A was chosen. RbA is often used as model system to
characterize the effectiveness of disulfide reduction.?” The mass of ribonuclease A (bovine
pancreas, RbA) is about 13.6 kDa, and four cysteine-cysteine disulfide bonds are present in its
native structure.*® Due to high thermal stability, it was hypothesized that no shifts to lower mass,
corresponding to reduction chemistry, should be observed on the addition of reducing agents at

moderate concentration without incubation at high temperature prior to MS analyses.
3.1 Effects of Reducing Agents on Mass Spectra of Cytochrome ¢

The range of pKa values of TCEP (phosphorus: 7.68, carboxyl groups: 4.31, 3.59,
2.87),% and the differences between the reducing efficiencies of TCEP, DTT, and PME at
different pH also motivated investigations of pH effects. Each agent was tested with Cyt ¢ at pH
6, 7, and 8. TCEP is commonly available as a hydrochloride salt, which will lower the pH of
prepared protein solutions if no adjustment is performed, so TCEP was also added to protein
solutions without pH adjustment. TCEP was tested over the range of 50 uM to 5 mM, whereas
DTT and BME were tested over a range of 1 mM to 100 mM. In biochemical and mass
spectrometric protocols, TCEP is typically used in concentrations up to 2 mM, DTT in
concentrations up to 20 mM, and BME in concentrations up to 100 mM or more, depending on
the application.!31827:28:31.4041

Figure 3.1 shows selected mass spectra of native-like Cyt ¢ electrospray-generated from

aqueous 200 mM ammonium acetate at pH 7 with and without the addition of reducing agents;
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these spectra were acquired on a Cyclic IMS system. The expected average mass of neutral,
oxidized Cyt ¢ is 12,360.95 Da, including the heme ¢ group, and considering common
modifications to the protein: the N-terminal methionine is not likely present, and the new N-
terminal amino acid, glycine, is likely acetylated.*” The experimental mass at pH 7, 12,360.87
Da, was determined by taking the weighted average of the isotopic peaks and is in good
agreement with the predicted mass. Note that in the preparation of Cyt ¢ from Sigma, there are
contaminant peaks and remaining salt that were not fully removed by buffer exchange. At
concentrations of 5 and 10 mM, no mass spectral effects are observed for reducing agents DTT
and BME, as shown in Figure 3.1. The addition of I mM TCEP<HCI resulted in the observation
of adducts of TCEP, primarily on charge states 6+ and below, as well as the presence of +1-
charged clusters of TCEP, oxidized TCEP, sodium, and potassium in the lower m/z range. The
presence of adducts on lower charge states, but not higher charge states, of Cyt ¢ suggests that

activation results in “collisional-induced cleaning” of TCEP adducts.*’
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Figure 3.1. Mass spectra of Cytochrome ¢ (Cyt ¢) in aqueous 200 mM
ammonium acetate at pH 7 a) without reducing agents, b) with 5 mM DTT, c)10
mM BME, d) 1 mM TCEP, and e) 5 mM TCEP collected on a Waters Cyclic
Select Series instrument. Insets of a), b), and ¢) show 7+ Cyc c. The inset of d)
shows adduction of 1, 2, 3, and 4 TCEP molecules to 6+ Cyt ¢. Contaminant

peaks are labeled with * (2910 Da) and ** (9460 Da).

Collisional activation was performed in the trap region of the Cyclic IMS system to
determine whether activation could effectively mitigate TCEP adduction. At 4 V trap injection

voltage, TCEP adduction was observed on the 6+ ions, but adduct peaks decreased in intensity
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with increasing trap collision energy. At 40 V, adduction of TCEP to Cyt ¢ was no longer visible
for the 6+ charge state population (Figure B1).The application of collision energy also decreased
the signals observed for the TCEP clusters. For example, for pH 6, 1 mM TCEP, the application
of 15 V of trap injection voltage reduced interference by TCEP and enabled the observation of
the 8+ charge state (Figure B2). The ESI current was also varied to test its impact on salt cluster
and adduct signals; increasing the ESI current results in initial droplets that have larger
diameters.** Increasing the ESI current caused more interference by TCEP. At 132 nA, increased
TCEP clustering was observed, and the signal for all observed cytochrome ¢ peaks decreased in
intensity as compared to 25 nA (Figure B3).

At 5SmM, the presence of TCEP results in significant interference with Cyt c ion signal,
with protein peaks becoming barely discernable, and the major observed peaks are assigned to
clusters of TCEP instead. No signal corresponding to free heme ¢ was observed with any of the
reducing agent additions shown in Figure 3.1. Figure 3.2 shows a comparison of spectra
collected on a Waters Cyclic instrument and a Waters Synapt G2 instrument, with and without
the addition of TCEP+HCI. The pH of the solution without TCEP was adjusted to pH 7, and the
pH of solutions with TCEP were not adjusted in this case. While the unadjusted pH had little
effect on the observed clustering and adduction of TCEP, the choice of instrumentation did have
an effect. Spectra from the Synapt G2 display adduction of TCEP on both observed charge states
(6 and 7+) even at TCEP+HCI concentrations as low as 50 uM (Figure B4). On the Cyclic
instrument, at 1 mM, the intensity ratio of the nonadducted 6+ Cyt ¢ peak to its 1 TCEP adduct
peak was 49:1, whereas the same ratio for a 1 mM TCEP addition on the Synapt G2 was about
1.5 to 1. These differences suggest a greater baseline level of ion activation on the Cyclic IMS

than on the Synapt G2 systems. In addition to differences in devices used for ion mobility, the
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Synapt G2 uses a stacked-ring ion guide to transmit ions from the atmospheric-pressure

interface, whereas the Cyclic IMS system used a conjoined ion guide, which has been associated

with increased ion activation.**
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Figure 3.2. Comparison of mass spectra acquired on a Waters Synapt G2 (a, b)

with those acquired on a Waters Cyclic Select Series (c,d).a) and c) show spectra
of Cyt ¢ in 200 mM ammonium acetate adjusted to pH 7. b) and d) show spectra
of Cyt ¢ in 200 mM ammonium acetate with TCEP added to a concentration of 1

mM without pH adjustment of the added TCEP solution.

Because of the negative impacts on ionization and the extent of adduction observed,
TCEP was not tested at concentrations higher than 5 mM; however, DTT and BPME showed little

effect on Cyt ¢ mass spectra when added in concentrations up to 10 mM and 20 mM,
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respectively. Although no adduct formation or significant protein signal interference was
observed at concentrations of even 100 mM (Figure BY) significant shifts to higher charge states
were observed. Figure 3.3 shows the average charge state observed at pH 7 with increasing
concentration of the three different reducing agents. The m/z ranges defined for each charge state
are available in Table B1; they were held the same for DTT and BME analyses, but the range was
broadened in TCEP analyses in order to include contributions from adduct peaks. At pH 7, the
average charge state without the addition of agents was calculated to be 6.8. At 100 mM DTT,
the average increased to 8.4, at 100 mM BME the average increased to 7.5, and at 1 mM TCEP,
the average decreased to 5.7. The charge state distribution can be affected by solution
constituents,* but also by differences in ESI tip shape and orifice size,* tip positioning,*’ and

current.®®

For IM-MS experiments performed on the Cyclic, the current was maintained between
30 and 60 nA for the majority of experiments. The tip position was not measured, but a camera
was used to visually inspect the tip position. These factors contribute to a small variance in
charge-state distributions between technical replicates., The large shifts to higher charge states
associated with high BME and DTT concentrations is therefore attributed to unfolding of the

protein in solution. Additionally, similar charge state shifts were observed with the addition of

DTT on different days (Figure B6)
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Figure 3.3. Average charge state of Cytochrome ¢ in 200 mM ammonium acetate

with increasing concentrations of reducing agents at pH 7.

Without the addition of a reducing agent, the average charge state of Cyt ¢ was about 6.8
for pH 6, 7, and 8. Additionally, the average charge state decreased similarly at all pH values
with the addition of TCEP to 1 mM (Figure B7). The addition of TCEP resulted in a significant
increase in signal for 5 and 6+ cytochrome c, so overall interference by TCEP could be the result
of multiple processes, including adduction, ion suppression, and charge reduction. The addition
of DTT to 100 mM raised the average charge state to 8.4 and 8.5 at pH 6 and 7, respectively, but
only to 8.1 at pH 8 (Figure B8). For additions of BME to a 100 mM concentration, the average
charge state increased to 7.3 at pH 6, to 7.5 at pH 7, and to 8.3 at pH 8. (Figure B9). Between pH
6 and pH 7, the effect was minimal, but increasing to pH 8 from pH 6 increased the maximum
average charge state by an entire charge.

Based on the results from mass spectral analyses, DTT and BME are more compatible

with native MS than TCEP, likely due to their superior volatility. At concentrations higher than
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10 mM of DTT and 20 mM of BME the observed charge-state distribution of Cyt c shifts
significantly to higher charge, consistent with unfolding in solution. These effects are not
associated with reduction of the heme. The addition of alcohols, or other organic solvents, to
electrospray solutions can result in a similar increase in the average charge state of proteins.*’
This has been attributed to structural destabilization or denaturation in solution.** Based on mass
spectral observations, denaturation of Cyt ¢ likely occurs as a result of the addition of high

concentrations of DTT and BME and is more significant with DTT, a diol, than with PME.
3.2 Effects of Reducing Agents on the Ion Mobility of Cytochrome c

Because shifts to higher charge state likely indicate structural disruption in solution, ion
mobility data was collected to investigate shifts in protein ion structure concomitant with
reducing agent addition. The 7+ charge state was observed under all reducing agent
concentrations, so it was chosen for mobility analysis, though it decreased in intensity
significantly at high concentrations of DTT and BME. Figure 3.4 shows the arrival time
distributions of 7+ Cyt ¢ at pH 7 at various concentrations of reducing agent; TCEP adduct peaks
were excluded from this analysis. Surprisingly, no large shifts in arrival time distributions were
observed, even at high reducing agent concentrations. A small decrease in arrival time is
observed with increasing reducing agent concentration, but no indication of unfolding is present.
Similar results for 7+ Cyt ¢ were observed at pH 6, 7, and 8 (Figure B10, B11). At pH 6 and pH
8, some shifts to longer arrival times were observed with reducing agent addition, but the shifts

were minimal. No evidence for significant unfolding was observed.
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Figure 3.4. Cyclic ion mobility arrival time distributions of 7+ Cyt ¢ (1760 to
1800 m/z) in 200 mM ammonium acetate, pH 7, with and without reducing

agents.

The 6+ charge state was also analyzed, though it almost entirely disappeared from spectra
at 100 mM concentrations of DTT and BME. 6+ arrival time distributions at pH7 are shown in
Figure 3.5. At 20, 50, and 100 mM DTT, the peak at longer arrival times grew in intensity,
suggesting that Cyt ¢ experienced some unfolding. Similar results are observed at pH 6 and pH 8
for DTT, and at pH 8, the same shift is observed upon addition of 100 mM BME as well (Figure
B12, B13). The low intensity of 6+ Cyt ¢ at high DTT and BME concentration impacts
interpretation of these results. Charge states, 5, 8, 9, and 10+ were not present, or not of
significant intensity, without the addition of reducing agents, so their mobility data is not

included here.
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Figure 3.5. Cyclic ion mobility arrival time distributions of 6+ Cyt ¢ (2055 to
2100 m/z) in 200 mM ammonium acetate, pH 7, with and without reducing

agents.

As mentioned before, excess charging from ESI often associated with protein
denaturation in solution. The lack of significant shifts in the arrival time distributions of 6 and 7+
Cyt ¢ suggests that a native-like population of Cyt ¢ may still be present in solution, even at
higher reducing agent concentrations. As more Cyt ¢ experiences unfolding in solution, the
populations of 6 and 7+ Cyt ¢ become depleted, and the majority of Cyt c instead takes on

additional charge.

3.3 Incubation of Cytochrome c and Ribonuclease A with Reducing Agents

As a final set of experiments, Cytochrome ¢ (Cyt ¢ ) and Ribonuclease A (RbA) were
subjected to a modified disulfide bond reduction procedure®’” and the resulting mass spectra were

analyzed for completeness of reduction. Because the addition of TCEP resulted in poorer quality
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mass spectra at most concentrations, it was only tested at 500 uM at pH 7, and it was evaluated
for utility at this low concentration. DTT was added to a concentration of 5 mM and BME was
added to a concentration of 10 mM, and the protein solutions were incubated between 70 and 80
°C for 7 minutes prior to analysis. Protein solutions containing TCEP were instead incubated at
40 °C for 10 minutes to prevent unwanted chemical modification resulting from heat.?* Figure
3.6 shows mass spectral results from incubations of RbA with reducing agents.

i MMMJ\M )
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7+ Complet b)
bond
reduction
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g 7+ +BME Some bond )
- reduction
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7+ No bond d)
reduction

) 500 pm TCEP

1960 1980 2000 2020 2040 2060

ml/z

Figure 3.6. Disulfide bond reduction of RbA. The 7+ charge state of RbA a)
without reducing agents or incubation, b) incubated with 5 mM DTT, c) incubated

with 10 mM BME, d) incubated with 500 uM TCEP.

After performing incubation with TCEP, no changes in the resulting mass spectra of Cyt ¢
or RbA were observed. The protocol could be modified by increasing the temperature or
increasing the duration of incubation. Increasing the concentration of TCEP is another option,

but a corresponding increase in salt clusters and TCEP adduction may occur.
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After incubation with BME for 7 minutes at high temperature, reduction was not
completed. At pH 6 the 7+ charge state increased in mass by 4.2 Da, at pH 7 the 7+ charge state
increased in mass by 2.6 Da, and at pH 8 the 7+ charge state increased in mass by 1.2 Da. These
results are surprising, considering the high pKa of the thiol group of BME. For complete
reduction, the mass shift should be equivalent to the addition of 8 protons. RbA also displayed
significant features assigned to covalent modification by BPME resulting from incomplete
reduction. After incubation with DTT for 7 minutes at high temperature, reduction of the 8
disulfide bonds of RbA was complete at all pH values with no observed covalent modification by
DTT.

Cyt ¢ incubation was only performed at pH 7 for reference because no reduction of the
protein can occur. No BME molecules were observed to be attached to Cyt ¢ after incubation,
which is what we expect. BME and DTT have the ability to reduce metals in solution, and a small
shift to higher m/z is observed (Figure B14). The oxidized heme carries a +1 charge, so the 7+
population of Cyt ¢ only carries 6 excess protons. A reduction of the heme (neutral) would mean
that the 7+ population of Cyt ¢ now carries 7 excess protons. We hypothesize that heme

reduction is the source of this shift. A similar shift is observed post-incubation with DTT.

4 Conclusion

We evaluated common reducing agents for compatibility with native and disulfide-bond
reduced IM-MS in order to provide a clear set of recommendations for their use. For native MS,
reducing agents can help prevent unwanted oxidation of proteins, and for disulfide bond
reduction, it is helpful to choose a reducing agent that doesn’t have to be removed prior to

analysis. Of the three reducing agents, TCEP affected the mass spectral results the most at
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concentrations under 5 mM. The use of TCEP resulted in signal interference that could
complicate protein studies (Figures 3.1 and 3.2). The observed interference results from
nonvolatility and ion adduction, but potentially ion suppression or charge reduction as well. The
stability of proteins can be affected by other solutes, including reducing agents. For example,
DTT and BME did not adduct to protein ions, but the addition of either in concentrations higher
than 20 mM was associated with changes in the charge-state distribution of Cyt ¢ that are
consistent with the destabilization of protein in solution (Figure 3.3) We recommend avoiding
the use of TCEP, if possible. Lowering electrospray currents and increasing collisional activation,
to the extent possible without significantly disrupting protein structure, can help if the use of
TCEP cannot be avoided. Ultimately, the system-of-interest should be the strongest consideration
in choosing which reducing agent is most appropriate. Sensitivity to one agent or another, e.g.,
insolubility or aggregation, should be taken into consideration.?® The choice of buffer and the
presence of metals or metal chelators should also be considered.

For disulfide bond reduction, DTT worked best for RbA (Figure 3.6). The addition of 5
mM DTT resulted in the reduction of all 8 disulfide bonds of RbA at pH 6, 7, and 8. The addition
of 10 mM BME resulted in incomplete reduction and covalent attachment of BME to the protein,
which increased spectral congestion. Increased BME concentration or extended incubation
should improve bond reduction. The protocol performed for TCEP addition resulted in no
reduction at all. Heat is not recommended for reduction with TCEP due to the potential for
unwanted chemical modification of proteins, so extended incubation times may be required.
Sensitivity of the system-of-interest to heat should be taken into consideration for the particular
incubation protocol used. Heat can result in protein unfolding, making internal disulfide bonds

more accessible to reducing agents, but aggregation could also occur, depending on the protein.
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For highly flexible proteins, excessive heating may not even be necessary, e.g. antibodies can
undergo reduction at room temperature.*’ Overall, DTT and BME are the most suitable reducing
agents for native mass spectrometry due to their high volatility, and DTT was best overall
because of its performance for disulfide bond reduction. Due to increased safety concerns when
using BME, we opt for DTT over BME whenever possible. We hope this work provides a better
starting point for investigators considering adding reducing agents to native or top-down IM-MS

experiments of proteins.
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Chapter 4. Real-Time Disulfide Bond Reduction using Programmed-Temperature

Electrospray Ionization (ptESI)
1 Introduction

As touched on in Chapter 3, disulfide bonding is an important aspect of higher order
protein structure. Cysteine, though one of the least abundant amino acids in proteins, is highly
conserved and is often present in functional sites.! Cysteine can be post-translationally modified
to form disulfide bonds with other cysteines or sulfur-containing molecules, like heme. The
formation of a disulfide bond is an oxidation process that converts two free sulfhydryl groups to
an S-S linkage, releasing two electrons. Disulfide bonds contribute to proper protein folding,
stabilize tertiary and quaternary structure, and can confer functional redox sensitivity.!™
Cleavage can lead to collapse of native structures while improper bond formation can lead to
aggregation.” Genetic substitution of cysteine residues® or improper disulfide formation is linked
to diseases like prion diseases, ALS, cancer, Parkinson’s, and HIV.*

Monoclonal antibodies (mAbs) are proteins of particular interest due to their enabling
role in a growing class of biotherapeutics.”® All currently approved therapeutics have been
developed based on Immunglobulin gamma (IgG), primarily IgG1, IgG2, and 1gG4.° 1gG1 and
IgG4 consist of two heavy and two light chains held together by disulfide bonds: two in the
hinge region binding heavy chains together and one in each arm binding light and heavy chains
together.!® They also possess 12 additional intrachain disulfide bonds.'® For safety and efficacy,
it is imperative to characterize the disulfide linkages present in these therapeutics and to maintain
strict quality control in long term production.'! Wild-type 1gG4 has the propensity to form half-

mAbs (HL pairs) and bispecific mAbs. Bispecific mAbs form by fab-arm exchange (FAE), in
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which two half-mAbs from different [gG4s come together to form an IgG4 with two different
antigen binding regions.'? The hinge region of IgG1 mAbs contain the amino acid motif CPPC,
and the two proline residues provide enough steric hindrance to prevent the facile formation of
intra-heavy chain disulfide bonds in place of the interchain disulfide bonds that link the half
mADbs together.'”!® IgG4 mAbs instead possesses a CPSC sequence in the hinge region, resulting
in more labile disulfide bonds and imparting an intrachain/interchain equilibrium.!'%!*!* R409
also weakens noncovalent interactions in the CH3 (third constant heavy domain) region
contributing to this phenomenon.'® For biotherapeutic development, bispecificity can be useful,
but the hinge amino acids of [gG4 can also be mutated to provide stability and prevent unwanted
aggregation, disassembly, or arm exchange.!'®!”

Disulfide bond reduction is a common laboratory procedure used for mass spectrometric

analyses of proteins as well as for protein folding/unfolding studies, '

as suggested in Chapter
3. It is also commonly performed for SDS-PAGE?® and Western blotting?! procedures for protein
analysis. For mAb characterization, disulfide bonds are reduced for primary sequence analysis
and intact mass analysis of light and heavy chains.?>** Disulfide bond reduction is most often
performed by the addition of reducing agents like -mercaptoethanol (BME), dithiothreitol
(DTT), and tris(2-carboxyethyl)phosphine (TCEP).'#-2*25 Glutathione has also been used as a
mild reducing agent to induce FAE in vitro.*® Studies have revealed differential susceptibility of
disulfide bonds of IgG1 to reduction, as well as differences in the susceptibility based on the type
of light chain incorporated in the molecules.?’ 2’ Additionally, studies have shown that IgG1 and

IgG4 molecules, despite their high sequence similarity and equivalent number of disulfide bonds,

respond differently to the addition of reducing agents; the order in which disulfide bonds are
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reduced with increasing reducing agent concentration, as monitored by capillary electrophoresis,
can be related to differences in disulfide bond connectivity, solvent accessibility, and lability.>°

Chromatography, capillary electrophoresis, and mass spectrometry-based methods are
commonly used for antibody characterization.®'** Ton mobility-mass spectrometry (IM-MS)
methods are also gaining interest as a number of studies have shown their utility for intact,
higher order structural assessments.**® Time-resolved experiments have been used to determine
equilibrium constants for the formation of half-mAbs and to monitor FAE kinetics.*®*! As
mentioned previously, the introduction of different concentrations of reducing agents has been
used to investigate the disulfide bond reduction pathways for different antibodies with capillary
electrophoresis, gel electrophoresis, or LC-MS.?"-?330 The implementation of time-dependent
studies can help reduce sample preparation needs.?’ Online or in-source electrochemical
reduction in combination with LC-MS or IM-MS also show promise for more rapid
analyses;*>*>~4¢ however, progressive reduction has not been achieved in all cases. The
investigator may need to adjust the capillary voltage or electrochemical potential and perform
separate acquisitions. Additionally, electrochemical processes can alter solution pH in ESI* or
produce gases that affect ESI spray stability.*> And the range of applicable capillary voltages can
be affected by the ESI tip size.*® In nanoESI, high voltages can result in discharge and damage to
borosilicate capillary tips, preventing further analyses.*3

Temperature-controlled ESI sources have been used to set the temperature of samples in
the ESI capillary and probe the stability of noncovalent complexes via MS.* Variable-
temperature ESI (VtESI) has been used to investigate unfolding and disassembly of protein
complexes in mixtures and cell lysates,’® the transition state thermochemistry of IgG

antibodies,’' and more.’>>* The majority of vtESI sources use resistive heating or thermoelectric
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devices, and experiments are usually performed in a stepped-temperature mode, in which
incubation is performed at selected temperatures and spectra are acquired after each
incubation.>*>° Two more rapid vtESI sources have been demonstrated. One uses a CO; laser to
heat the tips of sample capillaries, and the temperature is indirectly estimated.®® The other is a
segmented source that has been used to “temperature-jump” flowing samples.®!

Here, we introduce a programmed-temperature, electrospray ionization (ptESI) source
capable of rapid temperature cycling with high fidelity between the solution temperature and the
programmed temperature, and we apply it to monitor disulfide bond reduction of proteins in real
time via MS. With the addition of DTT just prior to analysis, controlled temperature application,
akin to benchtop incubation, allows the disulfide bond reduction reactions to proceed while mass
spectra are collected. Reactions performed in small volumes or microdroplets increase the speed
with which antibody structural characterization can be performed, and the introduction of
enzymes and reducing agents to electrospray solutions has been performed previously.*> We
propose that the addition of real-time monitoring will allow unique insights into reduction
pathways and aid in antibody differentiation. We first apply this technique to Ribonuclease A
(RbA), a small protein with four disulfide bonds. Following demonstration with RbA, we apply
the approach to four different IgG antibodies to investigate the potential to rapidly differentiate

these large proteins by their reduction profiles.
2 Methods
2.1 Sample Preparation and Ion Mobility-Mass Spectrometry

Ribonuclease A (bovine pancreas, R6513) and dithiothreitol (D0632) were purchased
from Sigma-Aldrich (St. Louis, MO). Samples of polyclonal IgG1x and IgG4x (product/lot

numbers: 15154/SLCB8124 and 14639/SLBR4231V, respectively) from human myeloma and
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Silu Lite SigmaMADb K4 Universal Antibody Standard Human (MSQC14), an IgG4k mAb, were
also purchased from Sigma-Aldrich. Samples of NIST IgG1kx monoclonal antibody (NISTmAD,
RM 8671) were a gift from Associate Professor Miklos Guttman (University of Washington).
The RbA stock solution was prepared at 100 uM in aqueous 200 mM ammonium acetate at pH 7
and buffer exchanged (final concentration 50 uM) into fresh aqueous ammonium acetate using
Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA) in order to desalt. DTT was prepared at a
stock concentration of 20 mM in aqueous 200 mM ammonium acetate at pH 7. The final
concentration of RbA was 10 uM and the final concentration of DTT was 5 mM in solutions
subjected to IM-MS analysis.

All antibody samples were also buffer exchanged into aqueous 200 mM ammonium
acetate using Micro Bio-Spin 6 columns. Aliquots of polyclonal IgG1x and IgG4x (1 mg mL™")
were buffer-exchanged from a storage solution of aqueous 20 mM tris-buffered saline, pH 8. The
final concentration of polyclonal IgG1x or I[gG4x was ~3 uM in solutions analyzed by MS.
Aliquots of NISTmAD (10 mg mL ") were buffer-exchanged from a storage solution of aqueous
6 mM L-histidine, 12.5 mM L-histidine HCI at pH 6.0. The final concentration of NISTmAb was
~8 uM in solutions analyzed by MS. SigmaMAb K4 was received as a lyophilized powder and
was dissolved in 200 mM ammonium acetate at pH 7 to a concentration of 1.25 mg mL ™. It was
desalted by buffer-exchanging into fresh aqueous ammonium acetate. The final concentration of
SigmaMAb K4 was ~4 pM in solutions analyzed by MS.

Antibody samples were aliquoted into 5 uL portions for analysis. 0.5 pL of cold 20 mM
DTT was added to a 5 uL antibody sample (final concentration of ~2 mM). The sample was
mixed using a cold syringe, and the solution was loaded into a borosilicate glass capillary (1.00

mm O.D., 0.78 mm 1.D.) that was pulled to a 1-3 um tip (Sutter Instruments P-97), then
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immediately inserted into the ptESI source held at 10 °C. A platinum wire was used to make
electrical contact with the solution for electrokinetic ESI.*® A temperature gradient of +30 °C
min~! gradient from 10 to 90 to 25 °C was used for disulfide bond reduction of RbA. Programs
tested with peak temperatures of 75 °C were insufficient to instigate bond reduction, even with a
slower gradient (+15 ° C mint). A temperature gradient of 9 °C min from 10 to 65 to 25 °C
was chosen for disulfide bond reduction of antibodies, which took ~11 minutes. Faster gradients,
+15 ° C min! and +30 °C min?, also resulted in disulfide bond reduction, but slower gradients
improved the temperature resolution.

lon mobility—mass spectrometry experiments were performed on a Waters SELECT
SERIES Cyclic IMS system.®* lon mobility data was not collected during antibody experiments
due to low signal intensity. Ion mobility arrival time distributions of RbA were measured using
the traveling wave cyclic ion mobility cell filled with 2 mBar nitrogen. All mobility experiments
were performed on the same day. Driftscope v2.8 was used to extract ion mobility data, and all

arrival time distributions were normalized to an integral of 1.

3 Results and Discussion

MS inlet

3D printed clamp

Aa I Capillary

Thermistor:

Figure 3.1. Render of the programmed-temperature, electrospray ionization

(ptESI) source.

3.1 Programmed-Temperature, Nanoelectrospray Ionization (ptESI)



146

The home-built ptESI source (Figure 3.1) consists of a copper block, into which the
sample capillary is inserted, a thermoelectric device (Peltier) to heat and cool the copper block, a
thermistor to measure the temperature of the copper block, and a 3D-printed clamp to maximize
thermal conductivity between the copper block and the Peltier. The Peltier is interfaced with a
bipolar temperature controller. To characterize the performance of this source, we used three
different temperatures: the programmed temperature (the set point for the Peltier temperature
controller), the block temperature (the measured temperature of the copper block that holds the
sample capillary), and the solution temperature (the measured temperature of the solution inside
the capillary). For characterization experiments, the solution temperature was measured using a
microscale thermocouple inserted into a sample capillary containing an aqueous ammonium

acetate solution.
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Figure 3.2. Comparison of programmed, block, and solution temperatures over

the course of three different temperature program profiles. Block temperatures
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were measured using a thermistor inserted into the copper block, and solution
temperatures were measured using a thermocouple inside the sample capillary.
Block and solution temperatures were logged simultaneously for characterization

of the source. The ramp rate of the saw tooth program (orange) was £30 °C min ™.

Figure 3.2A shows a comparison of programmed, block, and solution temperatures for
the temperature cycle used for antibody characterization (+9 °C min-! from 10 to 65 to 25 °C),
and Figure 3.2B shows a similar comparison for three different temperature profiles. For all four
programs, the solution temperature was very similar to the block temperature. This high fidelity
suggests that there is high thermal conductivity between the copper block and the sample
capillary and that the copper block temperature is a good proxy for the sample temperature
during thermal cycling experiments. Thermal contact between the copper block and the Peltier
was achieved by the application of thermal paste and the 3D-printed clamp. The low thermal
mass of the copper block also helped maximize the thermal conductivity between the copper
block and the Peltier. The snug fit of the sample capillary within the copper block helped
maximize heat transfer between the block and the solution as well. These three design elements
contribute to the excellent agreement between the programmed, block, and solution
temperatures.

Figure 3.3 shows the solution temperature measured as a function of the applied gradient.
For all temperature gradients, the solution temperature was also very similar to the block
temperature. For gradients up to +30 °C min !, the solution temperature and the block
temperature exhibited a systematic lag of a couple seconds behind the programmed temperature,

and for the most rapid gradients, larger differences were observed between the programmed



148

temperature and the solution/block temperature, especially at peak temperatures. This is
primarily attributed to insufficient power delivery to the Peltier. The maximum power in this
prototype version of the ptESI source was limited by the maximum current of the power supply
(3 amps), not by the limits of the Peltier (8 amps) or the temperature controller (20 amps).
Second generation designs are in-process to improve on the current implementation and expand
the compatibility of the source with instruments of different manufacturers. These
characterization experiments indicate that the ptESI source can change sample temperatures with

gradients of at least +30 °C-min~%, which is more rapidly than other temperature-controlled ESI

sources.
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Figure 3.3. Solution temperatures measured during selected temperature
programs using a thermocouple inside the sample capillary. (A) Solution
temperatures measured using temperature gradients as indicated. (B) Three
complete cycles of a modified sawtooth function that has a gradient of +30

°C-min! (ptESI, blue), and for comparison, a program with 7 steps that mimics a

VtESI experiment (green).

3.2 Real-Time Disulfide Bond Reduction of Ribonuclease A
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RbA was chosen as a test case for this method because its disulfide bond reduction is
well-studied.®* RbA is also low in mass and able to be isotopically resolved to confirm the
reduction of all four disulfide bonds. No disulfide bond reduction was observed following
sample capillary loading and handling at room temperature. Figure 3.4 shows selected spectra
from the temperature cycle with 5 mM DTT. DTT was chosen based on results from previous
experiments (Ch. 3). BME was also tested, but covalent modifications to the protein were
observed. The bond reduction of RbA doesn’t become evident until the peak of the cycle at 90

°C, and RbA becomes fully reduced near the end of the cycle at 35 °C.

Ribonuclease A Temperature °C
7+ Start : End
40:45
1 1 e NN

90:85

Intensity

70:65

End of temp. cycle 35:28

1954 1955 1956 1957 1958 1959

m/z

Figure 3.4. Selected spectra of the 7+ species from a £30 °C min* temperature
cycle of Ribonuclease A (RbA) with 5 mM DTT. Start and end temperatures
indicate the range of temperatures over which mass spectra were signal-averaged.

The onset of bond reduction occurs at 90 °C and reduction of all four disulfide
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bonds is complete by ~35 °C. The shift in isotope distribution corresponds to the

addition of 8H.

Figure 3.5 shows representative IM arrival time distributions of 7+ RbA over the course of the
temperature cycle. Small shifts towards longer arrival times begin to occur during heating
starting at 70 °C. By 85-90 °C, a second peak is observed at significantly longer arrival times. In
the mass spectra, shifts aren’t observed until between 90 and 85 °C during the temperature
cycle’s cooling phase, but the IM data suggests that reduction is preceded by slight unfolding at a
lower temperature. The appearance of the second arrival time peak likely reflects the onset of
disulfide bond reduction. As more of the 7+ RbA population experiences reduction during the
cooling phase, the second arrival time peak becomes more populated, indicating unfolding. At 40
to 35 °C, the majority of the 7+ population exhibits longer arrival times, but there is still a small
population that is more compact. The same temperature cycle was also performed on RbA in the

absence of reduction agents, and the corresponding MS data are shown in Appendix C (Figure

Cl).
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Figure 3.5. Representative IM arrival time distributions of 7+ RbA during a +30
°C min~! temperature cycle with 5 mM DTT. Arrival time distributions exhibited

during (A) heating and (B) cooling.

3.3 Real-Time Disulfide Bond Reduction of Antibodies

Antibodies were found to be susceptible to disulfide-bond reduction at room temperature,
so samples were kept cold during DTT addition and tip loading using an insulated container and
chilled beads. A control experiment was performed in which a NISTmADb sample was held at 10
°C for 15 minutes; the low temperature didn’t stop bond reduction entirely, but it effectively
slowed down reduction prior to temperature cycling (Figure C2). All samples were also subjected
to a temperature cycle (identical to that used for disulfide reduction) in the absence of reducing
agents (Figures C3-C6). Figure 3.6 shows potential pathways and products for disulfide bond
reduction of the interchain disulfide bonds of IgG antibodies. For the remainder of this
discussion light chain will be referred to as L, heavy chain will be referred to as H, half

molecules will be referred to as HL, and other products will be referred to similarly.
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Figure 3.6. Reduction products of IgG antibodies. Complete reduction of
interchain disulfide bonds will result in freed intact heavy (H) and light chains
(L). Pathway (1) occurs if the disulfide bonds between the heavy and light chains
are preferentially reduced. Pathway (2) occurs if the disulfide bonds between
heavy chains (hinge region) are preferentially reduced. The relative abundances of
the reduction products can be used to determine whether one pathway is dominant

for a particular antibody.

Studies have suggested that IgG1 antibodies tend to experience pathway (1) as the dominant
reduction pathway, in which the disulfide bonds between L and H chains are reduced first,?%°
whereas wild-type IgG4 antibodies tend to experience pathway (2) as the dominant reduction
pathway, in which hinge disulfide bonds are reduced first.** Therapeutic IgG4 antibodies with

hinge stabilization were suggested to undergo a more hybrid pathway, with hinge disulfide

reduction as the primary pathway and L-H bond reduction as the secondary pathway.*°

3.3.1 Monoclonal Antibodies

152
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Monoclonal antibodies are produced from a single line of cells in a laboratory, so within a
sample, the antigen-binding regions, and other aspects of structure, should be the same.
NISTmAD is a recombinant humanized IgG1k monoclonal antibody standard, and SigmaMAb
K4 is a recombinant humanized IgG4x monoclonal antibody standard. Both are well-
characterized in terms of primary sequence, disulfide bonding, and glycosylation. Figure 3.7
shows NISTmADb mass spectra at various points in a temperature program with DTT. The first
reduction products appear simultaneously in the temperature cycle of NISTmAb. HL and L
products are present at low intensities even at 10 °C. Evidence for HH or HHL (loss of two light
chains) products are also present at the beginning of the cycle; they overlap with the highest
charge states of the intact mAb. The peaks are broad and of low intensity, and are no longer
evident by ~40 °C. No additional peaks corresponding to these products become resolved during
the cycle. Fragments close to 50 kDa in mass were observed in spectra of NISTmADb, SigmaMAb
K4, and polyclonal IgG1x in the absence of reducing agents, but these fragments do not likely
correspond to intact heavy chains. For example, NISTmAD is expected to have abundant heavy
chain populations with GOF or G1F glycosylation, corresponding to average masses of ~50,907
and 51,069 Da, respectively, including pyroglutamic acid and lysine clipping modifications.®®
The masses determined from the most abundant fragment peaks of NISTmADb are ~47,043 Da,
47,145 Da, 47,259 Da, and 47,628 Da. These fragments will be referred to as H-like fragments.

Both L and HL products increased in intensity gradually until, between 47-50 °C, they
begin to increase in intensity more steeply. From 45 to 65 °C, the intensities of these two
products were in competition. At the onset of the cycle’s descent, the HL product became
dominant and remains the most intense product until the end of the cycle. Higher charge states of

all species were observed, with maximum intensity occurring during the peak of the cycle
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between 45 °C and 45 °C. High charge states of HL and H were still present at low intensity
post-cycle, even after cooling to 10 °C. Sufficient resolution of the isotopic distributions was not
achieved for antibodies in these experiments, so the occurrence of intrachain disulfide bond
reduction cannot be confirmed. Partly due to spectral congestion, peaks corresponding to H do
not become apparent until later in the cycle, when higher charge states are formed. Glycoforms
are resolved for these H peaks (Figure C7). During the cycle’s descent, between 55 and 40 °C,

the signal for HL overtakes that of the intact NISTmAb as well.
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Start : End
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Figure 3.7. Selected spectra from a +9 °C min* temperature cycle of NISTmAb
with 2 mM DTT. The y-axis absolute intensity maxima are the same for all four
plots so that differences in intensity over the course of the temperature cycle can
be appreciated. Insets at 10-15 °C show the presence of L (x50 zoom) and HL

(x25 zoom) at the beginning of the cycle. The H-like fragment decreases in
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intensity slightly over the course of a cycle. The green circle highlights a region
in which there is overlap with intact mAb; these peaks could represent HH or
HHL chains, but the low intensity and poor resolution prevents extensive
characterization. These products are also short-lived. The green asterisks
highlight peaks that could suggest additional fragmentation pathways beyond
disulfide bond reduction; they are similar in mass to HL, but they do not line up
with the expected intact mass of NISTmADb. H products are observed at low

intensity lower m/z (to the left of L). H-products aren’t highlighted here.

SigmaMADb K4 displayed a significantly different disulfide bond reduction pattern than
NISTmAD. The hinge region of SigmaMAb K4 contains a single amino acid S to P mutation to
add stability relative to wild-type IgG4 antibodies and prevent HL formation.!” Figure 3.8 shows
SigmaMADb K4 mass spectra at various points in the temperature program with DTT. During the
temperature cycle in the presence of DTT, very minimal amounts of HL were detected. The
primary observed product was L, which was even present after a temperature cycle in the
absence of DTT. The expected mass of the freed light chain with intact intrachain disulfide bonds
is ~23,254 Da, and the experimental mass was 23,253.6 Da. There are additional high intensity
species present in the L region of the mass spectra which diminish over the course of the cycle,
but they represent the dominant peaks until ~40 °C (Figure C8). The additional species have
experimental masses of 23,272 and 23,561 Da. These may represent modifications of L or
fragments, potentially of H. Similar species were not observed during the reduction of
NISTmADb. The L population of SigmaMAb K4 increased steadily over the course of the

temperature cycle, overtaking the intact mAb by the top of the cycle at 65 °C. The H-like
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fragment was also observed to decrease in intensity over the course of a cycle, similar to
NISTmAD. Intact H was present in the spectra but overlapped with the H-like fragment and was
poorly resolved. HH and HHL products were not observed. Unlike NISTmADb, only minor shifts
in the average charge state of the products were observed over the course of the temperature

cycle, and no highly charged H products were detected.
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Figure 3.8. Selected spectra from a £9 °C min! temperature cycle of SigmaMAb
K4 with 2 mM DTT. The y-axis absolute intensity maxima are the same for all
four plots so that differences in intensity over the course of the temperature cycle
can be appreciated. A heavy chain-like fragment is present in this antibody
sample as well, and its intensity decreases only slightly over the course of the

temperature cycle. The light chain (L) is the only observed reduction product.
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The pathways of reduction of these two antibodies were clearly different, and they could
easily be distinguished from each other. The hinge amino acid sequences and lengths of
NISTmADb and SigmaMAb K4 differ (EPKSCDKTHTCPPCP and ESKYGPPCPPCP,
respectively) as well as the connectivity of their disulfide bonds.®®*” The stabilization of the
hinge region of SigmaMADb IgG4, and the decreased flexibility of the hinge compared to IgG1
antibodies, likely contributed to these results.®® Because of the absence of HL products from the
SigmaMADb IgG4 spectra, it is likely that the L-H bond was reduced first, whereas NISTmAb
may have experienced a hybrid or sequential pathway in which L-H and hinge bond reduction
happened on a similar timescale. The absence of HHL fragments from the spectra is discussed in

section 3.3.3.
3.3.2 Polyclonal Antibodies

Polyclonal antibodies are produced from different lines of cells in response to the same
antigen. Antibodies within a sample may differ in terms of their antigen-binding region, as well
as other aspects of their structure. Both IgG 1k and IgG4k were purified from human plasma and
documentation only verifies a single subclass and light chain type. These two samples are more
heterogenous than the monoclonal standards discussed above. L and H sequences are not
documented, and neither are glycoforms types or abundances.

IgG1x followed a similar disulfide bond reduction pattern to NISTmAD (Figure 3.9).
Again, broad, low-intensity peaks were observed overlapping with the intact antibody at the
beginning of the cycle. They also diminished by ~40 °C. HL and L reduction products arose
simultaneously, but they were not present at the beginning of the cycle. Intensities of these
products grew very slowly, and appreciable intensity wasn’t observed until 47-50 °C. At ~ 55 °C,

the intensities of L and HL began rising more quickly. The intensities of the HL peaks didn’t
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exceed those of the intact IgG 1k until ~30 °C in the temperature cycle’s descent, and the
intensity of the L never exceeded that of the HL. Two L peaks are present throughout the cycle
corresponding to masses of 23,420 and 23,580 Da. H peaks are not well resolved throughout the
cycle, but there is some evidence for them at the end of the cycle. H-like fragments decrease in

intensity slightly over the duration of the cycle.
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Figure 3.9. Selected spectra from a £9 °C min! temperature cycle of IgGlk from
human myeloma with 2 mM DTT. The y-axis absolute intensity maxima are the
same for all four plots so that differences in intensity over the course of the
temperature cycle can be appreciated. H-like fragments are present in this sample
as well. The green circle highlights a region in which there is overlap of
fragments with the intact antibody peaks. The low intensity prevents extensive

characterization of these short-lived products. The L and HL products don’t
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appear until around 47 °C and rise in intensity during the temperature cycle’s

descent.

The polyclonal IgG4x sample was the most heterogeneous of the antibody samples within
this study. At least two distinct populations of HL species were observed in the spectra in the
absence of reducing agent (Figure C6). This is not surprising given previous work in which
CAPTR resolved multiple populations of antibodies within this sample (Ch. 2). These are also
wild-type 1gG4 antibodies, which are known to undergo half molecule formation.'? At the
beginning of the temperature cycle with DTT, peaks corresponding to HL are already present in
the spectra of [gG4xk, and the intact antibody peaks are particularly poorly resolved compared to
spectra collected in the absence of reducing agents (Figure 3.10). L peaks are also present at the
beginning of the cycle, though at a much lower intensity. By 40°C, the L peaks exceeded the
intensity of the HL peaks. Both products rose in intensity, with the HL exceeding that of the L
again (40-45 °C), and then as reduction proceeded, the L peaks became the dominant peaks in
the spectra by 60 °C. Only one population of L is evident with a mass of 23,659 Da. H, or
smaller H fragments, are likely present by 55 °C, though it is difficult to distinguish
contributions from more highly charged HL and to determine how many populations of H are

present. HH and HHL peaks were not observed over the duration of a cycle.
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Figure 3.10. Selected spectra from a £9 °C min~* temperature cycle of 1gG4«
from human myeloma with 2 mM DTT. The y-axis absolute intensity maxima are
the same for all four plots so that differences in intensity over the course of the
temperature cycle can be appreciated. No heavy chain-like fragment is present in
this sample. The light chain (L) and half antibody (HL) products are observed at
the beginning of the cycle. Two populations of half antibody (HL) products were
resolved with masses of ~77,471 and 79,493 Da (glycoforms were not well
resolved). These align reasonably well with the determined intact IgG4k masses
of 155.6 and 158.9 kDa from a previous study utilizing charge reduction (Ch. 2).

Nonspecific dimerization of L is observed later in the temperature cycle.

3.3.3 Discussion of All Antibody Samples

160
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As suggested previously, all antibodies were also subjected to temperature cycles in the
absence of DTT. Shifts in average charge state were observed over the duration of cycles, but the
mass spectra collected at 10 °C before and after a cycle were not significantly different for
NISTmADb or polyclonal IgG1x (Figures C4 and C6). For these samples, no bond reduction was
attributable to temperature cycling in the absence of reducing agents. SigmaMAb K4 and IgG4x
were particularly susceptible to disulfide bond reduction; a slight increase in freed light chain
was observed for SigmaMADb K4 (Figure C4) and a slight increase in half molecule was observed
for polyclonal IgG4 after heating in the absence of reducing agents (Figure C6). All intact
antibody peaks are significantly broader at the beginning of temperature cycles in the presence of
DTT; this may be due to the presence of HH or HHL products that are poorly resolved from the
intact antibody. Incomplete desolvation at 10 °C is another potential source of this peak
broadening; it is unclear whether DTT has an effect on the desolvation process at low
temperatures.

Fragments similar in mass to H products were observed in the spectra of NISTmADb,
SigmaMADb K4, and polyclonal IgG1x in the absence of reducing agents. Studies have shown
that hinge fragmentation can occur during storage of mAbs, specifically nonenzymatic cleavage
of the upper hinge region of heavy chains.®-’® Cleavages of this nature result in Fab arm
fragments comprised of an intact light chain connected to a heavy chain fragment.® Predicted
masses for these fragments are of similar mass to the fragments observed in the present study.
Similar fragments have also been observed in other MS studies of intact mAbs, though they’ve
not been a subject of discussion.!”! The fragments observed in the present study decreased in
intensity slightly over the course of the temperature cycles, but evidence for a corresponding H

fragment was not observed.
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All of the antibody samples could be distinguished by real-time disulfide bond reduction.
Reduction performed in this manner also gives unique insights into the reduction pathways of
each antibody. Comparing the IgG1 antibodies, despite the similarity of the spectra at certain
points in the cycle (65-60 °C, Figures 3.7 and 3.9), NISTmAb appeared to be more susceptible to
disulfide bond reduction with 2 mM DTT. The intensities of the L and HL products relative to the
intact NISTmADb were higher at a lower temperature compared to the polyclonal IgG 1k antibody
products relative to its intact form. This can even be seen at the beginning of the cycle at 10 °C.
Additionally, more of the intact NISTmAb was depleted by the end of the cycle at 25 °C. The HL
and L products appear simultaneously, and, at the end of the cycle, the HL products are more
abundant than the L products for both NISTmAb and polyclonal IgG1. This was surprising
compared to results from other studies that suggest that the L-H disulfide bond is more easily
reduced.?®? Interestingly, an experiment on a different day, with a more rapid temperature cycle
(15 °C min™), showed clear resolution of the HH product of NISTmAD and higher intensities of
the H product with lower charge (Figure C9). This was not observed in any other experiments,
but the results provide evidence that HH and H are able to be ionized and detected following
reaction in the sample capillary. These results are discussed more in Appendix C. Based on the
combined results, we hypothesize that there may have been difficulty detecting HHL species,
which were also absent in IgG4 spectra. Thermal cycling experiments using temperature-
controlled ESI and MS have been performed on another IgG1« standard, and the investigators
hypothesized that the HHL product aggregated, preventing its detection.”’ We observed no
significant disruption to spray stability, but this is one possibility for the absence of HHL from
the spectra. If aggregation of HHL were to occur, this could bias the L and HL relative

populations because the L of the HHL aggregate would no longer be available for reduction or
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detection. It is also possible that the HHL product rapidly reduced and dissociated to form H and
HL populations in these experiments, suggesting a sequential reduction pathway. It is possible
that once one L-H disulfide bond is reduced, hinge reduction occurs before the second L-H bond
is reduced. Earlier in the temperature cycles the HL and L populations are more similar before
the HL population increases beyond that of the L.

The [gG4 antibodies were more easily differentiable by reduction than the IgG1
antibodies. SigmaMAb K4 produced mostly L over the duration of the run, while polyclonal
[gG4x produced significant levels of both HL and L. At some points during the cycle of the
polyclonal IgG4, the HL and L products seemed to be in competition, similar to the [gG1
antibodies, but the L product was dominant at the end of the cycle. The hinge stabilization of
SigmaMAD K4 likely contributed to these differences. We hypothesize that the L-H disulfide
bond was preferentially reduced during temperature cycles of SigmaMAb K4. If hinge disulfide
bonds were not often reduced under these conditions, and the HHL products were not available
for reduction or detection, then it would follow that no HL species would be observed. Compared
to the hinge-stabilized monoclonal antibody, wild-type IgG4 experiences more hinge flexibility.*°
The polyclonal IgG4 displayed a significant intensity of the HL products at the beginning of the
cycle, and considering a small amount of these species were observed in the spectra in the
absence of DTT as well, we hypothesize that hinge reduction occurred more readily. Based on
the relative abundance of reduction products and intact antibodies at the end of the cycles, we
also hypothesize that both IgG4 antibodies were more susceptible to disulfide bond reduction

under these conditions than the IgG1 antibodies.

4 Conclusion



164

We introduced ptESI and showed that this source design results in fast, high-fidelity
temperature control of the sample within a sample capillary. With the versatility of the
programming, ptESI opens the door to real-time reaction monitoring and more detailed
thermochemical studies of proteins and other biomolecules with MS. The automation and speed
decreases experimenter workload and increases the throughput of these analyses. Initial
experiments with RbA showcase the abilities of real-time disulfide bond reduction monitoring.
The temperature resolution allows experimenters to view the onset and progression of bond
reduction, rather than just the final product (Figure 3.4). With the addition of ion mobility, more
detailed information can be gained about the onset of unfolding and the initiation of the reactions
(Figure 3.5).

Real-time disulfide bond reduction of monoclonal and polyclonal antibody standards
demonstrated that ptESI can be used to differentiate complex biomolecules with similar
structures. NISTmAb and polyclonal IgG1x samples experienced similar reduction pathways, but
the ability to temperature- and time-resolve their reduction reactions revealed differences in the
onset and rate of the appearance of their reaction products (Figures 3.7 and 3.9). For SigmaMADb
K4, the effect of the amino acid mutation on the stability of the hinge disulfide bonds was readily
apparent, and it was easily distinguished from the other three antibody samples (Figure 3.8).
Polyclonal IgG4k appeared to undergo a hybrid pathway between that of the IgG1 antibodies and
SigmaMADb K4, and the dominant L product, as well as its heterogeneity, distinguished it from
the rest (Figure 3.10). Clear differences were observed between all antibody samples without
extensive temperature program optimization, highlighting the sensitivity of this method to the
stability and disulfide-bond connectivity of these antibodies. Future experiments will investigate

a larger variety of temperature programs and DTT concentrations, as well as compare
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biotherapeutic biosimilars, which are even more alike in disulfide-bond connectivity. Further
investigation is also necessary to understand the absence of HHL products and the influence of
its aggregation or dissociation on the resulting reduction profiles. This technology shows
potential for a variety of thermochemical applications, and improvements to the source design

are underway to enable its broader use.
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Appendix A: Supporting Information for Chapter 2.
Al Calculating Collision Cross Sections (€2) from Arrival-Time Distributions

This section is adapted from previous descriptions of measurements using this system
that incorporates an RF-confining drift cell, including the use of field-dependent measurements
to determine Q and the use of single-field measurements to determine apparent Q distributions.'
In this system, the drift voltage can be varied up to 354 V. The centroid of each arrival-time
distribution is estimated by fitting that distribution to a Gaussian function using in-house
software.? For mobility experiments, arrival times were measured using 8 to 10 drift voltages (V)
ranging from 104 to 354 V. The measured arrival times (#a) include the residence time in the drift
cell (the mobility-dependent drift time, tq) as well as the transport time from the exit of the drift

cell to the time-of-flight mass analyzer, #:
LZ

tAztd-I_tO:W-l_ to

where L is the 25.05 cm length of the drift region. m/z-dependent (#,/-) transport times and m/z-

independent (#nd) transport times contribute to #:

cym/z

to=tmyz + tinga = 1000 + tina

where ¢ represents an instrument-specific parameter, the enhanced duty cycle delay coefficient.
Plotting arrival time as a function of reciprocal drift voltage allows the determination of # from
the y-intercepts of the best-fit lines. The arrival times are corrected for 7. The mobilities of the

precursors are determined from the slopes.

L2

ItA — <tind + C\/m_/z>l x

K =

1000
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The collision cross-section, €2, can be calculated from mobility using the Mason-Schamp

equation:®

B 3ez< 27 )1/2 1
"~ 16N \uksT

K

where e is elementary charge, z is the ion’s charge state, N is the drift-gas number density, u is
the reduced mass of the drift gas-ion pair, ks is the Boltzmann constant, and T is the drift-gas
temperature.

The average ting values of the precursors were used to correct arrival times of the charge-
reduced CAPTR products and residual precursor ions. CAPTR-IM was performed with 1.5 Torr
He and a voltage drop of 183 V across the drift cell. Cumulative distribution functions (CDF)
were calculated for each Q distribution to determine critical values. 10%, 50%, and 90% values

of the CDF were used to describe the lower bound, median, and upper bound of the Q

distributions, respectively.

A2 Calculating Similarity Scores

To quantitatively compare the apparent Q distributions of Igl and 1gG4 ions, a Jensen-
Shannon distance metric was calculated using the SciPy spatial.distance submodule. We define
the similarity score as 1 minus the Jensen-Shannon distance. The Jensen-Shannon distance is the
square root of the Jensen-Shannon divergence. For vectors p and g:

D(pllm)+D(qIIm))0'5
2

Eq. S1 Score =1 — (
where m is the pointwise mean of p and ¢ and D is the Kullback-Liebler divergence. Log base 2

is used in the calculation of the Kullback-Liebler divergences to bound the score between 0 and

1.* A score of 1 signifies that the two distributions are identical. As the score decreases to 0, it
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signifies increasing dissimilarity between the distributions being compared. Below is an example
of the code implemented to calculate this score for two apparent Q distributions. Note that the
distributions subjected to comparison must be interpolated a common Q axis. If these
distributions are not normalized, scipy.spatial.distance.jensenshannon() will normalize these

distributions so that they sum to 1.0 prior to calculating the distance.

# Import packages
# python version 3.7.4
# numpy version 1.18.4
# pandas version 0.25.1
# scipy version 1.3.1
In [2]: import numpy as np
import pandas as pd
from scipy.spatial import distance

# Load in @Q distributions
# These distributions were interpolated over a common axis of 1000 points
# from 0 to 125 nm?

In [2]: ccsd IgG4 = pd.read csv('IgG4.csv',
header=None,
index col=0)

In [3]: ccsd IgGl = pd.read csv('IgGl.csv',

header=None,
index col=0)

# Compute Jensen-Shannon Similarity Score

In [4]: np.round((l-distance.jensenshannon(ccsd IgG4,ccsd IgGl, base=2)),
decimals=2)

Out [4]: array([0.8])

# Note that the order in which you input the distributions into

# scipy.spatial.distance.jensenshannon() does not affect the score

In [5]: np.round( (l-distance.jensenshannon (ccsd IgGl,ccsd IgG4, base=2)),
decimals=2)

Out [5]: array([0.8])
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A3 Additional Discussion of the Q) Values for CAPTR Products with Minimal Activation

The Q values of all P—C ions are shown in Figure 3. From native-like conditions,
CAPTR was performed on 26+, 25+, and 24+ precursors. The lowest-C CAPTR product
observed from MgG1 was 11+, and the lowest-C CAPTR product observed from NgG4 was 12+.
Precursor { values differed by 4.4% for NgG4 and by 1% for NgG1. Comparing the NP—12
ions to each other, 1gG4 ions differed in Q by 1.8% and IgG1 ions differed by 1.3%, suggesting a
weak dependence on the precursor charge state. All NP—C ions of IgG1 were more compact than
their precursor ions. For IgG4, this was only true for the N25—C ions. The MgG4 24+ precursor
was more compact than all of its CAPTR products, and the N26—24, 23, 22 ions were larger than
the 26+ precursor, whereas the remaining N26— C products were smaller. The ) values of the
most-compact CAPTR product ions were between 1.4 and 2.3% smaller than the corresponding
precursor ions for these antibodies. In the case of the N24—C ions of IgG4 where the precursor
was the smallest, the largest product ions (Y24—19) were only 1.3% larger. IgG4 N26—23 ions
were the largest of the N26—24, 23, 22 ions, but they were less than 1% larger than the precursor.
Even for CAPTR product series that were all more compact than their precursor, a decrease in ()
was not observed following every CAPTR event. The largest percent decrease in { observed for
a single CAPTR event was around 1% and the largest percent increase was less than 1% for both
antibodies. Comparing CAPTR products of the two antibodies, the N26—24 and N26—23 ions
exhibited the largest percent difference in Q (5.4%).

The Q values of both IgG1 and IgG4 NP—C ions appear to be independent of P and C
under these conditions; { values are similar across the range of charge states observed following
CAPTR. For alcohol dehydrogenase, Q) values of CAPTR products, relative to those of

precursors, ranged from —3.6% to +1.3%.*¥ For NIgG1, the maximum decrease in { for a CAPTR
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product relative to its precursor was —2.3%. For NgG4, the product Q values span —2.2% to
+1.3% relative to their precursors.

From denaturing conditions, 49+ and 47+ precursor ions were subjected to CAPTR,;
CAPTR mass spectra are shown in Figures S5 and S6. The 1gG4 49— C ions exhibited
consistently larger °TQye values than IgG1 for all ions observed (Figure 3). Differences are
maximized at lower charge states, with the maximum difference in { observed for the °49—19
ions. Percent differences for {1 values of IgG4 and IgG1 P49—C ions were between 0.5 and
5.9%. The lowest-C CAPTR products observed with significant intensity were 49— 15 for IgG1
and P49— 16 for IgG4 with 0 values of 93.9 nm? and 99.9 nm?, respectively. The Q value for
IgG1 P49—16 ions was 95.9 nm?, for comparison. These product ions are significantly larger
than any of the NP—15 or NP—16 ions, and the decreases in Q for the IgG1 P49—15 and 1gG4
P49—16 ions relative to their precursors were 21.1% and 16.7% (34 and 33 CAPTR events,
respectively). Compaction was observed following most CAPTR events.

Comparing ions generated from different precursors, 47— C and P49—C ions of IgG1
exhibited similar { values across all charge states. The maximum percent difference of 2.2% was
observed at 47+, indicating minimal dependence on P. IgG4 P47—C arrival-time data was not
analyzed. In sum, the Q values of IgG ions generated from denaturing conditions and subjected
to CAPTR depended strongly on C, and CAPTR of multiple precursor ions of IgG1 suggests that

Q depends weakly on P.
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Figure A1. Native mass spectra of IgG1 (A, B, and C) and IgG4 (D, E, and F) under different

source temperature conditions. (A) and (D) are mass spectra collected with the instrument source

temperature set to 120 °C and no temperature control of the electrospray sample. (B) and (E) are

mass spectra collected with the instrument source temperature set to 30 °C and no temperature

control of the electrospray sample. (C) and (F) are mass spectra collected with the source

temperature set to 120 °C and the use of a temperature-controlled nano-electrospray source with

its sample temperature set to 25 °C.
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Figure A2. Mass and charge state determinations of IgG1 (native-like conditions) by performing
CAPTR on the peak centered at 6195 m/z under minimally activating conditions. The precursor
peak was assigned to a series of candidate charge states ranging from 19+ to 33+, and the
product ion peaks were then assigned accordingly. The vertical bars on the left-hand plots
represent the standard deviations associated with propagating the mass based on the candidate
charge-state assignments. Those standard deviations are also shown on the right-hand plot. This
analysis shows that the precursor ion had a charge state of 26+. From this analysis, the

experimental mass of IgG1 was determined to be 148,714 + 58 Da at a 95% confidence level.



220t

200}
® 180}
[a]

=

=160}
§140»

120
100
80

1

NigG4

|

t

Iy
® o o »

Standard Deviation (kDa)

o N b~ O

22

28

Charge State

34

peak was assigned to a series of candidate charge states ranging from 19+ to 33+, and the

product ion peaks were then assigned accordingly. The vertical bars on the left-hand plots

analysis shows that the precursor ion had a charge state of 26+. From this analysis, the

experimental mass of IgG4 was determined to be 155,826 + 61 Da at a 95% confidence level.

Charge State

185

Figure A3. Mass and charge state determinations of 1gG4 (native-like conditions) by performing

CAPTR of the peak centered at 5997 m/z under minimally activating conditions. The precursor

represent the standard deviations associated with propagating the mass based on the candidate

charge-state assignments. Those standard deviations are also shown on the right-hand plot. This
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Figure A4. The mass and charge state assignments shown in Figure 2 were used to calculate
PTOue values for MgG1 (green and blue) and NgG4 (orange and purple) ions generated from
native-like conditions. With the correct charge-state assignments of 24+ for NIgG1 ions (6195

m/z) and 25+ for NgG4 ions (6227 m/z), NgG1 and NgG4 ions of a given charge state exhibit

small differences in Q.
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Figure AS. Precursor and ?47—C CAPTR mass spectra of IgGs from denaturing conditions. (A)
Mass spectrum of PIgG1 ions generated directly by ESI from denaturing solution conditions with
the 47+ quadrupole-isolated precursor peak overlayed in green. (B) IgG1 P47—C CAPTR mass
spectrum. (C) Mass spectrum of PIgG4 ions generated directly by ESI from denaturing solution
conditions with the 47+ quadrupole-isolated precursor peak overlayed in green. (D) [gG4

P47—C CAPTR mass spectrum with zoom inset to see resolved peaks.
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Figure A6. Precursor and ?49—C CAPTR mass spectra of IgGs from denaturing conditions. (A)
Mass spectrum of PIgG1 ions generated directly by ESI from denaturing solution conditions with
the 49+ quadrupole-isolated precursor peak overlayed in green. (B) IgG1 P49—C CAPTR mass
spectrum. Some additional species become resolved, but they are of low intensity. (C) Mass
spectrum of PIgG4 ions generated directly by ESI from denaturing solution conditions with the
49+ quadrupole-isolated precursor peak overlayed in green. (D) IgG4 49— C CAPTR mass

spectrum.
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Figure A7. Comparing mass spectral resolution of PIgG1 ions generated from ESI, quadrupole-
selected PIgG1 49+ ions subjected to CAPTR (P49—C), and all PIgG1 ions generated from ESI
subjected to CAPTR.
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Figure A8. Comparing mass spectral resolution of PIgG4 ions generated from ESI, quadrupole-
selected PIgG4 49+ ions subjected to CAPTR (P47—C), and all PIgG4 ions generated from ESI
subjected to CAPTR.
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Figure A9. Overlaid CAPTR mass spectra of 47+ and 49+ PIgG4.
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Figure A10. Centroid collision cross-section (°TQu) values of IgG1 and IgG4 ions generated by
electrospray from native-like and denaturing solution conditions, as determined from field-
dependent measurements and in-house fitting software. Low intensities of 34+ to 38+ PIgG1 ions
and 34+ to 37+ PIgG4 ions resulted in a significantly increased uncertainty in Q, so they were

excluded from analysis. PTQue values for PIgG1 and P1gG4 ions are similar to native-like ions of

the same charge.
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Figure A11. On the left, apparent Q distributions of Y25 — C (A) and N26 — C (C) IgG1 ions on
different days (25 V sampling cone voltage). On the right, Jensen-Shannon scores comparing

apparent Q distributions of Y25 — C (B) and N26 — C (D) IgGl ions on different days.



124~
134
14 1
154
16

17

Product lon Charge State

21
22
23

24+

25

12
13

15

17

Product lon Charge State

21
22
23

244

25

18 4
191
20

144
16
184

1941
204

IgG4N25_5C
(A) M Replicate 1 (B)
Replicate 2 1.0
A
f/\t 0.94 °o°° Qooc
/\ o © 0o o
AN § 084
SNC a
] AN 2
- |E
/\ 061
] 1//\\\\ 05
— AT
.‘/.\F 04 \—r—">T-—-"-+—"vmr—"T—"7
50 60 70 80 90 12 14 16 18 20 22 24 26
IgG4 N26 - C
(@) ] Repl?cate1 | (D)
Replicate 2 1.0
1 7 Zt 091 .
1 /k § 031
N
~ 2
i N =07
/\ E
A ?
7\
T
.
T T J 04 T T T T T T L] T
50 60 70 80 90 12 14 16 18 20 22 24 26
Que/ nm? Product lon Charge State

194

Figure A12. On the left, apparent Q distributions of N25 — C (A) and ¥26 — C (C) IgG4 ions on

different days (25 V sampling cone voltage). On the right, Jensen-Shannon scores comparing

apparent Q distributions of Y25 — C (B) and N26 — C (D) IgG4 ions on different days.
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Figure A13. On the left, apparent Q distributions of N25 — C (A) and Y26 — C (C) CAPTR
product ions of IgG1 and IgG4 (25 V sampling cone voltage). On the right, Jensen-Shannon
scores comparing apparent Q distributions of Y25 — C (B) and M26 — C (D) IgG1 and 1gG4

ions.

195



196

12 A
A~
13

15

16 M
Pl B N
13.A
o N
N N
N = U
22._A
23.A
24._A
25._A

_ o .
N O
i

sty
>%

O o

Product lon Charge State

i

N
N

25
26 26-—'—A—
60 80 100 60 80 100
Qe / NM? 0,/ nm?
10{ @ 1961 . .
) W 9G4 Replicate Comparisons
0.9 4
L 038 -
)
"4
wv
£
& 07
£
wv
A A
0.6 y, \ p a
A A A A a 125V
. o A 100V
4 A 4
03 PN A 75V
A 50V
A 25V
04 .

12 14 16 18 20 22 24 26

Product lon Charge State
Figure A14. (A) and (B) show apparent Q distributions observed for NgG1 and NgG4 ions 26+
ions subjected to pre-CAPTR activation (Y26* — C) with a sampling cone voltage of 50 V and
100 V, respectively. (C) shows the Jensen-Shannon similarity scores calculated for the
comparison of apparent Q distributions of IgG1 and IgG4 N26* — C ions for each pre-CAPTR

activation voltage tested.
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Figure A15. Comparison of similarity scoring functions. A and B show the scores of the
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apparent PTQy. distributions of MgG1 and NgG4 CAPTR products and residual precursor (25+

and 26+) ions at 50 V pre-CAPTR activation versus charge state (cool colors), and the scores of

apparent DTQHe distributions of NIgG1 and NIgG4 precursor ions (25+ and 26+) subjected to

collision-induced unfolding versus trap injection voltage (warm colors). (A) presents results

using a dot product based similarity score reported previously5 and (B) presents results using the

Jensen-Shannon similarity score used in this study.
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Figure A16. (A) Apparent °"Qu. distributions of MgG1 and MgG4 25+ ions subjected to
collision-induced unfolding (CIU) in the trap cell. (B) Corresponding Jensen-Shannon similarity
scores for comparison of the apparent °TQy distributions of NgG1 and MgG4 25+ ions at each

trap collision voltage.
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Figure A17. (A) Apparent °"Que distributions of MgG1 and MgG4 26+ ions subjected to
collision-induced unfolding (CIU) in the trap cell. (B) Corresponding Jensen-Shannon similarity
scores for comparison of the apparent °TQy distributions of NgG1 and MgG4 26+ ions at each

trap collision voltage.
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N26—26*, N26—21%*, and N26—12* ions of IgG1 (black) and IgG4 (light purple) at selected
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Appendix B: Supporting Information for Chapter 3.

B1 Additional Results and Experimental Details
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Figure B1. Comparison of mass spectra of Cyt ¢ in 200 mM ammonium acetate, ]| mM TCEDP, at

pH 7 with a setting of 4 V of trap injection voltage or 40 V trap injection voltage. The ratios of

Cyt c to TCEP cluster were calculated using the intensity of the most abundant isotope of the

[M+6H+ reduced heme]’* Cyt ¢ peak and the most intense TCEP cluster peak in the region of

500 to 600 m/z (573.00 m/z). This group of TCEP clusters represents combinations of at least 2

TCEP molecules, reduced or oxidized (+O), with charge originating from combinations of

protons, potassium, or sodium. The absolute intensity of the 573 m/z drops from 7.29¢3 to 535

with the increased collisional activation, and the adducts of the 6+ Cyt ¢ peaks decrease to

negligible levels. The sum of the absolute intensity over the m/z range 2055-2072 (6+ Cyt ¢ with

no TCEP adducts) increases by 39% with the application of 40 V.
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Figure B2. Mass spectra of 8+ Cyt ¢ in 200 mM ammonium acetate with 1 mM TCEP at pH 6
collected at trap injection voltages of 4 V and 15 V.
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Figure B3. Comparison of mass spectra of Cyt ¢ in 200 mM ammonium acetate, 1 mM TCEP, at

pH 7 electrospray-generated with 25 nA of current or 132 nA of current. TCEPO represents

oxidized TCEP.
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Figure B4. Mass Spectra of Cyt ¢ prepared in 200 mM ammonium acetate with 50 uM TCEP
without pH adjustment, collected on the Synapt G2.
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Charge State of

Cytochrome ¢

DTT

BME

TCEP

5 2460-2560 m/z 2460-2560 m/z 2460-3150 m/z
6 2055-2150 m/z 2055-2150 m/z 2055-2340 m/z
7 1760-1800 m/z 1760-1800 m/z 1760-1850 m/z
8 1540-1570 m/z 1540-1570 m/z 1540-1570 m/z
9 1370-1390 m/z 1370-1390 m/z Not Observed
10 1230-1250 m/z Not Observed Not Observed

Table B1. m/z ranges extracted for average charge state calculations.



207

7+
> e o B EMDTT
= —
e
[] 7+
R
=
[
2 =
& ///TOOmMBME
w L L L 1
z —

7+

= No reducing agents

1760 1765 1770 1775 1780 1785 1790 1795 1800
m/z

Figure BS. Mass spectral results after the addition of 100 mM DTT or 100 mM BME to Cyt ¢ in
200 mM ammonium acetate at pH 7. No shifts in the isotope distributions of 7+ Cyt ¢ are
observed. Both reducing agents may be influencing the presence of salt adducts (Na+, K+) in
comparison to the no reducing agent condition. At high concentrations of DTT, a low intensity
peak arises at around 1790 m/z which corresponds to a modification of about 162 Da. It is
present at low intensity with all Cyt ¢ mass spectral peaks. Intact, reduced DTT has a mass of

154.25 Da. This 162 Da modification is currently unidentified.
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Figure B6. Average charge state of Cyc ¢ in 200 mM ammonium acetate with various

concentrations of DTT at pH 7. This is a replicate of experiments discussed in the main text.
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Figure B7. Average Charge State of Cyt ¢ in 200 mM ammonium acetate with various

concentrations of TCEP at pH 6, 7, and 8.
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Figure B8. Average Charge State of Cyt ¢ in 200 mM ammonium acetate with various

concentrations of DTT at pH 6, 7, and 8.



211

BME Addition
8-50 L] L L] L] L L)

825 F ® 1

Pl B
n N o
S wu O
T T T
[

f . L

Average Charge State
~N
N)
w
L J

pH 6 -
. ® pH7
e pHS

o

o

S
r

o

N

Ul
T

6.50 = ; . ’ v L

0 20 40 60 80 100
Concentration /mM

Figure B9. Average Charge State of Cyt ¢ in 200 mM ammonium acetate with various

concentrations of BME at pH 6, 7, and 8.
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Figure B10. Cyclic ion mobility arrival time distributions of 7+ Cyt ¢ (1760 to 1800 m/z) in 200

mM ammonium acetate, pH 6, with and without reducing agents.
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Figure B11. Cyclic ion mobility arrival time distributions of 7+ Cyt ¢ (1760 to 1800 m/z) in 200
mM ammonium acetate, pH 8, with and without reducing agents.
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Normalized Intensity

Ul
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Figure B14. Mass spectral results from incubation of Cyt ¢ with reducing agents. A minute shift

to higher m/z is observed following incubation with DTT or BPME.



Appendix C: Supporting Information for Chapter 4.

C1 Additional Results
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Figure C1. Selected spectra of the 7+ species from a £30 °C min™* temperature cycle of
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Ribonuclease A (RbA) without reducing agents. Start and end temperatures indicate the range of

temperatures over which mass spectra were signal-averaged. No significant changes in the

isotope distributions are observed over a temperature cycle in the absence of DTT.
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Figure C2. Mass spectra (collected on different days) of NISTmAD after incubation at 10 °C in

the presence of 2 mM DTT. Compared to temperature cycles performed over 11 minutes (9 °C

min~t from 10 to 65 to 25 °C), disulfide bond reduction is slowed significantly.
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Figure C3. Selected spectra from a £9 °C min~* temperature cycle of NISTmAb in the absence

of reducing agents. The y-axis absolute intensity maxima are the same for all four plots so that

differences in intensity over the course of the temperature cycle can be appreciated. The green

asterisk highlights a region that may correspond to highly charged intact NISTmAD. It is unlikely
that these peaks correspond to half mAbs (HL) because no HL is observed at the end of the

cycle. The H-like fragment is also observed in the absence of DTT.
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Figure C4. Selected spectra from a £9 °C min~* temperature cycle of SigmaMAb K4 in the

absence of reducing agents. The y-axis absolute intensity maxima are the same for all four plots

so that differences in intensity over the course of the temperature cycle can be appreciated. L

products are observed at low intensity in the absence of reducing agent. The H-like fragment is

also observed in the absence of DTT.
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Figure C5. Selected spectra from a £9 °C min™* temperature cycle of polyclonal IgG1x in the

absence of reducing agents. The y-axis absolute intensity maxima are the same for all four plots

so that differences in intensity over the course of the temperature cycle can be appreciated. Some

RbA carryover from previous runs is visible in the lower m/z range, but no L or HL products are

observed over the course of a cycle in the absence of DTT.



Temperature Polyclonal IgG4k Intact
Start : End HL
10:15°C /@
e A
40:45°C
25+
261 oae
a? P _JOL 27+ 23+
7]
c
3
= 65:60 °C
30:25°C
End of temp. cycle
Contaminant
* % ! a 6
2000 3000 4000 5000 6000
ml/z

7000

222

Figure C6. Selected spectra from a £9 °C min~* temperature cycle of polyclonal IgG4x in the

absence of reducing agents. The y-axis absolute intensity maxima are the same for all four plots

so that differences in intensity over the course of the temperature cycle can be appreciated. HL

products are observed throughout the cycle. Black asterisks correspond to the dominant HL

(~77,471 Da) and gray asterisks correspond to another population of HL products (~79,493 Da).
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Figure C7. Zoom of lower m/z region at the end of a £9 °C min~! temperature cycle of

NISTmADb in the presence of 2 mM DTT. Higher charge states of H products are observed. The
inset shows a zoom of the 28+ charge state with the black asterisk corresponding to 50,905 Da,

the GOF glycoform, the medium gray asterisk corresponding to 51,067 Da, the G1F glycoform,

and the light gray asterisk corresponding to 51,228 Da, the G2F glycoform.
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Figure C8. Zoom of peaks in the L product region of the mass spectra of SigmaMAb K4 during
a +9 °C min~! temperature cycle in the presence of 2 mM DTT. Additional peaks are observed in
the cycle’s heating phase, but they diminish over the course of the cycle. Black asterisks
correspond to the dominant species at 25,254 Da, which agrees well with the predicted mass of
the intact L product. Medium gray asterisks correspond to 23,272 Da, and light gray asterisks

correspond to 23,561 Da.
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Figure C9. Selected spectra from a =15 °C min~* temperature cycle of NISTmADb in the presence

of 2mM DTT. The HH and H species are present in high intensity and increase in intensity over

the course of the temperature cycle. Similar results were not observed in other replicates, but

these results show that H and HH products can be ionized and detected. We hypothesize that this

sample may have been heated more than other samples by handling prior to insertion into the

ptESI source held at 10 °C. These results motivate additional experiments with different

temperature programs and DTT concentrations to investigate effects on the resulting reduction

profiles.
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Appendix D: Native Mass Spectrometry of Yeast F-Box Protein, Met30
1 Introduction

Protein degradation is an important aspect of cellular maintenance and homeostasis, and
the ubiquitin-proteosome pathway is one way in which protein degradation is accomplished and
regulated.! Protein ubiquitination is catalyzed by three enzymes: the E1 ubiquitin-activating
enzyme, one of several E2 ubiquitin-conjugating enzymes, and one of many E3 ubiquitin
ligases.>® E3 ligases provide substrate specificity in the ubiquitination cascade, and two yeast
E3s have been identified as essential, one being 5“*Met30, or Skp—Cullin—F-box Met30.2* SCF
complexes are some of the most well studied Cullin-Ring ligases, which are the largest class of
E3 enzymes.? SCF complexes are comprised of Skpl and Cullin-1 (Cdc53) proteins along with
an F-box protein that is responsible for the substrate specificity. These proteins form a complex
with Rbx1, the RING domain protein that interacts with the E2 conjugating enzyme to facilitate
the transfer of ubiquitin to the substrate.> Met30 is an F-box protein, and its E3 ligase complex
participates in the sulfur perception network in yeast.” Met30 selects Met4 for ubiquitination.’
Met4 is transcriptional activator for the MET genes that affect sulfur uptake and the synthesis of
sulfur-containing molecules, like methionine.” When yeast is grown in the absence of
methionine, 5“*Met30 does not bind Met4, and Met4 is available to activate genes for methionine
synthesis.’

The pathway (s) by which 5“"Met30 senses changes in the concentration of sulfur-
containing molecules is still unclear.® Several evolutionarily conserved domains have been
identified within Met30 that are shared with similar proteins in fungi.’ The F-box domain is
important for interaction with Skp1, and the WD-40 repeat domain is important for substrate

recognition.” A dimerization domain has also been identified which is conserved with other SCF
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ligases that form homodimers.? Homodimerization of 5*Met30 and the conditions thereof have
not been clearly demonstrated; however, the dimerization domain of Met30 has been shown to be
essential for cell viability.? We hypothesized in collaboration with Dr. Ning Zheng that a
cofactor, possibly an Fe-S cluster, may provide an explanation for the sulfur perception of
SCFMet30.

Fe-S clusters are utilized in most living organisms, and are common protein cofactors
with diverse roles in energy production, DNA replication and repair, nitrogen fixation, and
more.”"® Their reactivity with molecules like Oz, NO, and free Fe, imparts an ability to sense
cellular changes and, in conjunction with proteins, respond to those changes.® The goal of this
study was to analyze various Met30 complexes using native MS to provide insights into

SCFMet30 structure and function as an E3 ligase for Met4.

2 Methods

Met30 and Skp1 proteins were coexpressed in insect cells and samples were prepared by
the Ning Zheng lab at UW. A number of samples were provided that comprised different
constructs of wild-type (WT) and mutant Met30 protein. The samples discussed herein were of
truncated WT Met30 (180-285), which comprises the F-box motif and an additional conserved
region, and a truncated 4A mutant (180-285) in which the following amino acid substitutions
were made: C229A, H232A, C237A, C240A. Sequences of Met30 proteins are provided in
Figure D1. Samples of WT Met30 (180-285)/Skp1 and 4A Met30 (180-285)/Skp1 were provided
in aqueous 20 mM Tris HCI, 200 mM NaCl and 5 mM DTT at pH 8. Samples were buffer-
exchanged into a solution containing 200 mM ammonium acetate at pH 7 or pH 8, with and

without 5 mM DTT, using a microdialysis device with 2-4 buffer replacements. Native MS was
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performed on a modified Waters Synapt G2 HDMS, a Waters QTOF Premier, or a Waters

SELECT SERIES Cyclic IMS system.

WT Met30 (180-285):

200 210 220
SGSGGSG KIDFISILPQ ELSLKILSYL DCQSLCNATR VCRKWQKLAD DDRVWYHMCE
230 240 250 260 270
QHIDRKCPNC GWGLPLLHMK RARIQQONSTG SSSNADIQTQ TTRPWKVIYR
280
ERFKVE
4A Mutant Met30 (180-285):
200 210 220
SGSGGSG KIDFISILPQ ELSLKILSYL DCQSLCNATR VCRKWQKLAD DDRVWYHMAE
230 240 250 260 270
QAIDRKAPNA GWGLPLLHMK RARIQQONSTG SSSNADIQTQ TTRPWKVIYR
280
ERFKVE

Figure D1. Sequences of WT Met30 F-box construct and 4A Mutant Met30 F-
box construct. Amino acids substituted to A in the 4A mutant are highlighted in

red. Methionine and additional cysteine residues are bolded.

3 Results and Discussion

Initially, samples were exchanged into new solutions with a pH of 7, and samples were
analyzed in positive mode on the G2 and QTOF premier instruments. Overall, the native mass
spectra of the 4A mutant displayed less homodimerization (4A/Skp1-4A/Skpl) relative to the
monomer (4A/Skp1) when compared to native mass spectra of the WT Met30 sample (Figure
D2). These results supported experiments performed in the Zheng lab which indicated that the
WT may form a dimer in solution. 4A/Skpl monomer-to-dimer relative abundances were 100:18
versus WT/Skp1 with a ratio of 100:60. No apo peaks for WT/Skp1 homodimers were observed
under either condition (with or without 5 mM DTT), but apo peaks for 4A/Skpl homodimers

were observed under both conditions. Larger complexes (more mass relative to predicted apo
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masses) were observed with the addition of 5 mM DTT for both samples. This was promising
because the addition of DTT was intended to help preserve reducing conditions and help
maintain native-like structures. Fe-S clusters can be very susceptible to oxidation.® We observed
the addition of 63-66 Da in mass relative to apo WT/Skp1 and 123-128 Da for WT/Skp1
homodimers. In addition to the possibility of zinc ions in the sample, we hypothesized that
persulfidation could be occurring if Fe-S clusters were degrading due to oxidizing conditions
during sample handling.>!° Previous work has also shown that Fe-S cluster proteins may be more
stable as negative ions,!! so follow-up experiments were also performed in negative mode.
Overall, mass spectra peaks were also broad and difficult to assign, so follow-up experiments

aimed to decrease peak width and enhance resolution as well.
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Figure D2. Native mass spectra of Met30 samples in 200 mM ammonium acetate,
pH 7, in the absence of DTT. These spectra were acquired on the QTOF Premier

in positive mode.

Increasing ionic strength of the ammonium acetate solution from 200 mM to 1 M has
enhanced resolution of other complexes in native MS by reducing nonspecific adduction.
Experiments using | M ammonium acetate buffers resulted in destabilization of both WT and 4A
complexes, so this method was eliminated as a viable option. All remaining experiments were
performed in 200 mM ammonium acetate. The remaining experiments also used ammonium
acetate at pH 8, rather than pH 7, to maintain more of the original solution conditions.

Additionally, as shown in Ch. 3, the Cyclic instrument resulted in more base level activation of
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the complexes compared to the G2 or QTOF premier instruments, so troubleshooting and tuning
was performed to enhance the transmission of higher m/z species and reduce activation.

Native MS of the 4A mutant/Skp1 sample was repeated several times on the Cyclic prior
to performing additional experiments on the WT/Skp1 sample. In positive mode, spectra were
collected that appeared more similar to those acquired on the G2 under pH 7 conditions. Higher
resolution of the 4A Met30 monomer (not in complex with Skp1) was observed as well. With the
addition of 5 mM DTT, the peak corresponding to an increase in mass of 62-64 Da relative to
apo 4A was absent or diminished (Figure D3). The absence of this peak was also evident for the
4A/Skpl monomer complex in the presence of DTT. The Skpl monomer was not affected by the
addition of DTT (Figure D4). Resolution of the 4A/Skp1-4A/Skpl complex peaks appeared to be
negatively impacted by the addition of DTT; as observed previously, and the apo peak was
observed under both conditions. In negative mode, the 4A monomer was not observed. The
4A/Skpl monomer complex showed the depletion of the 62-64 Da peak in the presence of DTT,
similar to observations in positive mode. The Skpl monomer was unchanged by the addition of
DTT. 4A/Skp1 homodimer peaks were broad. Resolution improved with collisional activation
performed in the trap cell, but no clear cofactor or cluster could be assigned in either positive or

negative mode.
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Figure D3. Native mass spectra of 4A Met30 (180-285) acquired on the Cyclic
instrument in positive mode with supplementary activation. Spectra were
collected on different days. Solution conditions were 200 mM ammonium acetate
with pH of 8, with and without 5 mM DTT. A view of only the 9+ 4A monomer is

shown.
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Figure D4. Native mass spectra of 4A Met30 (180-285) acquired on the Cyclic
instrument in positive mode with supplementary activation. Spectra were
collected on different days. Solution conditions were 200 mM ammonium acetate
with pH of 8, with and without 5 mM DTT. A view of only the 10+ Skp1

monomer is shown.

In positive mode, the WT monomer displayed a peak that corresponded to 127-128 Da in
added mass relative to the apo peak. This modification was diminished with the addition of DTT
(Figure D5). A similar modification (129-130 Da) was observed on the WT/Skp1 monomer

complex in the absence of DTT and was diminished in the 5 mM DTT sample. Skpl monomer
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peaks were not observed to change with the addition of DTT. The WT/Skp1 homodimer peaks
were broad and poorly resolved even with collisional activation. Better resolution was achieved
under conditions without DTT, but no cofactor or cluster could be positively identified. In
negative mode, the WT monomer was not observed. The WT/Skp1 complex didn’t clearly show
the depletion of a 127-130 Da modification with the addition of DTT as was observed in positive
mode. The Skpl monomer peaks again looked similar with and without DTT. The WT/Skp1
homodimer peaks were also poorly resolved in negative mode (Figure D6) and were broader

with the addition of DTT. Again, no cofactor or cluster could positively be identified.

WT Met30 (180-285)
+63 Da

oy

E +1 28 Da
8 Y

=

v

2

=)

©

E L

o

1445 1450 1455 1460 1465 1470

m/z

Figure D5. Native mass spectra of WT Met30 (180-285) acquired on the Cyclic
instrument in positive mode with supplementary activation. Solution conditions
were 200 mM ammonium acetate with pH of 8, with and without 5 mM DTT. A

view of only the 9+ WT monomer is shown.
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Figure D6. Native mass spectra of WT Met30 (180-285) acquired on the Cyclic

instrument in negative mode with supplementary activation and electrospray

current. Solution conditions were 200 mM ammonium acetate with pH of 8. A

view of only the 15- WT/Skp1 homodimer is shown. No apo peak was observed.

Added masses are relative to theoretical apo mass.

The colors of the WT samples and the 4A mutant samples were different; the WT sample

displayed a brownish-red color and the mutant sample was clear (Figure D7). Ligation of Fe-S

clusters has been shown to occur between Fe-S clusters and cysteine and histidine residues,'? so

the 4A substitutions may have prevented the binding of such a cluster and could provide an

explanation for the differences in color.
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Figure D7. Image of WT Met30 (180-285) and 4A Met30 (180-285) samples.

Methionine residues are present in all proteins (WT Met30, 4A Met30, and Skpl). They
are also prone to oxidative modification. DTT is ineffective in reducing methionine oxidation,
but effective in reducing some oxidative modifications of cysteine residues. We hypothesize that
the depletion of peaks corresponding to 62-64 Da modifications of 4A Met30 and 127-130 Da
modifications of WT Met30 may correspond to oxidative cysteine modifications. There are three
cysteines in the 4A mutant sequence and six cysteines in the WT sequence. Persulfidation is a
cysteine modification susceptible to reduction by DTT, but no peaks corresponding to the

addition or depletion of a single persulfide modification (+32-34 Da) were observed.

4 Future Work
Anaerobic preparations of new Met30 samples are underway in the Zheng lab. Analyses
performed under anerobic conditions may reveal clearer information about the presence or

absence of Fe-S clusters, as suggested by published protocols for performing native MS on Fe-S
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proteins.® Mass spectra should continue to be collected in both positive and negative modes for
complementary information about the complexes and to maximize stability of Fe-S clusters, if
present. Additional heat or activation may enhance resolution of these complexes for more clear
assignment. ICP-MS or EPR may be useful in verifying or rejecting the presence of iron or Fe-S

clusters in the samples.
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