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Abstract

Insights to the Relationship Between the Condensed Phase and the Gas Phase Structure of Proteins from

lon Mobility Mass Spectrometry Measurements

Meagan M. Gadzuk-Shea

Chair of Supervisory Committee:
Associate Professor Matthew F. Bush

Department of Chemistry

This dissertation investigates the interplay between the condensed phase environment, the
generation of charged droplets, and the gas phase structures of protein and protein complex ions.
Nanoelectrospray ionization is used to generate gas phase ions from various solutions that retain varying
degrees of the native structure. Ion generated from “native” like conditions, solutions with electrolyte
concentration and neutral pH, retain noncovalent interactions and aspects of higher—order structure.
Conversely, ions generated from acidified solutions with high organic content are unfolded and do not
reflect native—like structures. lon mobility—mass spectrometry (IM—MS) analysis enables gas phase
structures to be separated by collision cross section (an approximation of shape) and charge and can be
used to infer information about the solution behavior of the structures. Additional gas phase perturbations
can be used in combination with IM—MS to increase the information gained in a single experiment. For
example, cation-to-anion proton-transfer-reactions (CAPTR) and collisional activation (CIU) is combined
with IM-MS to examine the relationship between charge, collision cross section, and condensed phase

environment of a large, multi—-domain protein. In CAPTR, protein cations are reacted with singly—charged



anions prior to IM separation to generate a series of charge-reduced product ions through proton—transfer
reactions. In CIU, protein ions are subjected to increasingly energetic collisions with a neutral gas
molecule to affect structural isomerization. The results from this work show that the charge and collision
cross section of the CAPTR product ions depend strongly on the solution from which the original ion was
generated, the charge state of the product ion, and, to a lesser extent, the charge state of the precursor.
Furthermore, these results show that the structures initially assumed is the consequence of kinetic
trapping and depend on the solution conditions from which the original ion was generated. In other work,
a novel power supply for generating ions from nESI was implemented into an IM—MS platform. This
device, a triboelectric nanogenerator (TENG), offers superior sample efficiency relative to conventional
DC power supplies due to its ability to trigger nESI in a controlled and pulsed manner. Native—like
protein and protein complex ions spanning a range of masses are produced from TENG mediated nESI
and studied by IM-MS. Those results show that TENG-nESI produces ions that are statistically similar to
those generated by conventional DC power supplies. However, some differences and drawbacks of the
TENG device are evident and discussed in the context of leveraging the device for IM-MS analysis of
native-like biomolecules. Finally, the electrochemical nature of the nESI process is assessed for its impact
on solutions commonly implemented in native—MS workflows. Measuring the fluorescence ratio of a pH-
sensitive probe at two wavelengths enabled changes in solution composition during nESI to be
determined. The role of electrospray current, concentration of electrolyte, initial solution pH, and polarity
of the applied potential are examined on timescales consistent with native MS experiments. Those results
show that significant changes in solution composition occur during nESI under conditions used to study
intact biomolecule structure, although to varying extents. A polarity—switching scheme was developed to

mitigate the observed changes in solution and was demonstrated to be an effective strategy.
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Chapter 1: Introduction

1.1 General Overview

The functioning of all life relies on the structures and interactions of proteins and protein
complexes.! A protein that starts as a nascent chain of peptides will fold to a highly specified structure
that dictates the when, how, and what of its function. Traditional condensed-phase techniques such as
X-ray crystallography* and NMR spectroscopy® have played critical roles in determining the structures of
many proteins. However, these techniques often fail to capture the inherent complexity of these systems
with respect to structural intermediates, inter- and intra- molecular interactions, and dynamic ensembles.?
lon mobility (IM) — mass spectrometry (MS) has emerged as a technique capable of capturing these more
transient and complicated aspects of biomolecule structures and dynamics. IM separates molecules by
shape and mass spectrometry by mass-to-charge; together, these techniques offer a semi-orthogonal, two-
dimensional, gas-phase separation that benefits from speed, sensitivity, and selectivity.® Building a
complete understanding of how various aspects of IM-MS measurements influence the gas-phase
structure and behavior of biomolecules is crucial to extending the utility of these techniques for
evaluating biomolecules. In this dissertation, specific components of the IM-MS measurement are
characterized to assess how each affects the results of the measurement. The results of this work evaluate
power sources to generate gas-phase ions, the duration, magnitude, and polarity of the applied potential
used to generate gas-phase ions, the relationship between condensed-phase environment, charge, and gas-

phase structure, and the influence of rapid temperature cycling in solution prior to ionization.

1.2 Mass Spectrometry (MS)

MS is a gas-phase technique that separates ions by their mass-to-charge (m/z) ratio. All MS
techniques contain three primary components: an ion source, mass analyzer, and a detector.” In a MS
experiment, the analyte is converted into bare, gas-phase ions at the ion source, then directed using

electric fields to the mass analyzer that separates the ions by their m/z; the separated ions are measured at



the detector, which converts the signals that comprise a mass spectrum.®® Mass spectrometry was born
out of efforts to measure the electron'® and early implementations of it were confined to primarily physics
applications (i.e., measuring the weights of atoms and sub-atomic particles).'®*2 Indeed, a mass spectrum
is, in its simplest form, a gas-phase scale for determining the weight of an analyte,'® however significant
advances in the technology during the past half-millennia have extended both the limits of this scale and
the applications of MS.1%14 Today, MS is an invaluable asset to fields ranging from forensic science®® to
drug discovery and development.® Many modern configurations of MS workflows incorporate additional
instrument components that are used to further probe the structures of gas-phase analytes. Some of these
additions include gas-phase, hydrogen-deuterium exchange,!’ electron dissociation sources.® ion-ion
reactions,*® various optical spectroscopies,?®?*, and IM.?? Coupling MS with such components in addition
to its unrivaled speed, sensitivity, and selectivity has enabled MS to become one of the most prevalent

methods for studying gas-phase structure in recent decades.

1.3 lonization of Protein lons

Prior to the development of soft ionization techniques, producing charged gas phase structures
involved high energy processes that would break covalent bonds in the analytes.®** While this allowed
experimenters to elucidate structures through predictable fragmentation,?®?* they were limited to analytes
that were small and had vapor pressures great enough to produce substantial gas phase molecules prior to
ionization. The 1980’s brought about two new ionization sources that opened the doors to examining
much larger analytes. These two ionization sources are matrix-assisted-laser-desorption-ionization
(MALDI)® and electrospray ionization (ESI)?. In MALDI, a sample is co-crystallized with a matrix
which is irradiated with a laser beam that generates ions,?” although the direct mechanism of ion
formation is still not fully understood?®. While MALDI is capable of producing ions of high mass analytes
(>300 kDa)*%, it typically produces singly charged ions (z = 1) and therefore very high m/z ions*®. ESI
offers the persuasive difference from MALDI of generating ions directly from solutions rather than a

solid substrate.3%3! Additionally, ESI generates a distribution of multiply charged ions from an analyte



solution, enabling it to be implemented on many MS platforms, including those with lower maximum m/z
limits.%% Consequently, ESI is more commonly employed for the analysis of proteins, especially those

generated under biologically relevant conditions which tend to generate signals in higher m/z regimes.*

1.4 Electrospray lonization (ESI)

1.4.1 Overview: In ESI, gas-phase ions are generated by biasing a capillary that contains the
analyte solution by kilovolts relative to the inlet of the mass spectrometer.®® The application of a high
potential creates a Taylor cone at the tip of the capillary, which becomes a plume of analyte-containing
droplets.®3-% The residual solvent evaporates from the analyte containing droplets to produce bare gas-
phase analyte ions, which are then analyzed by the mass spectrometer. Figure 1.4.1 illustrates the basics
of this procedure. The process by which bare ions are formed from the initially charged droplets is still
not completely understood.*-3® However, many studies suggest that accepted that small molecules follow
an ion-evaporation model,***° elongated structures like denatured proteins are thought to undergo chain
ejection processes,** and ions of larger, globular macromolecules, such as native-like proteins, are thought

to form via the charged-residue model.%3842

Taylor cone
Capillary with Analyte
Solution o .
——— e 600 e || | ToMass Analyzer
e':' @, s and Detector
LI
Desolvation
| | Processes

Figure 1.4.1. General overview of ESI components leading to the production and analysis of bare gas-

phase ions.



1.4.2 ESI versus nESI: The first implementations of ESI used capillaries with inner diameters of
~100-200 pm, electric potentials in excess of 3 kV relative to ground, and external pumping to generate a
flow of sample.*434 Such implementations of ESI are still common for the analysis of small molecules
and metabolites, and some protein analysis workflows still use similar sources.**" However, such
configurations can suffer from high sample consumption and increased probability of nonspecific
aggregation due to large droplet sizes.*® In 1994, Wilm and Mann pioneered “micro electrospray” which
aimed to reduce the size of the Taylor cone produced by the application of an electric potential and
mitigate the aforementioned drawbacks of ESI.*® This modified approach used flow rates of <25 nL-min’
to produce a spray and produced droplets < 200 nm, a significant decrease from the um droplets produced
by conventional ESI sources. The setup of ESI was further miniaturized in the development of
nanoelectrospray ionization (nESI).*® Generally, nESI utilizes capillaries with even smaller tips and no
external pumping to promote electrospray; a potential of < 1.5 kV is typically sufficient enough to
generate a Taylor cone and to create enough electric force to move the solution toward the capillary
orifice.®349 All work presented in this dissertation uses nESI to produce gas-phase ions.

1.4.3 ESI to study biomolecules: Early applications of ESI to study biomolecules generated ions
from acidified and organic solvents, which denatures the analyte structure and produces highly charged
(low m/z) ions with broad charge-state distributions.**° In 1993, the development of a mass spectrometer
with higher m/z capabilities enabled the tetrameric form of Concanavalin A (103 kDa) to be observed
when it was generated from a solutions near physiological pH.%! This, in addition to advancements in the
limits of mass analyzers' triggered a flurry of studies®?-® examining the ability to retain native-like
structures and noncovalent interactions in gas-phase biomolecules. These studies paved the development
of the field of native MS.

1.4.4 Electrolytic nature of ESI: The ability to generate a continuous flow of charged droplets
depends on the electrolytic nature of the electrospray process.*®%” For example, when a positive potential
is applied to the capillary electrode, charge separation of the ionic species within the solution will occur

with positively charged species moving away from the electrode and toward the opening of the capillary.



Conversely, species of the opposite charge of the applied potential will gravitate toward the electrode
where they will neutralize. At the opening of the capillary, where positive charges congregate, the
solution distorts into a Taylor Cone from which positively—charged droplets emit when the surface
tension is broken..>>% The departure of the positively charged species necessitates that more are produced
in order to satisfy charge balance. The production of additional positively charged species can occur
through multiple pathways including oxidation of the solvent, the electrode, and the analyte itself.° The
rates at which negatively charged species are neutralized and positively charged species are expelled and
replenished can be unequal, leading to a surplus buildup of REDOX reaction products.®” Previous work

has demonstrated that this can lead to changes in the composition of the electrospray solution.5”5%-61

1.5 Charged-Residue Model

Previous work has reported a correlation between biomolecule mass and the charge states
observed in the mass spectrum when the ions are generated from biologically relevant solutions.%84262
This correlation suggests that the ions are formed through the charged-residue model (CRM). In the
CRM, the initial droplet undergoes evaporation until charge repulsion exceeds the surface tension, at
which point Coulombic fission occurs (Rayleigh Limit).3%4283 The resulting progeny droplets will
evaporate off the final solvent molecules and the remaining charges are deposited onto the analyte

structure, producing a bare and charged gas phase ion.

1.6 Native MS

Native MS refers to the technique of analyzing gas phase biomolecules generated from solution
conditions that mimic the environment they would encounter in a biological system.%-¢ This typically
involves a solution with some concentration of electrolyte, commonly ammonium acetate, that has been
adjusted to a near-neutral pH.5” When protein ions are generated from such solutions they exhibit
relatively low charge states and narrow charge state distributions, which can make charge state and mass

determination more challenging.'®%® Previous work has shown that such solution conditions retain many



aspects of the native structure of proteins as well as preserve noncovalent interactions to other proteins
and small molecules. This enables native MS to probe the stoichiometry, oligomeric state, and
composition of protein complexes in solution.®%% For example, native MS has been leveraged to
determine the role of lipid binding on the stability of membrane-protein oligomers, which is crucial to

understanding many cell-signaling pathways.”

1.7 lon Mobility (IM)

IM is an electrophoretic gas-phase separation technique that separates structures by size and
charge.” There are multiple configurations of IM instrumentation that each possess their own advantages
and disadvantages relative to each other; this has been reviewed elsewhere.”? The majority of the IM work
presented in this dissertation was conducted on an radio-frequency (rf) confining drift cell,” which
consists of a series of stacked ring electrodes connected via a voltage divider with opposite phase rf AC
currents applied to adjacent electrodes for enhanced ion confinement. The following discussion of IM
measurements reflects those collected on this platform.

Separation occurs by applying a weak potential field to the drift region, which is often an
enclosed chamber filled with an inert background gas. As ions enter the drift region, they experience two
opposing forces that induce separation of different structures, the electric field, which pulls the ions down
the axis of transmission, and collisions with the background gas, which slow the ions down. The ions
reach a steady-state drift velocity (vp) when these two opposing forces reach equilibrium. The occurrence
of differing steady-state velocities results in the separation of ions. Figure 1.7.1 demonstrates how two
ions with the same charge can exhibit different arrival-time distributions (ATD). This separation can
occur because one of the structures is more elongated and takes longer to traverse the drift cell and the
other structure is more compact and thus experiences fewer collisions with the background gas and travels

the region in a shorter time.



Intensity

Arrival Time / ms
Figure 1.7.1 Mock IM separation demonstrating that smaller, more compact structures will traverse the

mobility cell faster than an elongated structure with the same charge.

The net velocity that an ion will reach depends on the magnitude of the applied electric field, E,

and the mobility of the ion, K:

14
vp =KE =K (1.2)

The output of the ion mobility measurement is the arrival time (ta), is a combination of the mobility-
dependent component of the experiment (drift time, tp) and the time an ion spends in the parts of the

instrument that are not involved in the mobility separation (to):
tA = tD + to (13)

Mobility is an intrinsic property of an analyte and can be determined by measuring the time an ion takes
to traverse the drift cell (tp) over a range of E values and plotting the observed tp as a function of 1/V.
Examination of this relationship also allows the “dead” time (to) associated with IM separations to be

determined from the y-intercept of these plots:



tD = tA - to == (1.4)

It is then possible to correct the observed ta to determine the mobility-dependent time an ion spends in the
drift region of the instrument.” This corrected drift time can be used to determine the mobility, K, of an
ion. The K value can then be related to the collision cross section (Q) of the ion structure based on the

Mason-Schamp equation:™

B 3e2( 21 )1/21 (1.5)

T 16N \ukgT) K
Where e is the elementary charge, z is the charge state of the ion, N is the number density of the drift gas,
J is the reduced mass of the ion-neutral collision pair, ks is the Boltzmann constant, and T is the drift-gas
temperature. The Q value, to a crude first approximation, represents the rotationally averaged projection
of the ion-neutral collision pair. Measurements of Q values have proven a useful metric for evaluating

gas-phase structures and comparing them to condensed-phase results and structural models.®7

1.8 lon Mobility Mass Spectrometry

During the early 1990’s, the utility of combining IM to MS (IM—MS) for the analysis of protein
structure began to be realized.””~"® This semi-orthogonal combination offered improved opportunities for
studying analyte conformations and structural dynamics relative to mass spectral analysis alone.”?®° The
release of the first commercially available IM—MS platform®! led to an explosive growth in the
application of IM-MS for studying biologically relevant molecules.® A significant contribution to this
growth was the first observation of a native-like ion of a biomolecule, which provided definitive evidence
that features of higher-order structure could be maintained in the absence of solvent during IM—-MS

analysis.



1.9 Perturbing Structures of Gas Phase lons

The application of native IM—MS to intact protein and protein complexes has pushed the ability
to assess the structures and assemblies of analytes, many of which were previously unexaminable by
alternative condensed phase techniques.® For example, native IM-MS has been leveraged in the
determination of intrinsically-disordered protein conformations,® examining the structural variation
associated with protein mutations, and identifying substrate binding in membrane proteins.®

Additional tandem techniques are often used in combination with both native and non-native IM-
MS to expand the information learned in a single experiment. Collision-induced unfolding (CIU), in
which ions are sequentially accelerated into a gas-filled chamber prior to IM-MS separation and analysis,
has been used to examine energy related processes such as ligand-binding stabilization® and subtle
stability differences in biotherapeutic structures.®” Cation-to-anion, proton-transfer reactions (CAPTR), in
which the charge state of an ion is modulated through proton-transfer prior to IM-MS, has been used to
examine the relationship between structure and charge state of a broad range of protein ions.”#76888
Condensed-phase heating prior to ionization and IM-MS analysis has been leveraged to examine
structural ensembles of different proteins and protein complexes.*>°% These are just a few examples in
which the information gained from IM—MS experiments can be enhanced from incorporating additional

forms of structural perturbation.

1.10 Outline of Present Study

This dissertation aims to deepen our understanding of factors that influence the appearance of
mass and ion mobility spectra and how these factors inform what we learn about the relationship between
solution- and gas-phase structures of biomolecules. Broadly speaking, nESI-IM-MS experiments consist
of four major pains, as outlined in Figure 1.10.1: the (1) preparation of the of the analyte in solution, (2)
generation of gas-phase ions through the application of an electric potential, (3) separation of the
generated ions in the gas phase, and (4) analysis of the observed mass and ion mobility spectra. Part 3

reflects how the structures and dynamics of an analyte in the gas-phase respond as a result of (A) the
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environment from which it was generated in parts 1 and 2 or (B) perturbations performed in the gas phase
(e.g., collisional activation). Part 4 is how our understanding of the preceding steps and their relation to
condensed phase environment structure and behavior is advanced. In the following experiments, parts 1
and 2 are varied and closely examined for how these variations influence the appearance of the MS and
IM spectra. Gas-phase perturbations, such as ion/ion reactions and collisional activation, are implemented

to further inform on how structures of gas-phase ions differed in the condensed phase.

PART 1 PART 2 PART 3 PART 4

Generation of Separation of lons

Sample Gas Phase lons (optional Detectu:m and
. . . o Processing of
Preparation Via Electric additional
. . Measured Data
Potential perturbations)

Figure 1.10.1 The four primary components of a nESI-IM-MS experimental workflow. This chart

provides context for the various work presented in this dissertation.

Chapter 2 investigates how the characteristics of the condensed phase environment from which
ions of serum albumin affect the appearance of the mass and ion mobility spectra. Serum albumin is a 66
kDa protein with 3 domains and 17 internal disulfide bonds. lons are generated from five different
solutions that preserve varying extents of the native fold. Cation-to-anion, proton-transfer reactions and
collisional activation are used in combination to IM-MS to further understand how the condensed-phase
environment influences the gas-phase structures and dynamics of a large, multi-domain protein with
multiple disulfide bonds.

Chapter 3 moves forward in the IM-MS experiment and examines how the power supply used to
apply the potential used in ionization influences the outcome of the measurement. A novel triboelectric
nanogenerator (TENG) device® is used to generate ions for IM—MS analysis. The TENG device generates
ions in controlled, user-defined pulses and presents a strategy for drastically improved sampling

efficiency relative to continuous ion sources. The results of these experiments are systematically
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compared to ions generated using a standard DC power supply at the same time for differences in
collision cross section values and the appearance of the mass spectra. A comparison of the collision cross
sections measured of ions generated via TENG to the values measured previously is also presented.
Additionally, the coupling of the TENG device to a structures-for-lossless ion-manipulation (SLIM) ion
mobility instrument demonstrates the ability of a single TENG event to generate adequate ions for IM—
MS analysis.

Chapter 4 critically examines how the processes that occur during the electrospray process affect
the characteristics of the electrospray solution, specifically in native MS solutions. Changes in the
solution during native MS experiments have the potential to alter the structure of the analyte and
invalidate the results of the experiment. Factors such as the magnitude of the electrospray current, the
concentration of electrolyte in the solution, and the polarity of the applied application are each considered
on timescales relevant to typical native MS applications. Strategies are discussed, and one is

demonstrated, for the mitigation of the revealed electrospray—induced changes in the capillary solution.
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Chapter 2

Effects of Charge State on the Structures of Serum Albumin lons in the Gas Phase: Insights from
Cation-to-Anion Proton-Transfer Reactions, lon Mobility, and Mass Spectrometry

This chapter is reproduced with permission from Meagan M. Gadzuk-Shea and Matthew F. Bush “Effects
of Charge State on the Structures of Serum Albumin lon in the Gas Phase: Insights from Cation-to-Anion
Proton-Transfer Reactions, lon Mobility, and Mass Spectrometry” The Journal of Physical Chemistry

B 2018 122 (43), 9947-9955, DOI: 10.1021/acs.jpcb.8b08427. Copyright 2018 American Chemical
Society.

2.1 Abstract

Understanding the structures of proteins in the gas phase is essential for using gas-phase measurements to
infer the properties of proteins in solution. Using serum albumin as a model, this study aims to expand
our understanding of this relationship for a larger (66 kDa), multi-domain protein that contains 17 internal
disulfide bonds. Gas-phase ions were generated from five solutions that preserve varying extents of native
structure. lon mobility (IM) mass spectrometry (MS), cation-to-anion proton-transfer-reactions (CAPTR),
and energy-dependent IM were used to probe the relationship between structure, charge, and solution.
lons generated from increasingly disruptive conditions exhibited higher charge states and larger collision
cross section values. The collision cross sections of all CAPTR products depend on the original solution,
and to varying extents, the charge state of the product and the precursor. For example, the collision cross
sections of CAPTR products from denaturing conditions are all significantly larger than those of the
original native-like ions. Results from energy-dependent experiments show that the structures of the
original ions from electrospray ionization and their CAPTR products are a consequence of kinetic
trapping and depend on the higher-order structure and disulfide bonding of serum albumin in solution.
This study builds on our understanding of the relationship between solution condition, disulfide bonding,
collision cross section, and charge for a larger, multi-domain protein, which may be applicable to future

characterization of biotherapeutics that share these structural features.
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2.2 Introduction

The biological functions and activities of proteins depend inextricably on their higher-order
structures.! With a detailed understanding of this relationship, it is possible to tailor the function of a
protein by manipulating its stability, conformational distribution, solubility, and assembly.?* This concept
has been applied in therapeutic research and development. For example, knowledge of the insulin
dimerization interface was exploited to introduce single amino acid substitutions that cause like-charge
repulsion at the interface.® These substitutions do not disrupt the receptor binding region of the functional
monomer, but reduce the fraction of total insulin that forms lower-activity dimers at clinical
concentrations.>® This dramatically decreases the food-related, time sensitivity of insulin intake for
diabetic patients. Despite this and other successes,®’ our ability to study the dynamics, evolution, and
characteristics of a protein structure remains hindered. Condensed-phase techniques play dominant roles
in structural biology and biophysics,® but possess inherent limitations. These techniques convolve intra-
and intermolecular forces, are hindered by the presence heterogeneous mixtures of structure,® and often
require that proteins are amenable to high concentrations and/or crystallization. Such challenges restrict
the proteins that may be studied by condensed-phase techniques.°

The study of “naked” proteins in the solvent-free environment of a mass spectrometer isolates the
intrinsic, intramolecular interactions by eliminating interactions with solvent and surrounding molecules.
Furthermore, mass spectrometry (MS) offers rapid analysis, requires small amounts of sample, and is
applicable to many more proteins relative to conventional techniques.'* MS has been used to determine
the mass, 213 connectivity,** interactions,*® and stoichiometry®’ of proteins and protein complexes. lon
mobility (IM) has emerged as a useful technique to couple with MS and provides a complementary
dimension of analysis that is sensitive to shape and size.*® This structural information is obtained by
measuring the mobility of an ion in a buffer gas under an electric field, which can be converted to a
collision cross section (£2).%°

Electrospray ionization from “native-like” solutions (i.€., agueous solutions with ionic strength

and pH similar to physiological conditions) can yield protein ions with 2 values that are correlated with
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those calculated based on condensed-phase structures.?*! The evolution of native MS and the study of
protein structure in the gas-phase have been reviewed previously.??? There is substantial evidence that
native-like ions can retain additional properties of their condensed-phase counterparts. For example,
hybrid IM, infrared action spectroscopy, and MS analysis of native-like ions of f-lactoglobulin and
myoglobin yielded infrared signatures that were consistent with the expected degrees of B-sheet and
helical composition in solution.?* Additionally, ions of the endospores of Bacillus subtilis have been
successfully cultured following high-velocity collisions with surfaces, demonstrating that protein ions
from electrospray ionization can even maintain biological function.?

Protein ions formed from denaturing solutions (e.g., organic and acidified) exhibit higher charge-
state (z) and £2 values than their native-like counterparts.?®?” Interestingly, when these high-z ions undergo
charge reduction in the gas phase, the resulting charge-reduced product ions can have more compact 2
values than the initial, unreduced ions.?-3! The extents of charge reduction that can be achieved using
ion/neutral reactions are limited by the thermodynamics and kinetics of those reactions.®? Charge-transfer
reactions between cations and anions are exothermic even at low charge states®® and can proceed through
either electron-transfer (Reaction 1) or proton-transfer reactions (Reaction 2):

[M,+xH]* +A-~—[M,+xH]- *~P*+A — Dissociation Reaction (1)
[M,+xH*"+ A~ — [M,+(x — DH]* P +AH Reaction (2)
Electron transfer yields a radical cation, which can undergo subsequent bond cleavage and fragmentation,
i.e., electron-transfer dissociation (ETD).3* Conversely, proton-transfer reactions produce even-electron
products that do not spontaneously fragment, which enables analysis of charge-reduced molecular
ions 3233

Recently, we introduced cation-to-anion proton-transfer-reactions (CAPTR) as a method to
produce many charge-reduced product ions from isolated precursor ions via Reaction 2.3 We’ve
developed a strategy for investigating the relationship between z, 2, and original solution condition of

proteins that uses CAPTR, 1M, and MS.3036-38 For example, the (2 values of lysozyme ions generated
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from denaturing solution conditions are larger than those generated from native-like conditions. From
denaturing conditions, lysozyme ions with four intact disulfide bonds have smaller 2 values than the
corresponding ions with reduced disulfide bonds."* The CAPTR products of ions from both intact and
reduced denaturing conditions all exhibit smaller 2 values than the respective precursor ions.
Interestingly, for CAPTR products with z <6, the disulfide-reduced products have smaller £ values than
corresponding disulfide-intact products. At the lowest z measured, all product ions isomerize to structures
with 2 values similar to those measured for ions from native-like conditions and calculated from the
crystal structure, although small differences were observed.®” These results indicate that the structure and
dynamics of gas-phase protein ions can depend on disulfide bonding and original condensed-phase
environment. Other work has shown that for large protein and protein complex ions from native-like
solutions (i.e., agueous 200 MM ammonium acetate at pH 7.0), the magnitude of excess charge can have
small, but statistically significant, impacts on their £2 values.®® These findings emphasize the importance
of considering charge when using IM-MS to study structure in the gas phase.*

Here, we use CAPTR, IM-MS, and post-CAPTR activation to characterize the structures of
serum albumin ions in the gas phase. Serum albumin is a 66 kDa protein that contains 17 internal
disulfide bonds and three domains. lons were generated from multiple solution conditions that retain
varying extents of the native structure. The objective of this study is to expand our understanding of the
relationship between solution conditions, internal disulfide bonds, (2, and z for a larger, multi-domain

protein.

2.3 Methods

Sample Preparation. Bovine serum albumin, which will be referred to as ‘serum albumin’, was
purchased from Sigma Aldrich (St. Louis, MO) and prepared to a final protein concentration of 18-20 uM
in each of the five solutions that are summarized in Table 1. For native-like, disulfide-intact (NI)

conditions, the protein was dissolved in aqueous 200 mM ammonium acetate at pH 7.0. For native-like,
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disulfide-intact, supercharging conditions (NISC), 3% by volume sulfolane was added to the solution for

NI conditions. For denatured, disulfide-intact (DI) conditions, the protein was dissolved in a 70:30 (v:v)

mixture of ultrapure MilliPore water and methanol with 0.1% by volume trifluoroacetic acid. For

denatured, disulfide-intact, supercharging (DISC) conditions, the protein was dissolved into an

84.5:15:0.5 (v:v) mixture of water, propylene carbonate, and glacial acetic acid. Serum albumin was also

reduced and alkylated using a procedure described in the Supporting Information and then stored at —80°

C until use. For denatured, disulfide-reduced, supercharging (DRSC) conditions, the disulfide-reduced

sample was transferred using a Merck ZipTip pipette tip (Darmstadt, Germany) into a 1:1 (v:v) mixture of

acetonitrile and water with 0.1% trifluoroacetic acid, to which 15% by volume propylene carbonate was

added.

Table 1. Solution Conditions

DSB

Solvent and Additives

Intact ~ Description (by volume) Zmin - Zmax
DRSC No? denaturlng, 1:1 Wate_r.acetonltrlle with 0.1% trifluoroacetic 53 92
supercharging acid and 15% propylene carbonate
i 1 0, 0,
DISC Yes denaturlng, water with 15% propy_lene _carbonate and 0.5% 34 87
supercharging acetic acid
DI Yes denaturing 70:30 water:methanol with 0.2% formic acid 26 56
NISC Yes natlve-llkg, aqueous 200 mM ammonium acetate at pH 7 with 15 26
supercharging 3% sulfolane
NI Yes native-like aqueous 200 MM ammonium acetate at pH 7 14 17

& Prior to preparation of the electrospray solution, the protein sample was reduced and alkylated as
described in the Supporting Information.

All experiments were conducted on a Waters Synapt G2 HDMS equipped with a glow-discharge

ionization source for ion/ion chemistry*! and a radio-frequency (rf) confining drift cell.*? Cations were

generated using nanoelectrospray ionization from borosilicate capillaries with inner diameters of 0.78 mm

pulled to an ~1-3 um tip using a Sutter Instruments P-97 micropipette puller (Novato, CA). A platinum
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wire was inserted into the wide end of the capillary to make electrical contact with the solution. The
atmospheric-pressure interface was maintained at 120 °C, which has been shown to induce some heat
transfer to the sample.® For CAPTR, perfluoro-1,3-dimethylcyclohexane (PDCH, Sigma Aldrich, St.
Louis, MO) vapor® was introduced into the glow-discharge ionization source.** The [PDCH-F]
fragments at m/z 381 were quadrupole selected and accumulated in the trap cell for 100 ms. The polarity
of the instrument was then switched to positive mode and a narrow m/z window corresponding to a single
charge state of the protein was quadrupole selected and transmitted through the cloud of accumulated
anions for 2 to 10 s to induce CAPTR. Charge-reduced product ions and residual precursor ions were
then pulsed into the mobility cell for 200 us every 27.6 or 36.4 ms, depending on the maximum m/z
measured. Representative mass spectra are shown in Figure S1.

IM arrival-time distributions were measured using an rf-confining drift cell.*? A constant electric
field of 5V cm™ was applied to the drift cell, which was filled with approximately 1.4 Torr helium or 1.2
Torr nitrogen gas. 2 values and apparent widths were determined using a method reported previously®’
and described in the Supporting Information. Briefly, field-dependent measurements were used to
determine the m/z-dependent and m/z-independent transport times of ions from the end of the mobility
cell to the entrance of the time-of-flight mass analyzer. The arrival-time distributions measured at a single
field strength were corrected for these transport times and used to calculate mobility (K) distributions.
These K distributions were then converted to apparent 2 distributions using the Mason-Schamp

equation:*®

0=
16N

rer (m ) @

where z is the charge state, e is the elementary charge, N is the number density of the drift gas, [ is the
reduced mass of the ion and the drift gas, kg is the Boltzmann constant, and T is the temperature of the
drift gas (301 K). For post-CAPTR activation experiments, ions were collisionally activated during

injection into the mobility cell. Note that activation can induce some spontaneous loss of charge.*
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2.4 Results and Discussion

Using serum albumin as a model, this study aims to expand our understanding of the relationship
between solution conditions, internal disulfide bonds, (2, and z for a larger, multi-domain protein. This
protein was selected because many biotherapeutic also contain multiple domains and are stabilized by
disulfide bonds. Serum albumin ions were generated from five conditions that retained varying degrees of
the native structure and are summarized in Table 1. IM-MS of ions generated from each solution
condition will be used to examine the relationship between 2 and z of the original ions from electrospray.
CAPTR of selected ions from each condition will be used to build a more general understanding of the
relationship of 2 and z. Finally, results from energy-dependent experiments of z = 15+ ions generated
through three different pathways will be used to compare the structures and stabilities of these ions.

2.4.1 Serum Albumin lons from Electrospray. Figure 1 shows representative mass spectra
obtained from each condition. Figure S2 shows that the neutral mass of the ions from DRSC conditions is
~2 kDa heavier than those from DISC conditions, which is consistent with the reduction and alkylation of
the 17 native disulfide bonds and one free cysteine for the former. The maximum and minimum charges
states observed from the spectra in Figure 1 are summarized in Table 1. Note that the range of charge
states exhibited in a specific mass spectrum depends to some extent on the electrospray emitter and other
parameters. The magnitude and widths of the charge state distributions exhibited by the ions generally
increase with the increasingly disruptive nature of the solution condition (i.e., NI < NISC < DI <DISC <
DRSC). Results from mass spectrometry of serum albumin from various solution conditions (although not
necessarily the exact same conditions used here) have been reported previously.*#4 The values for the
highest charge states observed for ions generated from DISC and DRSC conditions are generally
consistent with those results, although some lower charge states observed previously were not observed in
the present experiments. The charge-state distributions observed from NI, NISC, and DI conditions are

consistent with previously reported values.*4
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Figure 2.1. Representative mass spectra of serum albumin generated
from each solution condition described in Table 1, as labeled in each
panel. Values along the top axis correspond to the charge state
assignments for panels B-E. Relative to the ions from the other
conditions, the m/z values for the DRSC ions are shifted due to alkylation
following reduction of the disulfide bonds. Note that as ions become
larger and more highly charged, scattering during time-of-flight analysis

becomes increasingly likely.

The mobilities of all ions were determined by measuring the time for an ion to traverse an rf-
confining drift cell containing helium gas,** as described in the Methods. The arrival-time distributions
were converted to median collision cross section with helium (2) values as described in the Methods
section, and the resulting values for a subset of ions from each condition are shown in Figure 2. For the

ions from NI, NISC, DI, DISC, and DRSC conditions, the 2 values ranged from 40.2 to 41.3 nm?, 43.6 to
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56.6 nm?, 93.0 to 109.9 nm?, 119.3 to 129.4 nm?, and 141.6 to 158.7 nm?, respectively. The 2 values of
these ions depend strongly on the original solution conditions; notably, none of the 2 ranges overlap. 2
values were calculated for native, a-helical, and linear models of serum albumin, as described in the
Supporting Information and reported in Table S1. These models serve as qualitative points of comparison
that are compact, extended with significant interactions between neighboring residues, and completely
extended, respectively. Briefly, values measured for the NI ions are consistent with those calculated for
the native model, values measured for the DRSC ions are between those calculated for the a-helical and
linear models, and results for the ions from the other conditions fall between the two extremes. Additional
comparisons between the experimental and calculated results are included in the Supporting Information.

The 2 values from DI, NISC, and NI conditions are consistent with previous reports.“# 0, values have

been reported for serum albumin ions from conditions that are similar to the DISC and DRSC conditions
used here, but directly comparing results from He- and N2-based measurements is challenging“®#64" and

beyond the scope of this paper.
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Figure 2.2. 2 values for a subset of the ions generated from each of the
five solution conditions determined using a field-dependent method, as
described in the Supporting Information. Note that all 2 values are with
helium gas, unless otherwise noted. Black dashed lines correspond to
values calculated for the native (i and ii, for the projection approximation
and exact hard sphere scattering methods, respectively), the a-helical (iii
and iv), and the linear (v and vi) models of serum albumin. Details of the
methods and rationale for the calculations are described in the

Supporting Information.

The reduction of the internal disulfide bonds for the DRSC ions enables those ions to adopt more
extended conformations and higher charge states than the corresponding DISC ions, consistent with
previous results for lysozyme.3® Most notably, the 2 value of the lowest-z ions from DRSC conditions
(141.6 nm?) is larger than the 2 value of the highest-z ions from DISC conditions (118.3 nm?). This
finding differs from that reported previously based on serum albumin ions generated from denaturing

conditions with 5% by volume 1,2-butylene carbonate as the supercharging agent; there, many disulfide-
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intact and disulfide-reduced ions of a given charge state exhibited similar [2,\,2values.43 The DRSC ions

display an upper charge state limit of 92+, which is 5 charges more than that for the DISC ions (Figure 1).
This suggests that the inherent threshold of potential charge-sites of serum albumin is not reached by the
disulfide-intact ions and that the reduction of the disulfide bonds enables additional protonation that can
be attributed to the exposure of previously buried titratable sites*® and/or greater basicities.*

These results show that charge-state distributions and 2 values of serum albumin ions in the gas
phase depend on the solutions from which the proteins were ionized and how these conditions influence
their structures. In the following section, we will use CAPTR to probe the relationship between the charge
state and 2 values of charge-reduced ions.

2.4.2 Cation-to-Anion Proton-Transfer Reactions (CAPTR). Selected serum albumin ions
generated from each of the five solution conditions were isolated and subjected to CAPTR. These ions
will be denoted by “Condiionp3C> where “Condition” represents an abbreviation for a sample condition
from Table 1, “P” is the charge state of the precursor cation, and “C” is the charge state of the CAPTR
product. For example, “PRS80->23” refers to the 23+ CAPTR product from the 80+ ion generated from
DRSC conditions. Representative mass spectra for the P°RSC80->C, P'SC80->C, P'45->C, N'5€20->C, and
NI17->C ions are shown in Figure 3. The spectra all exhibit peaks originating from a long series of
CAPTR products. The relative intensities of the CAPTR products depend on experimental conditions,
which has been investigated previously.® Peaks for C of at least 10 were observed for the products of ions
from DRSC, DISC, and DI conditions, and peaks for C of at least 6 were observed for the products of
ions from NISC and NI conditions. Differences in the lowest value of C observed for ions originating
from different conditions can be attributed to the especially low mobilities of some ions and their
inefficient transfer into the drift cell.

For each condition, CAPTR products originating from one to four precursor ion charge states
were analyzed using IM-MS. We will first discuss general trends in the 2 values for the P->C ions from

a given condition, and then compare results for different conditions. Figure 4A shows that the 2 values
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for the PRS€70-> C and PRSC80->C ions depend weakly on P and decrease monotonically with decreasing
C (Figure 4A). Figure 4B shows that the 2 values for the P'SCP->C, P = 50, 60, 70, and 80, ions also
depend weakly on P and decrease monotonically with decreasing C. Although the (2 values for the
PI45->C ions generally decrease with decreasing C, the values for C = 35 to 40 are all similar and
interrupt the monotonic decrease in 2 with decreasing C observed for higher and lower values of C
(Figure 4C). The 2 values for the N'SCP->C, P = 19 to 21, ions exhibit a large decrease after the first
CAPTR event and smaller decreases for the subsequent CAPTR events, whereas the values for all
NISC18->C ions are similar to each other (Figure 4D). The 2 values for the N'S°P->C ions of a given C
increase slightly with P, e.g., the N'S°P->14 jons have 2 values of 45.3, 44.1, 43.0 and 42.2 nm? for P =
21, 20, 19, and 18, respectively. However, the values for all N'SCP->6 ions differ by less than 2.5 nm?.
Finally, the 2 values for the "P=>C, P = 15 to 17, ions are similar to each other, as well as values
reported previously for the CAPTR products of these ions® and to values reported previously for native-
like serum albumin without charge reduction (Figure 4D).*>* These results for the ions from NI
conditions are consistent with our previous claim that the excess charges present on the native-like ions of

large proteins can have a modest effect on their (2 values.
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inset of E shows the results for PRS€80>C, P'SC80>C, P'45->C ions for

20>C=>10.

To aid in the direct comparison of results for ions from different conditions, Figure 4E shows the
Q2 values of the PRS€80->C, P'SC80->C, P'45->C, N'S€21>C, and N'17->C ions. For each C, the 2 values
for the ions from denaturing conditions are systematically larger than those for the N'5¢21->C ions, which
in turn are systematically larger than those for the N'17->C ions. Among the ions from denaturing
conditions, the 2 values of the P'S°80->C and P'45->C ions for each C are similar to each other, except
for the small difference for C = 35 to 40. By comparison, the 2 values of the P°RS°80->C are ~20 nm?
larger for ions of large C, but those differences decrease with decreasing C. The (2 values from P'45>C,
PISC80->C, and PRSC80-> C for 20 > C > 10 ions is shown in the inset of Figure 4E, which shows that
despite the decreasing differences in 2 values, there are still subtle differences over this range. This
suggests that these ions are still sensitive to the condensed-phase environment from which their precursor
ions were generated.

The lowest-C products observed from each condition, i.e., the P°RS¢80->10, P'S€80->9, P'45->10,
NISC21->6, and N'17->6 ion, have 2 values that are 66%, 61%, 50%, 15%, and 6% smaller than the values
for the corresponding precursor ions, respectively. The maximum relative decreases for the CAPTR
products from each of the three denaturing conditions are similar to the maximum relative decrease of
50% for 13->3 ions of ubiquitin from denaturing conditions,* of 55% for 18->3 ions of cytochrome ¢
from denaturing conditions,* and of 57% for 19> 3 ions of lysozyme from denatured, disulfide-reduced
conditions.®” However, despite the large decreases in 2 values for the CAPTR products from each of the
three denaturing conditions, the values for the PRS€80->10, P'S80->9, and P'45->10 ions are all about
30% larger than those for all N'P->C ions. The comparatively small maximum relative decrease for the
NI17->6 ions is consistent with the small relative decreases reported for ions of cytochrome c¢,*

lysozyme,®” serum albumin, streptavidin tetramer, avidin tetramer, and alcohol dehydrogenase tetramer3®
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from native-like conditions. Therefore, these results provide further support that the 2 values of native-
like ions can depend only weakly on their charge state.

Although the 2 values of the P°RS°P->C ions are systematically larger than those of the
corresponding P'S¢P->C ions for high values of C, those values converge with decreasing C (Figure 4E).
Therefore, the change in 2 values associated with each CAPTR event must be different for the ions
generated from the two conditions. Figure 5 shows that for C > 36, the 2 values of the °RS°P->C and
DISCPC ions decrease on average by 1.03 and 0.95 nm?, respectively, per CAPTR event. Both the
DRSCP>C and P'S°P->C ions exhibit greater decreases in 2 per CAPTR event for C < 36, but the average
decrease for the P°RSCP->C ions is far greater (~2.2 nm? per event) than that for the P'SP->C ions (~1.5
nm? per event). For comparison, lysozyme ions from denatured, disulfide-reduced conditions exhibit a
greater decrease in 2 per CAPTR event than lysozyme ions from denatured, disulfide-intact conditions;*’
the magnitude of the decreases in (2 per CAPTR event did not converge for the high-C ions from the two
conditions. These results all suggest that the presence of disulfide bonds creates additional constraints to
protein ions adopting more extended structures with increasing z and refolding to more compact structures

in response to CAPTR.
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Figure 2.5. 22 values of the P'SCP->C (circles, average of results for P =
50, 60, 70, and 80) and PRSCP->C (triangles, average of results for P = 80
and 70), as a function of C. The transparent lines correspond to the line
of best-fit and spans the range of C used for the linear regression.
Although the 2 values for the PRSCP>C ions are systematically larger
than the corresponding P'S°P->C ions, both exhibit similar changes in 2
per CAPTR event for C > 36 (~1.0 nm? per event, gray lines). In
contrast, for C < 36 the change in 2 per CAPTR event for the P°RSCP>C
ions is far greater (~2.2 nm? per event, cyan line) than that for the

PISCP>C ions (~1.5 nm? per event, green line).

Relative to NI conditions, ions from NISC conditions are generated from solutions that also
contain 3% by volume sulfolane. The ions generated from NISC conditions exhibit higher charge states,
larger 2 values, and 2 values that depend more strongly on z relative to those generated from NI
conditions (Figures 1D, 1E, and 2). Furthermore, the 2 values for the N'S21->C ions of a given C are
systematically larger than those of the corresponding N'17->C ions. Therefore, these results indicate that
the addition of sulfolane results in structural changes that are concomitant with supercharging and that
those changes are not reversed by charge reduction. In contrast, CAPTR of collisionally activated serum

albumin ions from native-like conditions has been observed to result in ions with Q2 values that are similar
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to those of serum albumin ions from native-like conditions that had undergone minimal activation; thus
CAPTR appears to mitigate some structural changes associated with collisional activation.®® These
findings therefore support conclusions by Williams and coworkers that supercharging can disrupt the
native structures of proteins and protein complexes.>!

In addition to the 2 values, Figure 4 also includes two other critical values from the apparent 12
distribution, i.e., 10% and 90% of the cumulative distribution function of the apparent 2 distribution as
described in the Supporting Information. For CAPTR products of a given C and solution condition, all
three critical values appear to be largely independent of P. Note that apparent £2 distributions include
contributions from gating at the beginning of and diffusion during separations,*>°2 which will be different
for ions of different z. However, all three critical values of ions of a given z should be directly
comparable. Quantifying these contributions and the underlying structural heterogeneity will be the
subject of future studies.

These results show that the structures of CAPTR products depend on the condition from which
the precursor ion was generated, the value of C, and to a lesser extent, the value of P. In the next section,
we will use energy-dependent experiments to probe the potential-energy landscape for select ions to build
on the relationship between 2 and z and potential contributions from kinetic trapping.

2.4.3 Conformational Landscapes of 15+ Serum Albumin. This study demonstrates that protein
ions of a given charge state can be formed through multiple experimental schemes, including generation
from different conditions and charge reduction via different numbers of CAPTR events. To investigate
the relationship between 15+ serum albumin ions formed using three schemes, we will monitor the
mobilities of these ions as a function of the injection voltage used to transfer the ions into a drift cell
containing 1.2 Torr nitrogen gas. Energy deposition in these experiments will be less efficient than
injection into a lower pressure, argon-filled collision cell, as used for collision-induced unfolding,® but
more efficient than injection into a helium-filled drift cell, which occurs inadvertently in the preceding IM

experiments. In this discussion, an “*” will be used to indicate the species that was activated in the
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experiment, e.g., “P'S¢60->15*” indicates that the 15+ CAPTR product was activated during injection into
the drift cell.

The structures and stabilities of the N'15*, PRSC70->15*, and P'SC60->15* ions were each probed
using this strategy. The apparent Q, distributions of these ions are shown in Figure 6A and the ﬁNz
values of those distributions are plotted in Figure 6B. At the lowest injection voltage, the ﬁNz values of
the PRSC70->15* and P'S°60—> 15* ions are similar to each other (~64 nm?) and much larger than that for
the N'15* ions (~44 nm?). This finding is consistent with the data in Figure 4, which were acquired with
minimal activation. However, the ﬁNz values in Figure 6 are systematically larger than the Q;, values in
Figure 4, which is consistent with Q being a property of the ion-neutral pair as discussed
elsewhere.#046505 With increasing injection voltage, the {0y, values of the PRS€70->15* and P'SC60->15*
ions both increase to ~68 nm?2 and then decrease to values smaller than those for the ions at low energy. In

contrast, the QNZ values of the N'15* jons increase with increasing injection voltage over all energies.
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Figure 2.6. (A) Apparent (2 distributions of the N'15* (magenta),
PISC60->15* (purple), and P'S€70->15* (yellow) ions as a function of the
injection voltage used to transfer the ions into a drift cell containing 1.2
Torr nitrogen gas. (B) ﬁszaIues of the distributions in panel A as a

function of the injection voltage.

At the highest energies, the apparent Q, distributions and the corresponding ﬁNZ values for the
NI15*, DRSC70->15*, and P'SC60->15* ions each appear to have largely converged and no longer depend
strongly on further increases in the injection voltage. This result is consistent with each of these ions
adopting a quasi-equilibrium of structures, i.e., the relative population of structures depends of the relative
free energies of those structures after thermalization.®*%® The quasi-equilibrium distributions of these ions
exhibit significant overlap, which suggests that these ions may share many structural motifs and are
populating similar regions of their potential- energy surfaces. However, it is also possible that that these
ions have isomerized to different structures that coincidently have similar mobility distributions. For

example, the quasi-equilibrium Q distributions of the N'15* and ®'5°60->15* ions are similar to each
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other and shifted to slightly smaller values than that for the PRS70->15* ions. This suggests that the
presence of intact disulfide bonds may preferentially favor slightly more compact structures in the gas
phase, even for low-z ions after considerable annealing.

These results indicate that the initial structures of the N'15, PRSC70->15, and P'S¢60->15 ions, i.e.,
those present during their accumulation prior to 1M, are the result of kinetic trapping and memory of their
prior structures. For example, the increase in the ﬁ,\,z values with increasing energy for the N'15* ions can
be attributed to the ions overcoming isomerization barriers to more extended structures that minimize
Coulombic repulsion between the excess charges, likely at the expense of other intramolecular
interactions that were present in the initial, kinetically trapped structure. In contrast, the decrease in the
Qy, values with increasing energy for the PRS¢70->15* and 'S°60->15* ions can be attributed to the ions
overcoming isomerization barriers to more compact structures that include more favorable intramolecular
interactions that were not present in the initial structures adopted after CAPTR of the highly charged
precursor ions. Therefore, activation of these ions from very different conditions may enable access to
similar regions of the potential energy landscape. These results complement a growing body of literature
reporting that although many elements of condensed-phase structure can be preserved in the gas phase,?
fidelity is the result of kinetic trapping and gas-phase protein ions at equilibrium may have vastly

different structures.%%57

2.5 Conclusions

These experiments used CAPTR, IM, and post-CAPTR activation to explore the relationship
between the 2 and z values of serum albumin ions generated from five conditions that retain varying
degrees of the native structure (Table 1). lons generated from increasingly disruptive conditions exhibited
higher charge states and larger 2 values (Figures 1 and 2). CAPTR of selected precursor ions from each
condition showed that the 2 values of the product ions depend on the original solution conditions, and to

varying extents, the charge state of the product and precursor ions. The 2 values of the CAPTR products



39

of the ions from NISC conditions are systematically larger than those from NI conditions, and both
depend weakly on C (Figure 4D). At high C, the £ values of the CAPTR products of the ions generated
from DRSC, DISC, and DI conditions depend strongly on both C and the presence of disulfide bonds
(Figure 4). With decreasing C, the differences between the (2 values of the disulfide-intact and disulfide-
reduced ions from these conditions decrease (Figure 4E), although small differences are still observed
(Figure 4E, inset). This is a consequence of the change in the (2 value per CAPTR event being greater for
the PRSCP->C ions (2.2 nm?) than for the P'SCP->C ions (1.5 nm?) for C < 36, even though both ions
exhibit an ~1.0 nm? decrease in {2 values per CAPTR event for larger C (Figure 5). More generally, these
results are consistent with disulfide bonds preventing extension to larger structures at high z, as well as
preventing isomerization to more compact structures at low z.

The stability of 15+ ions produced from three different origins was examined using post-CAPTR
activation of the PRS¢70->15*, P1S€60->15*, and N'15* ions. At low injection voltages, the denatured ions
have 2 values that are significantly larger than those for the native-like ion. At high injection voltages,
the three ions have converged to 2 distributions that have significant overlap, especially for the
PISC60—>15* and N'15* ions. This is consistent with these ions sharing structural motifs and accessing
similar regions of the potential-energy surface. Additionally, the 2 value of the P°RS70->15* and
DISC60-> 15* ions becomes largely independent of the injection voltage above 45 V, consistent with these
ions adopting a quasi-equilibrium of structures.

These results provided new insights into the relationship between the structures, charge states,
and solution conditions of a large, multi-domain protein in the gas phase. Whereas the 2 values of low-z
CAPTR products of small proteins from denaturing conditions are similar to those for the corresponding
native-like ions, the low-z CAPTR products of serum albumin are at least 30% larger than those for the
native-like ions of serum albumin. This large difference can be understood in the context of the energy-
dependent experiments. Relative to the structures formed after significant annealing, the CAPTR products

of the ions from denaturing conditions have significantly larger 2 values and the ions from native-like
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conditions have significantly smaller 2 values (Figure 6). Together, these results show that the structures
of the original ions from electrospray ionization and their CAPTR products all depend strongly on the
original solution condition and are a consequence of kinetic trapping. Therefore, CAPTR and energy-
dependent IM provide many complementary probes that are sensitive to the higher-order structures and

disulfide bonding of proteins, which may be useful for biotherapeutic characterization.

2.6 Supporting Information. Supporting Information Available: This material is available free of charge
via the Internet at http://pubs.acs.org.

Protocol for reduction/alkylation of cysteine residues, determination of 2 values
from arrival-time distributions, calculation of 2 values for models of serum
albumin and comparison to experimental 2 values, Table S1, Figure S1, and
Figure S2
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CHAPTER 3

Triboelectric Nanogenerator (TENG) Devices for Improved Sample Consumption in lon Mobility

Mass Spectrometry Analysis of Protein and Protein Complex lons

This chapter is reproduced with permission from Meagan Gadzuk-Shea, Hikari Akasaki, Ben Zercher,
and Matthew F Bush. In Preparation.

3.1 Abstract

lon mobility — mass spectrometry is a powerful tool for characterizing the gas-phase structures of protein
and protein complex ions. Many platforms suffer from low duty cycles that waste most of the ions
generated from continuous ion sources, which can be detrimental to the analysis of low-quantity samples.
Here, for the first time, a triboelectric nanogenerator (TENG) is used to generate pulses of
nanoelectrospray-generated ions of proteins and protein complexes for ion mobility — mass spectrometry
analysis. TENG devices increase sampling efficiency by creating ion pulses on demand. The TENG-
derived mass spectra generally exhibit similar charge-state distributions to those obtained using DC
power supplies, consistent with ion formation through a charged-residue mechanism and the retention of
native-like structures. However, as the mass of the analyte increases, the quality of the spectrum
decreases. The collision cross section values determined from the resulting arrival-time distributions
generally fall within £3% of those measured successively, but with a DC power supply, and those
measured previously. However, there are some outliers and differences in the appearance of the
distributions. These results suggest that TENG produces similar gas-phase structures and will be useful

for sample-limited analytes in experiments with low duty cycles.
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3.2 Introduction
Mass spectrometry (MS) has evolved to become a key component of many analytical platforms due to its
superior sensitivity, speed, and specificity.** In native MS, electrospray-generated ions are formed from
aqueous solutions that mimic electrolyte concentrations and pH of biological systems.®> These solution
conditions in combination with the softness of electrospray ionization (ESI) enable solution-phase
properties to be retained and characteristics such as oligomeric state,® noncovalent interactions,’ and
stability® to be probed. Native MS is often coupled to ion mobility (IM), which separates ions based on
shape and size in the presence of an inert neutral gas and an electric field. The electric field pulls ions
through the mobility cell, and collisions with the neutral gas slow the ions down; larger ions will incur
more collisions and thus take longer to traverse the mobility cell relative to smaller ions with the same
charge state.®° The time an ion takes to traverse the mobility region can be related to the higher-order
structure of the analyte by determining the collision cross section using the Mason-Schamp equation.-2
The coupling of IM and MS has emerged as an important addition to the structural biology toolkit.*>-1¢
IM-MS has been leveraged in characterize oligomers implicated neurogenerative diseases,!’ to examine
subunit exchange dynamic in biotherapeutics,® and to study enzyme inhibitors in bacteria biosynthesis.*°
Native IM-MS is based largely on ESI?° and nano-ESI (nESI)? because of the gentle nature of
electrospray processes compared to other ionization techniques.???® Compared to ESI, nESI requires a
lower volume of analyte solution and little-to-no external gas flow.2® Additionally, ESI and nESI generate
distributions of multiply charged ions thereby lowering the mass-to-charge ratio (m/z) of large
macromolecule ions to within the detection ranges of common mass analyzers..2"?® However, typical ESI
and ambient analogues like desorption ESI? and probe ESI*® rely on high DC voltages to generate
charged gas-phase ions from neutral solution-phase species.®! The often expensive high-voltage power
supplies needed for this decrease the accessibility and safety of ESI-MS. Furthermore, conventional ESI
and nESI sources generate a continuous flow of ions, of which most is wasted due to the inherent low

duty cycle of many ion-analysis platforms.32-* Despite the low flow rates of nESI (nL-min?), this low
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duty cycle still results in the loss of 80-95% of generated ions on common ion detection platforms, such
as time-of-flight (TOF) mass spectrometers.®

Recently, triboelectric nanogenerators (TENGs) were introduced as a means to induce nESI in a
simple, sustainable, and controlled manner.3* TENGs convert mechanical energy into electric energy by
leveraging electrostatic induction between two materials that have opposite tribo-polarity, or different
propensities for gaining/losing charges.®” Contact electrification, or tribocharging, is a process that has
been recorded as far back as ancient Greece,*® but has only recently emerged as an energy-harvesting
technique for scientific advancement.®**° In these applications, there are two primary modes for
harvesting energy: contact and sliding.3*#! In contact mode, bringing together of two materials that
possess different propensities for losing or gaining electrons will induce the transfer of charges between
the materials; a potential difference is formed as the layers are separated.**“° Sliding mode is similar,
however the motion between the two materials is parallel to the charged surface rather than perpendicular.
When the materials are fully aligned, the positive and negative charges between the two materials are
equally compensated by each other. The displacement of one of the materials causes an imbalance in
these charges, resulting in a potential difference.*° The amount of energy that is generated through
tribocharging is fixed and proportional to the area of the functional material, thereby enabling precise
control over how many charges are produced.®!

Recent experiments have demonstrated the utility of TENG devices in nESI-MS. For example,
TENG was used to effectively differentiate counterfeit anti-malarial medicines when coupled to a
toothpick emitter.*? In another study, it was demonstrated that TENG could be used to determine the
locations of double bonds in unsaturated lipids.*® The use of TENG as an nESI power source also offers
enhanced control of the number of charges generated, increased sensitivity, and significant reduction in
sample consumption.®! To date, the coupling of TENG-nESI ("EN®nESI) to IM has not been
demonstrated.

Herein, we demonstrate the ability to measure native-like ions of biomolecules covering a broad

range of masses using a sliding TENG device for "™EN®nESI coupled to IM-MS. The ability to generate
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discrete packets of ions for IM is very advantageous because many implementations of IM have low duty
cycles. These results are systematically compared to IM-MS results collected successively with a DC
power supply built into the instrument (°°nESI). A comparison of the IM results to values measured
previously is presented. Differences in the observed IM—MS data between the two power supplies and
previously measured values are discussed in the context of possible ionization effects of "EN°nESI on
protein ion formation and structure. These comparisons provide insights into the potential use of "EN°nESI
as an alternative, more sample-conservative, power supply for IM-MS analysis of native like
biomolecules and provide an important benchmark in incorporating "EN°nESI into the structural biology
toolkit. A demonstration of the ability to perform IM — MS analysis of a single burst of ions generated via
TENGQESI on a structures-for-lossless-ion-manipulation (SLIM)* IM platform provides evidence for the

enhanced sample conservation offered by implementing TENG devices into IM-MS workflows.

3.3 Methods
Human insulin (monomeric mass of 5.7 kDa), cyctochrome ¢ (monomeric mass of 12.4 kDa), -
lactoglobulin (monomeric mass of 18.4 kDa), bovine serum albumin (BSA, 67.3 kDa), alcohol
dehydrogenase (ADH, tetramer mass of 143 kDa), glyceraldehyde-3-phosphate-dehydrogenase (G3PD,
tetramer mass of 145 kDa), and glutamate dehydrogenase (GDH, hexameric mass of 336 kDa) were
acquired from Sigma Aldrich (St. Louis, MO) as lyophilized powder. All protein samples were dissolved
in 200 mM ammonium acetate at pH 7 to a monomer concentration of 10 uM (insulin and albumin) or 20
MM (all other analytes). Protein solutions were aliquoted in 20 uL portions, flash frozen, and stored at —4
°C until use. In some cases, samples were desalted using a micro bio-spin column (Biorad, Hercules, CA).
The TENG device used in this work has two components. The bottom component consists of a
thin layer of fluorinated polyethylene measuring 11 cm x 20 cm on top of two static electrodes and
mounted on a piece of acrylic with tape. The top component is copper foil that is attached to a piece of
acrylic measuring 7.5 cm x 10.2 cm. The top piece is used as the sliding layer to impart electrostatic

imbalance in the device.
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Unless noted, experiments were conducted on a Waters Synapt G2 modified with an rf-confining
drift cell filled with 1.5 to 1.7 Torr He.* Cations were generated using nESI from borosilicate capillaries
(i.d 0.78 mm) that were pulled to ~1-3 um on one end with a micropipette puller (Sutter Instruments P-97,
Novato, CA). For both power supplies, electrical contact with the solution was made by inserting a
platinum wire into the wide end of the capillary. The platinum wire is electrically connected to the sample
holder into which the capillary is immobilized; this presents multiple points on the surface that can be
electrically connected to secondary devices. Approximately 5 pL of protein solution was loaded into a
capillary into which the platinum wire was inserted, the sample holder was interfaced with the instrument
and connected to the built-in DC power supply. °“nESI was achieved by the application of 0.6—1.0 kV of
potential to the wire. lon optic voltages were set to minimize ion activation and typical instrument
parameters are detailed in Table S1. Arrival-time distributions (ATDs) at ten drift voltages ranging from
104 —353 V were measured in pseudo-random order and used to determine collision cross section ()
values following a procedure detailed elsewhere and in the SI.%6 Briefly, the field-dependent
measurements are used to determine the m/z-independent and m/z-dependent transport time of ions exiting
the mobility region of the instrument and entering the TOF mass analyzer. IM measurements made at a
single field strength of 5 V-cm™ and at the same mobility pressure as the field-dependent measurements
were corrected for this transport time and converted to Q values according to the Mason-Schamp

equation:
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Following the field-dependent measurements, the capillary potential was set to 0 kV using the MassLynx
user interface and the cord connecting the sample holder to the built-in DC power supply of the
instrument was disconnected. A wire with alligator clips on each end was attached to one of the static
electrodes of the TENG device on one end and was clipped to the back end of the sample holder on the

other end to achieve electrical contact between the capillary and TENG device. Note that TENG
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measurements were collected with the same capillary used to collect the field-dependent measurements to
reduce the potential of systematic bias between the measurements made using the two power supplies.
The other static electrode of the TENG device was grounded on the metal framing of the instrument
housing. Prior to initializing data collection, the TENG device was manually actuated multiple times.
Triggering nESI using the TENG device consists of sliding the top triboelectric layer along the length of
the corresponding triboelectric layer. The motion of the top tribo-layer breaks the electrostatic balance,
which is restored by charge-redistribution to the externally connected circuit (i.e., the nESI sample
holder).3* Once a relatively reproducible signal was generated with each actuation, data collection was
commenced. The number of TENG events and the duration of the acquisition was determined by visual
inspection of the real-time data for adequate intensity to perform analysis. No effort was made to generate
identical amounts of signal between the two power supplies. "EN°nESI IM-MS data was collected at a
single drift voltage of 212 V and was compared to IM-MS data collected under the same conditions using
the DC power supply. Arrival times obtained from TNCnESI were corrected using the transport time
determined from field dependent measurements of the ions generated by P°nESI.

Measurements on the SLIM platform followed the same signal generation procedure as
measurements made using "EN°nESI on the Synapt G2.

Mass spectra were analyzed with MassLynx 4.1 (Waters, Co., Milford, MA). ATDs were
extracted and processed using in-house software.*” The widths of ATDs and apparent Q distributions are
characterized by the 10% and 90% values of a cumulative distribution function applied to the observed
distributions (Figure Al). The intensities of mass spectra and ATDs were normalized to a sum equal to
one. Analysis of TEN®nESI data incorporated signal from all TENG events in a single acquisition unless

otherwise stated.

3.4 Results and Discussion
In this study, we determine the effect of a novel nESI power supply, TENG, on the gas-phase structures

of protein and protein complex ions. Additionally, we assess the feasibility of producing adequate signal
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from a discrete packet of ions to perform IM-MS analysis. Previous work suggests that TENG devices
offer increased sensitivity and reduced sample consumption relative to the conventional DC power
supplies used in nESI applications, making it an attractive alternative for increased sample efficiency for
analysis of limited samples.*** However, it is unclear if and how much the use of a TENG device to
induce nESI influences the gas phase structure of protein ions. The following data compares IM—MS
results of protein and protein complex ions generated using a conventional DC power source and a TENG
device to assess the inter-device variability.

Each sample was analyzed using both the P°nESI and "EN®nESI power supplies, but with the same
capillary. lons generated by P°nESI used the built-in power supply of the instrument. Generating ions by
TENGhESI involved displacing the top copper layer along the length of the bottom, fluorinated
polyethylene layer. This motion alters the electrostatic balance on the materials, which generates a net
charge displacement. Through charge redistribution, the net charge is output to a connected external

circuit, which in this case, is the nESI capillary. This process is illustrated schematically in Figure 1.
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Figure 3.1. Schematic of the integration and operation of the SF-TENG
power supply to the mass spectrometer. Yellow represents the copper
electrodes and blue represents the fluorinated ethylene propylene layers.

The red arrow represents the moving direction of the TENG electrode and
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the pulse denotes the generated charge. This charge flow occurs once an
onset voltage is reached and excess charges (ions) are leaked from the

emitter to the atmospheric-pressure interface of the mass spectrometer.

3.4.1 Comparison of Mass Spectra: For each of the proteins considered, gas-phase ions were
observed using TENCnESI, albeit with varying levels of success. lons of small to intermediate mass (5.8 —
67.3 kDa) proteins yielded spectra that are very similar in charge state distribution and peak widths
relative to the spectra of °°nESI-generated ions (Fig 2A-B, Fig A2A-B). As the mass of the analyte
increases there is a notable broadening in the observed peaks of ions generated using "EN®nESI. For
example, Figure 2C shows the spectra of ADH produced using each power source; there is a clear shift to
slightly higher m/z values and reduced resolution between the peaks for different charge states when ADH
ions are produced using "EN°nESI (orange trace). However, the TENCnESI spectrum of G3PD, which is
similar in mass to ADH, exhibits only a modest increase in peak width relative to that produced using
PCRESI. For the largest protein complex examined here, GDH, the charge-state distribution becomes
narrower in addition to having significantly reduced resolution when produced using "™N°nESI (Figure
A2C). Generating a consistent signal of GDH via "ENCnESI was also notably more challenging than any

of the other analytes examined here.
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Figure 3.2. Comparison of mass spectra generated using a DC power
supply (black trace) and TENG power supply (orange trace) of insulin (A;
monomer mass of 5.8 kDa), B-lactoglobulin (B; monomer mass of 18.4
kDa), alcohol dehydrogenase (C; tetramer mass of 143.3 kDa), and
glyceraldehyde-3-phosphate-dehydrogenase (D; tetramer mass of 145
kDa). Note that oligomeric state is indicated by the number of red spheres

when multiple oligomeric states were observed.

Because the appearance of broader peaks in native mass spectra has previously been linked to
incomplete desolvation and increased adduction,*® these results suggest that the larger, gas-phase ions
generated by TENSnESI may not desolvate as efficiently as those generated by P°nESI. The extent of
droplet desolvation prior to reaching the mass spectrometer interface depends on multiple factors
including solvent composition, initial droplet size, and extent of activation prior to mass analysis.*%>
Furthermore, the characteristics of initial droplets depends on a number of factors including voltage,
capillary tip size, and flow rate.?6°1:52 Higher voltages produce larger droplets in nESI.>* The P°nESI
experiments performed here used DC voltages < 1.0 kV to generate ions, whereas the output voltage of a
similar TENG device was estimated to be between 1.6 — 2.0 kV.%! This suggests that ions generated by

TENGRESI likely originate from larger initial droplets than those generated by P°nESI. However, because
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the charge-state distributions are similar between ions produced by both power supplies suggests that the
ions generated by "NCnESI follow the charged-residue model (CRM).%*52 or the combined charged-
residue, ion-evaporation model.>* In the CRM, a droplet undergoes solvent evaporation until the
Coulombic repulsion of the excess charges exceeds the surface tension of the droplet, at which point a
fission event occurs releasing a progeny droplet that is smaller and less charged than the parent droplet.
This process continues until the droplet evaporates to dryness and the remaining charges in the final
droplet are deposited onto the analyte to produce a bare gas-phase ion.5*%3% Larger droplet size has also
been correlated to the formation of nonspecific aggregates in droplets,® however significantly higher
levels of protein aggregation were not observed in the current data. The observation of peak broadening
for larger protein ions generated by TENCnESI suggests that fewer analyte-containing droplets achieve
complete desolvation and likely have more adducts that the corresponding ions generated by P°nESI.
Interestingly, previous work revealed no clear relationship between adduct formation and mass or solvent
accessible area*. As such, it unclear why the larger proteins considered here exhibit broader peaks and
diminished resolution when they are generated from T™NCnESI.

3.4.2 Comparing Arrival-Time Distributions and Collision Cross Section (€2) values from
TENGRESI to P°nESI: To assess the potential use of TENG devices for IM analysis of proteins and protein
complexes, it is important to consider whether the gas-phase structures of native-like ions depend on the
selection of a TENG versus a DC power supply. To address this, IM was used to analyze protein ions
generated from the same borosilicate tip and using each power supply in successive experiments.
Comparisons of arrival times refer to the median value of the observed arrival-time distributions that have
not been corrected for the time the ion spends regions of the instrument other than the drift region (to).
Prior to determining Q values, the observed arrival times were corrected using to values derived from
field-dependent measurements and the DC power supply. The corrected arrival times reflect the mobility-
dependent drift times, which were then used to determine and compare the Q values for ions generated

from each of the power supplies.
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The drift times measured for all cations generated from both TENCnESI and P°nESI are compared
in Figure 3A. These drift times using the two power supplies are highly correlated, with a slope of 0.972
and Pearson coefficient of 0.999. To further compare ions generated by °°nESI and "™NCnESI, the relative
differences in median arrival time are shown in Figure 3B. Of the 29 ions considered, 20 have median
arrival times that differ by £1% or less, which corresponds to 69% of the ions measured. The remaining 9
ions are within +3% of one another. The range of differences in median collision cross section (Q) values
is slightly larger than that of the ATDs and spans from —1.1% to +3.5%, with 18 of the 29 differences are
+1% (Figure A4). For context, the absolute error in Q values determined using similar IM platforms has
been estimated to be <3% based on errors in drift time, pressure, and temperature and the uncertainties <
1%.% As the relative differences in Q are slightly larger than the relative difference in drift time observed

in this work, the former may have contributions from other errors that are propagated in the analysis.
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Figure 3.3. Median arrival times measured of ions generated using
TENGhESI as a function of those for ions generated by P°nESI, with the line
representing unity. B) The ratio of the median drift times for ions
generated by TEN®nESI to those generated by PnESI, plotted as a function
of the median drift time of the ions from P°nESI (red circles, top axis). The
bar plot (bottom axis) represents the frequency of ions that occur within a

certain ratio; this shows that all ions measured are within +3%.
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Figure 4 shows the ATDs and the corresponding Q data for monomeric -lactoglobulin and
alcohol dehydrogenase. The widths and shapes of the ATDs for each charge state of the two protein ions
appear very similar, suggesting that °“nESI and "™N®nESI generate similar populations of gas phase
structures (Figure 4 A and B). However, a slight growth towards shorter arrival times is observed for
lower charge states (i.e., 7+ B-lactoglobulin, as well as 23+ and 24+ alcohol dehydrogenase). Excluding
the smallest proteins (insulin and cytochrome c), additional intensity at shorter arrival times for the lower
charge states is observed for all other protein ions generated by "™N°nESI (Figure A3). This increased
intensity at shorter arrival times is also associated by an increase in the apparent widths of the Q
distributions. Of the 29 ions examined, 18 exhibit wider apparent Q distributions for the "ENnESI-
generated ions than for the °°nESI-generated ions. This affect also is observed through slightly smaller O
values. The data reveal that as the mass of the analyte increases, the O values of ions produced by
TENGhESI become increasingly smaller than the corresponding ion generated by P°nESI. For example, for
the smallest protein examined, insulin, the TEN6nESI-generated ion has a {1 that is 0.34% larger than the
corresponding P°nESI-generated ion (Figure A3B). Conversely, the 39+ ion of GDH generated using

TENCNESI is 3.48% smaller than that produced using °“nESI (Figure A3J).
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Figure 3.4. Ton mobility results of B-lactoglobulin monomer (A and C)
and alcohol dehydrogenase (B and D). Panels A and B show the arrival-
time distributions of each charge state observed for a given ion population
generated from the DC power supply (solid traces) and from the TENG
power supply (dashed traces). Panel C and D show the critical values from
the apparent Q distributions for ions produced using the DC power supply
(solid trace) and the TENG power supply (dashed trace). Markers
represent the median value of the cumulative distribution applied to each
apparent Q distribution and vertical bars span the 10% to 90% values of
this distribution. The red markers denote the corresponding € values that

have been reported previously.*>>*

As described above, IM measurements made with the two power supplies deviate more as the
mass of the analyte increases, with ions generated by "™N®nESI exhibiting shorter and broader ATDs. This
could be explained by charge-stripping, i.e., an ion with charge z during IM separation may lose a charge
following separation, but before detection in the TOF and thus be detected as a z-1 ion in the mass
spectrum, which would create artifacts in the IM spectra.5” Furthermore, because collisional activation for

spectral cleaning preferentially eliminates adducts,®® it is possible that larger analytes that are more
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charged and more adducted (as per the results shown here) to lose a charge through the ion evaporation of
a charged adduct.>* Inspecting the ATDs for different charge states can illuminate as to whether charge
stripping after IM is occurring. Previous work assessed ATD features appearing at shorter times to charge
stripping by comparing the unexpected feature to the ATD for the ion with one greater charge.*® In that
work, there was high fidelity between the ATD of the z+1 ion and the small feature in the z ion, which
provided strong evidence for charge stripping after IM.>® Compared to that work, the ATDs observed here
are much less resolved between charge states for a given protein. For example, Figure A6 displays the
ATDs for z = 23+ to 25+ of ADH, which shows that the three charge states are not well resolved.
Consequently, it is not possible to determine if the apparent shift to more compact structures for ions
generated from TENSnESI reflects difference in structural features during the ionization process or if the
ATD includes contributions from charge-stripped ions.

Together, these results indicate that ions produced by either °“nESI or TENCnESI likely have
similar structures. Furthermore, this suggests that the ionization process induced by the different power
sources do not cause ions to undergo significantly differing evaporation processes. However, the observed
correlation of larger analyte mass producing smaller Q when the ions are produced by ™N®nESI may
suggest that something about the TENG-mediated ionization process causes these larger analytes to
assume slightly more compact structures during the evaporation process, especially for lower charge
states of a given protein. However, it is also possible that the observed shifts in ATD and apparent £
values are a consequence of charge stripped ions skewing the observed mobility data. Despite the
discrepancies observed, the largest difference between Q values (3.48%) determined using the two power
supplies is comparable to the upper limit of observed errors for this IM platform.°

3.4.3 Comparing Q values to database Q values: Determining the variance between the observed
Q values here and those reported elsewhere is an important comparison to make, as previously measured
values are frequently referenced in the community although agreement on their validity is subject to

debate.'>%° Often, such values for native like proteins are assumed to represent the gas-phase structure
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that most closely resembles the corresponding solution-phase structure. Therefore, comparing the present
data to previously reported values provides insight into the structural differences of gas phase ions
generated with a conventional DC power supply at a different time relative to those generated via TENG
in this work.

Figure A5 shows the { measured through T™N®nESI as a function of those same ions measured
previously using P°nESI on both the same IM platform and a similar platform.*5¢ This comparison
reveals a high level of correlation, with a slope of 0.923 and Pearson coefficient of 0.998. Of those
measured, 71% are within £3% of those previously measured, although there are 4 ions that differ by
more than 5% with the largest difference being 18.3%. This outlier corresponds to the 3+ ion of insulin.
For comparison, 84% of the ions measured here using °“nESI are within + 3% of those measured
previously. The 3+ insulin ion measured here using P°nESI is also significantly smaller than the
previously reported value (18.0%), which suggests that the source of difference between these values is
not the power supply, but something else in the measurement. However, with this outlier removed the
average difference decreases to 1.3%. The Q measured here using nESITENC are systematically smaller
than those previously measured (2.5%) which is smaller than the standard deviation of the measured
values (4.3%). These results indicate that  measured using nESITENC are statistically similar to ( values
measured previously and on different platforms.

3.4.4 Coupling ™N°nESI with SLIM: One disadvantage of many IM—MS platforms is their low
duty-cycle. In some workflows, less than 1% of a continuous ion beam is actually separated.®* Therefore,
it is of great interest to explore alternative options for improving sample utilization in IM—MS schemes.
To evaluate the potential of TEN®nESI as a means to improve sample efficiency, it was interfaced with a
bespoke instrument constructed using the structures—for—lossless-ion manipulation (SLIM) architecture.**
The goal of this experiment was to assess the feasibility of performing IM analysis of a burst of ions

generated by a single TENG event, an in turn, characterize the temporal profile of that burst.
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Figure 5 shows the resulting IM and mass spectra of insulin ions generated during a single TENG
event. The ion count from the highlighted peak is adequate for analysis purposes and is only slightly low
relative to previously reported work conducted on that SLIM platform.* However, it is important to note
that previous measurements on SLIM platforms were collected using a continuous electrospray and
longer acquisition times. This data demonstrates that a single TENG event is clearly capable of producing
enough ions to perform IM separation and mass spectral detection. Additionally, the width of the IM peak
of the ™EN®nESI-SLIM generated ions is approximately 10 times broader than the peak observed during
IM separation using °°nESI-SLIM and gating prior to separation (Figure 5C). This difference indicates
that the width of the TENG-generated IM data is determined by the temporal width of the TENG event
(i.e how long the TENG actuation lasts) while the width of the DC—generated IM peak is dominated by
diffusion of the released packet of ions and structural heterogeneity of the analyte. This result could be
useful for the synchronization of ion generation and IM separation and significantly improve the duty

cycle of these experiments.

3.5 Conclusions

A novel electrospray power source, TENG, was incorporated into two IM-MS platforms. For a
broad range of masses and proteins, native-like ions generated using this novel power supply yielded
arrival-time distributions and Q values that are similar to those measured using typical DC power
supplies. On average, the median arrival time of ions measured using "EN°nESI are very similar to those
measured concurrently with °°nESI (0.6%). Additionally, the  values measured using "EN®nESI are
similar to those reported previously (2.5%). Excluding the 3+ insulin ion, which has a significantly larger
difference from previously reported values than any of the other ions considered here, minimizes the
average difference in { values to 1.3%. Generally, the mass spectra generated by the two power supplies
exhibit similar charge state distributions. As the mass of analyte increases, there is more evidence for ion

adduction and less complete desolvation for ions generated by ™N°nESI. Nonetheless, these results



suggest that gas phase ions form according to the CRM? and possess similar structural characteristics

when generated from either power supply.
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Figure 3.5. (A) Arrival-time distributions of insulin ions generated from
two TENG events and probed using a SLIM-based instrument; note that
the TENG events are not synchronized with the time axis in these
experiments. (B) Comparison of IM peak widths observed when ions are
generated using °°nESI, accumulated in the trap region, and released into
the mobility cell as a discrete packet for IM separation (red trace) and
when ions are generated from TENSpESI and introduced to the SLIM
mobility cell without trapping and gating (C) The mass spectrum of the

ions observed from the second TENG event.
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This work demonstrates the first application of "EN°nESI for the IM—MS analysis of moderate to
large ions of native like proteins and protein complexes. It was also shown that a single TENG event can
generate enough ions of a small protein for IM - MS analysis on SLIM platforms. This power supply
presents an attractive alternative for electrospray ionization for improved sample efficiency and lower
consumption. The work shown here serves as a starting point for the application of TENG to the analysis
of native like protein ions. Optimizing the geometries of the TENG devices for the generation of large
biomolecule ions (> 150 kDa) will aid in extending its application to biotherapeutics and other large
analytes of interest. Additional work further characterizing TENGs ability to analyze native like structures
by IM - MS with a focus on single-event analysis will provide additional insight into the utility of
TENGQESI as a complement to the structural biology toolkit. More generally, these results indicate that
TENG offers great potential for enabling the broader use of low-duty cycle IM and MS approaches to

sample-limited questions in structural biology.
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Chapter 4

So How Bad is Ammonium Acetate for Native Mass Spectrometry? A Quantitation of pH Changes
in Nanoelectrospray lonization (nESI) Using a Fluorescent Probe

This chapter is reproduced with permission from Meagan M. Gadzuk-Shea, Evan Hubbard, and Matthew
F. Bush. In Preparation.

4.1 Abstract

The ability of nanoelectrospray ionization (nESI) to generate a continuous flow of charged droplets is
reliant on the electrolytic nature of the process. This necessary electrochemistry can lead to the build of
redox products in the capillary solution and change the composition of the ESI solution. This
consequence can have significant implications for native mass spectrometry (MS), which aims to probe
the intact and folded form of biomolecules. Here, a pH-sensitive fluorescent probe, SNARF-4F, is used to
guantify changes in solution composition during nESI for conditions relevant to native MS. The results
show that the extent and rate of change in solution composition is dependent on several experimental
parameters. There is a strong correlation between the extent and rate of change in solution composition
and the magnitude of nESI current, as well as the concentration of electrolyte. Changes in solution
composition are less significant when a negative potential is applied. Alternating the polarity of the

applied potential is demonstrated as an effective strategy to mitigate the observed changes.
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4.2 Introduction

The advent of electrospray ionization (ESI) made possible the analysis of large biomolecules by
mass spectrometry (MS).! In ESI, an analyte solution is put into electrical contact with a potential that
drives the generation of charged droplets. Most ESI sources use metal capillaries with large (~100-200
um) tips that require external pumping and applied potentials in excess of 3 kV to move solutions and
generate charged droplets.’ These conditions can result in poor sample efficiency and sample
aggregation due to formation of large droplet.>® The mid-90’s brought the introduction of
nanoelectrospray ionization (nESI) from the work of Wilm and Mann, which sought to address some of
the challenges associated with standard ESI sources.®’ In this altered source, droplets < 200 nm in
diameter could be produced (compared to 1 pm in diameter in ESI).® Generally, nESI utilizes borosilicate
glass or fused silica capillaries that have been pulled to a tip of 1 to 10 um and that have inner diameters
of less than 1000 um. The application of a potential is achieved by coating the capillary with a conductive
material such as gold, or through the insertion of a wire. In nESI, a potential of < 1.5 kV is sufficient to
generate a Taylor cone and movement of the sample solution can be maintained through electrokinetic
flow, without applying additional pressure.* Flow rates in nESI devices range from 6 — 50 nL min* and
depend on the composition of the solvent, the tip orifice, and distance to counter electrode (mass
spectrometer).®8-19 For comparison, flow rates in conventional ESI devices are in the range of pL min*
and are determined by external pumping.®°

Native MS coupled to nESI has been used to study intact structures of biomolecules.?**2 In native
MS, protein ions are generated from solutions with ionic strength and pH similar to a biological system,
e.g., agueous ammonium acetate (10-500 mM) adjusted to pH 7.1* Ammonium acetate has been used
widely due to its volatility, which makes it particularly amenable to MS. Additionally, the combination of
ammonia (pKa 9.25) and acetic acid (pKa 4.8) results in a mixture that is close to neutral.’> Unfortunately,
this solvent system is not a buffer at this pH and therefore is ineffective at resisting pH changes. Buffers
are most effective at resisting pH changes within a 1 range of their pKa.® Susa and coworkers

investigated using ammonium phosphate for native-MS, which has a pKa 7.4 and would therefore buffer



69

at neutral pH.Y” However, achieving usable data required the use of emitter tips < 1.6 um, which suffer
from clogging and are challenging to reproduce consistently. Ammonium bicarbonate is another popular
option for native MS,*8 however it has been shown to induce protein unfolding and is therefore not an
ideal option.1%2°

The electrolytic nature of the electrospray process is not really a debate, more so the implications
and analytical significance of its occurrence.?! During electrospray, application of a potential to a
capillary containing solution causes electrophoretic separation of the ions present. Species of the same
charge as the applied potential move toward the exit of the capillary, which creates a destabilization effect
at the capillary tip.22 When the coulombic repulsion at the tip exceeds the surface tension of the liquid,
charged droplets are released in a Taylor cone.?*2® Through solvent evaporation and fission events, these
charged droplets become bare ions which can be detected by a mass spectrometer.® The ability to generate
this continuous flow of charged droplets requires that charge balancing reactions occur.?*?° For example,
when a positive potential is applied and thus positive charges are expelled, and only electrons flow
through the wire electrode, it follows that electrons must be produced within the solution.?>? Charge
balancing occurs through redox reactions, which can produce electrons, positively charged ions, and
negatively charged ions to effect the required charge balance.??"-? The specific redox reactions that
occur during electrospray are determined by a complex interaction of experimental parameters such as
flow rate, concentration of electrolytes, magnitude of electrospray current, and redox properties of species
within the system.?>?8 As a point of reference, Table 1 lists the possible redox reactions that water can

undergo during ESI, which only represent a subset of the possibilities for a given solvent system,*
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Table 5.1. Electrochemical reactions of water during ESI?

Positive ionization (oxidation) Negative ionization (reduction)
E° (V) vs E° (V) vs

Reaction SHE Reaction SHE
2H,0 = 0, + 4H* + 4e™ 1.23 2H,0 + 2e~ = H, + 20H" 0.07
40H™ —» 2H,0 + 0, + 4e~ 0.40 0, + 4H* + 4e~ - 2H,0 1.23
20H™ - Hy0, + 2e™ 0.88 2H,0 + 4e~ + 0, > 40H" 0.40
2H,0 - H,0,+2H* 4 2e~ 1.77 2H* > H, 0.00
OH™ - OH"+ e~ 1.89 2H,0 + 0, + 2e™ - H,0, + 20H™ -0.13
O, +e” —> 0, -0.33
0, +2H* +2e~ -» H,0, 0.70

3 Listed reactions and potentials from Van Berkel and Kertesz.®

There are many direct observations of redox reactions concomitant with electrospray. For
example, Blades et al demonstrated electrode oxidation by using zinc or iron wires as electrospray
electrodes; both metals have low reduction potentials. Following the application of a positive potential to
either electrode resulted in the appearance of the oxidized form of the metal, Zn?" and Fe?", in the mass
spectra.?2 Work by Zhou et al revealed that is was possible for solution species to participate in the redox
chemistry by monitoring the absorbance spectrum, and therefore extent of oxidation, of a porphyrin
solution as a function of electrospray parameters.®! There is much literature regarding the electrolytic
nature of ESI.2132-38 |t has been leveraged for the analysis of molecules otherwise challenging to create
ions of, such as metallocene’s, fullerenes, and inorganic compounds.®*3¢3%-#! Changes in solution
composition can also affect redox chemistry occurring during electrospray.?”?42 Gatlin and Tureéek used
Fe and Ni complexes with 2,2’-bipyridine (bpy) to estimate the pH of the microdroplets formed from ESI
relative to the bulk solution pH. The dissociation of the metal-bpy complexes was correlated to the

solution-phase chemistry, and revealed a 10° to 10* increase in [HzO]* concentration (pH = 2.6-3.3)



71

compared to the bulk solution.*® In other work investigators observed a 5 to 7 fold increase in proton
concentration in droplets that had traveled 7 mm from the capillary tip by measured the fluorescence ratio
of a pH-sensitive probe.* These studies and others have established that redox chemistry occurs during
the electrospray process and that the pH of electrospray-produced droplets can be very different than bulk
solution.

Despite the obvious occurrence of redox-induced changes in solution pH, little work has
examined pH change in solution conditions utilized for native MS. If native MS strives to examine the
native fold of protein structure, changes in the solvent pH within the duration of the experiment could
impede this effort by inducing disassociation of noncovalent complexes and/or denaturation as pH
becomes increasingly acidic or basic, depending on the polarity of ionization.'® This is especially
prevalent for efforts examining proteins that are highly sensitive to the pH of their environment. For
example, the dissociation constant of dimerization of the chaperone HSPBS5 a-crystallin domain changes
by a factor of 15 between solution pH 7.5 and 6.5.% Intrinsically disordered proteins, like the Alzheimer’s
disease related a-synuclein, have demonstrated aggregation dependence on solution pH,* yet the use of
nESI native MS to study them is rapidly growing.*” Therefore, it is of great interest to determine to what
extent these changes occur and devise schemes to avoid and/or mitigate these changes. In this work, we
aim to quantitatively assess the changes in pH of solutions typically implemented in native-MS
experiments using nESI in both positive and negative ionization modes. It is widely believed that the
structures of gas-phase ions reflect, at least to some extent, a snapshot of the solution structure prior to
ionization.*®%0 Therefore, we specifically examine the changes within the bulk solution of the nESI
capillary, rather than the plume. We evaluate these changes as a function of time, with a focus on
timescales typical for these experiments. This timescale takes into consideration typical flowrates and
volumes loaded into nESI capillaries.®**>! Additionally, we explore alternating polarities during

experiments as a strategy for mitigating pH changes during experiments.
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4.3 Methods

4.3.1 Samples and solutions: SNARF™-4F 5-(and-6)-carboxylic acid (SNARF-4F) was
purchased from Fisher Scientific (Rockwood, TN) as a lyophilized solid. A stock solution was prepared
by dissolving the solid in 18.6 MQ water to a concentration of 2 mM. Aliquots containing 5 pL of stock
solution were kept frozen at —80 °C or —18 °C and protected from light until use. Prior to experiments, one
aliquot was thawed and diluted to a final concentration of 1 pM. Solution conditions utilized in this work
are listed in Table 1 and were prepared as follows. Aqueous ammonium acetate solutions were prepared
at 200 mM and 1 M concentration; 10 mM solutions were prepared through serial dilution of the 200 mM
solution. Solution pH was adjusted with a solution hydrochloric acid or ammonium hydroxide with the
same concentration as the electrolyte in the solution being adjusted.

4.3.2 Fluorescence Measurements: To assess the fluorescence signature of SNARF-4F under
conditions of the nESI for native MS, SNARF-4F was added to pH-adjusted solutions of 200 MM
ammonium acetate to a concentration of 500 nM. Final solution pHs were 3.4, 5.4, 6.4, 7.4, 8.4, and 9.4.
A small volume of each solution was added to a quartz microcuvette (path length, 1.0 cm). Emission
spectra were collected with a Perkin EImer LS-50B luminescence spectrophotometer (Perkin Elmer,
Walham, MA) using an excitation wavelength of 530 nm, an excitation and emission slit width of 10 nm,
and a scan rate of 200 nm min-*from 400 nm to 780 nm. Data was processed using a home-built script.

4.3.3 Experimental setup: To probe solution pH during electrospray, a system capable of
detecting fluorescence was designed, is described herein, and is shown in Figure 1. A 530 nm LED
(Luxeon Stars, Brantford, Ontario) was mounted to a 50 mm x 45 mm High Alpha Heat Sink (Luxeon
Stars) using Arctic Silver low thermal resistance adhesive. The LED power was controlled by a DC
power supply (72-420, Tenma labs) and set to 1A (V, Figure B1). The light emitted from the LED was
passed through a 525 nm bandpass filter (ED00256B, Omega Optical, LLC,, Brattleboro, VT) then
collimated through an aspheric condenser lens with a focal length of 20 mm (ACL2520U-A, Thorlabs).
The collimated light was focused through a coated plano convex lens with a focal length of 75 mm

(LA1608-A, Thorlabs). As the focused light began to expand, it was re-collimated through another
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aspheric condenser lens with a 20 mm focal length. The re-collimated light illuminated a nESI capillary
containing SNARF-4F solution. The capillary was placed below a filter wheel (Thorlabs FW102C,
Newton, NJ) containing two bandpass filters (3305/25, 3416/25, Omega Optical, LLC, Brattleboro, VT).
The entrance to the filter wheel contained a long-pass filter (FGL550, Thorlabs) to further increase the
rejection of residual excitation light. The resulting fluorescence at 577 nm and 655 nm is detected by a
camera (ASI120MM-S, ZWO, Suzhou, China) positioned above the orifice of the filter wheel. The
camera was placed at a slight angle, approximately 12°, to further reduce the amount of scattered
excitation light captured in images. The LED, filter wheel, and camera operation are synchronized and

automated using software developed in-house.

1D 1+

Figure 5.1. (A) Diagram of instrumental setup and (B) picture of the
apparatus from the side. Samples are illuminated with a semi-collimated
beam of 532 nm light from a LED. The filter wheel contains a long pass

filter to eliminate the LED wavelength and two bandpass filters to
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capture the fluorescence of SNARF-4F at 577 nm and 655 nm. The
fluorescence at each wavelength is imaged at fixed intervals by a camera
positioned above the orifice of the filter wheel. The camera is mounted
above the filter wheel at a slight angle to reduce the amount of scattered

light captured in the images.

4.3.4 Calibration: Solutions of 400 nM SNARF-4F were prepared in 200 mM ammonium
phosphate at known pH values for use as standards. Ratiometric analysis of the fluorescence signatures of
these solutions was used for semi-quantitation of experimental shifts in the fluorescence ratio. The final
pH values of the standard solutions were 3.5, 5.4, 6.4, 7.4, 8.4, and 9.3. The ratio of fluorescence at 655
nm relative to 577 nm was recorded at each pH value six times. The platinum wire was inserted in the
capillary for each measurement, although no potential was applied. Measurements were taken in a
pseudo-random order to minimize systemic biases. Each measurement used a new borosilicate capillary
and the platinum wire was rinsed with 18.6 MQ water prior to insertion into the solution-containing
capillary. These steps were taken in effort to fully capture the variability in the experimental
measurements. The resulting data were fit to a curve to relate pH to fluorescence ratio (R) according to

Equation 1:5253
Rp10PH-PK 4 R .
R= "8 A/l 4 10PH-PK Equation 1

Where Rg and Ra are the fluorescence ratio for the most basic and acidic forms of SNARF-4F,
respectively, and PK is a modified form of pK,that accounts for the dependence of SNARF-4F
fluorescence intensity on the environment.>® The fitting parameters from that were leveraged to estimate
experimental pH values from ratiometric measurements following the rearranged form of Equation 1:%?

R—R
pH = PK +log, (ﬁ) Equation 2
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4.3.5 Electrospray experiments: Approximately 10 pL of diluted SNARF-4F was loaded into a
borosilicate capillary that was pulled to an ~ 1-3 um tip (Sutter Instruments P-97). A platinum wire was
inserted through the wide end of the capillary to make electrical contact with the solution. Electrospray
was achieved by applying 0.7 to 2.7 kV of potential to the wire using a Bertan high voltage power supply
(205B-03R, Hicksville, NY). The current was detected by placing a metal plate ~10 mm from the
capillary tip that measured the potential different between the collection plate and ground using a
picoammeter (Keithley 485, Cleveland, OH). The magnitude of applied potential was adjusted to maintain
a relatively constant electrospray current (£10 nA). Any experiments that exhibited erratic current were
terminated and a new tip loaded. Fluorescence was initiated by illuminating the sample with semi-
collimated 530 nm light for fixed intervals of time. Images were collected using in-house written software
that automated the LED, the filter wheel, and the camera. For each data point, two images were collected
for each fluorescence wavelength. Images were collected with an exposure time of 400 ms and a gain of
zero. For most experiments, fluorescence images were recorded every 25 seconds for 125 iterations.
During rotation of the filter wheel, the LED was switched off to minimize bleaching the probe.

4.3.6 Polarity switching: A Jennings RF1J-26S vacuum relay was used to enable polarity
switching. This relay was integrated into a circuit with binary operation; one position connected to a
power supply operated at one polarity and the other position connected to a different power supply
operated at the opposite polarity. In-house software enabled the frequency and number of polarity
switches to be set by the user and synchronized with the fluorescence experiments. Voltages on the two
attached power supplies were adjusted throughout the experiment to maintain relatively constant and
equal current magnitudes, although this was minimally necessary.

4.3.7 Data processing: Ratiometric analysis of the fluorescence intensity of SNARF-4F at 655
nm and 577 nm was performed to relate the fluorescence ratio to solution pH. Prior to ratio analysis, the
intensities of two images taken at the same time point were added for each test wavelength. The data was
then binned with a block size of 4 or 16 pixels and masked using a minimum threshold to eliminate low-

intensity interference and a maximum threshold to exclude a few “hot” pixels on the sensor. The intensity
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of fluorescence at 655 nm was plotted against the fluorescence intensity at 577 nm for each data point.
The slope resulting from regression analysis of these data was taken as the experimental ratio, which was

then related to apparent solution pH. This workflow is outlined in Figure B2.

4.4 Results and Discussion

The objective of study was to quantify and better understand the effects of electrospray on the pH
of solutions typically employed in native MS. Using a pH-dependent fluorescent probe with a pK, of ~6.4
and a simple LED microscopy setup, ratiometric measurements were recorded and provided insight into
these processes. Specifically, we were interested in the dependence of these changes on the magnitude of
the applied electrospray current, electrolyte concentration, the starting pH of the solution, and the polarity
of the applied voltage. These points of interest were selected because they could have significant
implications for the assumptions made regarding protein structure during native MS experiments,
depending on the extent of the pH changes.

Fluorescence spectra of SNARF-4F prepared in 200 mM ammonium phosphate at various pH
values were used to select bandpass filter for the fluorescence imaging experiments. At the lowest
solution pH, 3.4, excitation of SNARF-4F by 530 nm light results in an emission spectrum with
maximum intensity around 585 nm and a less intense shoulder at longer wavelengths. As shown in Figure
B4, the feature at 585 nm decreases in intensity with increasing solution pH (almost disappearing by pH
7.4) and the longer-wavelength feature increases in intensity and appears centered near 652 nm. Between
pH 8.4 and 9.4, the intensity of the feature near 652 nm is nearly constant, indicating that the
deprotonated form of SNARF-4F is predominant.*

The effectiveness of the fluorescent probe for studying solutions around neutral pH was validated
through the development of a calibration scheme. A series of solutions at known pH values containing
SNARF-4F were prepared. Fluorescence images of SNARF-4F were recorded at 577 nm and 655 nm, and
a ratio between these emissions was calculated as described in the Methods. Plotting the ratio as a

function of pH yielded a sigmoidal relationship, with the steepest region falling between pH values of ~
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6.5 and 8.5. This is consistent with the expected acid-base equilibria® and previous pH-dependent
measurements of SNARF-4F using other fluorescence measurements.*® The resulting curve was used to
parameterize Equation 1 The potential variance of these measurements was evaluated by repeatedly
adjusting the capillary position to mimic inter-experiment tip placement variations. Additionally, this
series of measurements was recorded on different days to characterize any potential day-to-day
differences. The results were to fit a sigmoidal curve. The covariance matrix produced from this fitting
was used to generate 1000 solutions to Equation 1 This analysis provided insight to the range of ratio
values that could be used to estimate pH values for experimental results. Conveniently, the determined
range fell between ratio values corresponding to pH values between 6 and 8, which is a highly relevant
range for native MS experiments. However, as shown in figure B3, this range corresponds to the steepest
range in the sigmoidal calibration curve. This means that within this range, the fluorescence ratio
observed will be highly sensitive to the solution pH.

4.4.1 A Typical Case: A starting point for many native MS workflows is to prepare samples in
aqueous 200 mM ammonium acetate at neutral pH and to use positive ionization mode with a modest
electrospray current.®125657 Because of the prevalence of these conditions, they will be referred to as “the
status quo” for the remainder of this discussion and will pertain to experiments using a solution of 200
mM electrolyte at pH 7 with 60 nA of applied current under positive polarity. This “status quo” current is
slightly elevated compared to the reported thresholds for nESI of 30 nA,° as this low of a current
generally leads to poor signal for MS.*® Additionally, a surplus of replicates under these “status quo”
conditions were performed spanning multiple weeks and sample preparations to capture the inherent
variability of these measurements. To aid in discussion of the results, the experiment is presented in four
regions with the first three regions corresponding to 10-minute intervals of electrospray, the final region
refers to 30 minutes to the end of the experiment and is around 20 minutes in duration.

Figure 2 shows the results from many “status quo” replicates. Under these conditions, the
solutions displayed an initial fluorescence ratio of 2.41 (95% ClI: 2.35-2.47) corresponding to a solution

pH of 6.92 (95% CI: 6.91-6.94). During the first 10 minutes of electrospray (region I) the solutions
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exhibit a slow decrease in fluorescence ratio averaging —0.02 min™. In region Il, 10-20 minutes, the rate
of change in fluorescence ratio increases to —0.0604 min™. Region 11 is similar, exhibiting an average
rate of change of —0.0529 min™. Region IV reveals significant slowing in the rate of decrease of —0.0211
min* and apparent leveling of the ratio is observed at the conclusion of the experiment. All status-quo
experiments result in an apparent decrease in solution pH of over 1 pH unit; on average, the solution pH
drops below 6 after 34 minutes of electrospray. We attribute the increased stability of fluorescence ratios
at longer times (and lower pH) to (1) increased buffering at lower pH by acetic acid, which has a pK, of

4.8, and (2) the sigmoidal fluorescence ratio and pH.
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Figure 4.2. Changes in solution pH during electrospray under conditions
commonly used in native MS workflows. These experiments were
performed under “status-quo” conditions, which refers to an aqueous
solution at neutral pH with 200 mM concentration of electrolyte and an
electrospray current of 60 nA. Over a 52-minute period, 125 sets of
images capturing the fluorescence of SNARF-4F at 655 nm and 577 nm
are recorded. Ratiometric analysis of the fluorescence intensity at the two

wavelengths was used to estimate the solution pH. The markers

correspond to the average ratio of 11 replicates and the shaded region
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spans the 95% CI. Green shaded regions correspond to pH regions of
interest: near-neutral pH and pH < 6. Solutions under status-quo
conditions exhibit a slow decrease in fluorescence ratio during the first
ten minutes of electrospray. After ten minutes, the ratio drops at a faster
rate indicating more rapid acidification of the solution. From
approximately 40 minutes to the end of the experiment the rate of change

in the fluorescence ratio exhibits asymptotic behavior.

4.4.2 Effect of electrospray current: To characterize the effects of electrospray current on the pH
of solutions in native MS experiments, experiments that varied only the magnitude of electrospray current
were conducted. Although electrospray currents are not typically reported in literature, it is common for a
range of potentials applied to generate ions to be included in experimental sections. Values between 0.7
kV and 2.0 k%8¢ are common; the width of that range suggests that different studies fall under different
current regimes. For this work, we chose to examine a low current of 30 nA, a moderate current of 60 nA,
and a high current of 120 nA, which fall within the range of currents that have been reported.®®* Figure 3
shows the fluorescence ratios as a function of time for each of the three currents. There is a clear
relationship between the onset and magnitude of change in fluorescence ratio and the magnitude of the
electrospray current. During region I, the smallest current (30 nA, black trace) exhibits the slowest
change in fluorescence ratio and the largest current (120 nA, green trace) displays the most dramatic
change in fluorescence ratio. An intermediate amount of current (60 nA, tan trace) falls in between the
two extremes. However, beyond region I, the rate of change in fluorescence ratio displays some
convergence between the three magnitudes of current. Within region 111, the three test currents display
changes that span 0.0172 min" which is a 75% reduction in the range of rates observed in region I. In
region 1V, the rate of change slows in all three cases, with 120 nA leveling off the most dramatically,
although it exhibits the greatest overall change in fluorescence ratio relative to of the other currents. In

region IV, 30 nA induces the fastest relative change in fluorescence ratio, which may be attributed to the
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higher currents causing the solution to reach a pH within the buffering capacity of acetic acid sooner. The
enhanced resistance of that same solution to changes in solution pH when electrosprayed at 30 nA may be
attributed to slower production of redox products relative to the two higher currents.

Overall, all currents exhibit a substantial decrease in fluorescence ratio and therefore acidification
during electrospray, although at different rates and to varying extents. The highest magnitude of current,
120 nA, displays an 85% drop in fluorescence ratio and 60 nA and 30 nA decreasing 74% and 65%,
respectively. All three test currents result in acidification of more than 1 pH unit within the timescale of
the experiment. At 120 nA of current, the drop below pH 6 occurs after ~20.4 minutes of nESI. These

results demonstrate that using lower electrospray currents in nESI will delay the onset of acidification

from redox chemistry.
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Figure 4.3. The effect of current on the rate and extent of changes in
solution pH during electrospray. Black traces represent the average
values of multiple (4-11) replicates. Blue traces correspond to 30 nA of

current and green traces correspond to 120 nA of current. Results from
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status quo experiments are shown in tan, with the markers representing

the average ratio and the shaded region span the 95% ClI.

4.4.3 Effect of electrolyte concentration: Although ammonium acetate has very little buffering
capacity at pH 7, it has been suggested that higher concentrations of ammonium acetate will improve the
buffering capacity, but will also increase the formation rate of REDOX products.’® To explore which of
these factors would prevail, SNARF-4F was electrosprayed from aqueous ammonium acetate at 10 mM,
200 mM, and 1 M that was adjusted to pH ~7.0; this range of concentrations spans that used in most
native MS experiments.56262 The results from applying 60 nA of current to SNARF-4F prepared in each
of these solutions are shown in Figure 4. The observed trends demonstrate that increasing electrolyte
concentration increases the initial resistance to nESI-induced changes in pH. During region I, the
fluorescence ratio decreases > 17 times faster in the 10 mM solution than in the 1 M solution. The steep
drop in the fluorescence ratio indicates rapid acidification of the 10 mM solution. The 1 M solution
exhibits a slope close to zero (-0.008 min') during the same period. However, as nESI continues, the rate
of acidification of the 10 mM solution slows while the 1 M solution begins to acidify more quickly. For
example, in region Il, the 10 mM solution exhibits an average decrease in fluorescence ratio of -0.04 min-
1 which is 70% less than that observed during the first ten minutes. During region 111, this rate slows
further to —0.01 min and then to 0.003 min in the region IV. Conversely, the rate of acidification of the
1 M solution is almost constant from regions | through I11. Beyond region I11, there is a dramatic change
in this rate to a rate that is 10 times faster than the former part. However, the fastest rate of acidification
observed with 1M electrolyte is still about half that observed for the 10mM electrolyte.

These results indicate that higher electrolyte concentrations in nESI applications are more
effective at resisting pH changes from electrospray relative to lower electrolyte concentrations. High
concentrations of ammonium acetate can also improve the quality of protein mass spectra by reducing the

relative abundance of metal ion adducts.®® However, high concentrations of electrolyte can affect the



strengths of some protein-ligand®* and protein-protein interactions®®°. Therefore, care should be taken

when choosing the concentration of electrolyte to use with respect to the analyte system of interest.
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Figure 4.4. The effect of ammonium acetate concentration on the
response to the solution to an electrospray current of 60 nA in positive-
ion mode. Black traces represent the average ratio for a given set of
replicates. The highest electrolyte concentration, 1 M ammonium acetate,
blue traces, exhibits the greatest resistance to redox-induced changes in
solution pH. The lowest concentration, 10 mM, green traces, displays
rapid acidification almost immediately upon the application of a
potential. In final 20 minutes, region 1V, solutions of 200 mM (tan trace)
and 10 mM ammonium acetate exhibit similar slowing in the

acidification, indicative of acetic acid buffering.

4.4 .4 Initial pH of solution: Figure B5 shows the fluorescence response of SNARF-4F in

solutions with different initial pH values under positive ionization, 60 nA of current, and 200 mM
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electrolyte. A solution starting at a pH of 8 exhibits the most rapid change in ratio for any conditions
examined here. In region I, the ratio drops an average of 0.7434 min*. The apparent solution pH drops
below 7 after 13 minutes of electrospray and below 6 after 23 minutes. Interesting, the apparent pH of a
solution starting at pH 8 acidifies to below pH 6 before a solution under the same conditions that started
at pH 7. One possible explanation of this observation is the equilibrium of redox reactants present in the
solution at the different solution pH values and their relativity reactivity. In other words, a solution at pH
8 will have more hydroxide ions available to be oxidized relative to a solution at pH 7.2’

4.4.5 Effect of electrospray polarity: Although most native MS experiments probe native-like
cations, there is also interest in the properties of native-like anions.®® Therefore, it is relevant to
understand how the application of positive versus negative potential during electrospray affects the
characteristics of the electrospray solution. Therefore, we considered the “status quo” conditions
described above (i.e., 200 mM electrolyte, pH 7, 60 nA of nESI current; Table 1), but under negative
polarity. The results from this set of conditions are shown by the black trace in Figure 5. A negative
potential clearly has a vastly different effect on the electrospray solution compared to a positive potential
under the same conditions. The apparent pH of the electrospray solution changes less than 0.1 pH unit
under negative polarity, which corresponds to a 25% increase in hydroxide concentration. Conversely, a
positive potential induces a shift of multiple pH units, an increase in proton concentration of several
orders of magnitude. Because these conditions produced such contrasting results depending on the
polarity of the applied potential, we chose to also examine 10 mM electrolyte under negative polarity. The
results from applying —60 nA of current to a solution with 10 mM electrolyte is shown by the green trace
in Figure 5. For comparison, results from the same experiment under positive mode are shown in tan.
Under negative polarity, the fluorescence ratio increased by 3.815 which is an increase in apparent
solution pH of 0.65. Over regions I to 11, the change in fluorescence ratio appears very linear and exhibits
a rate of change of +0.087 min-*with a correlation of 0.999. The rate of change slows only slightly in the
final 20 minutes of nESI to +0.055 min? although with slightly less linearity (R? = 0.997). This small

variation in the rate of change of the fluorescence ratio over the course of the experiment is in stark
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contrast to the results for the same solution but a positive potential. Under positive polarity, the rate of
change differs by 98% in the first 10 minutes of nESI relative to the last 20 minutes. For the same time

segments, the rate of change differs by 38% when a negative potential is applied.
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Figure 4.5. The effect of the polarity of the applied potential on changes
in solution composition during nESI. Shaded regions represent the
highest and lowest values observed in replicate analysis (n = 2 to 6).
Solutions of 200 mM ammonium acetate and 60 nA under negative
polarity (black traces) exhibit a nearly constant fluorescence ratio
throughout the experiment. Solutions of 10 mM ammonium acetate and
60 nA under negative polarity (green traces) display modest alkalization,
however the change in apparent solution pH is much less than what is
observed for the same solution and current, but with a positive applied

potential (tan trace).

The persistent rate of change in fluorescence ratio with negative ionization and 10 mM

ammonium acetate can be attributed to the solution not reaching the buffering regime of ammonium (pKa



86

9.25). The minimal alkalization of the 200 mM ammonium acetate solution is less straightforward to
explain. With a platinum electrode, water oxidation and reduction should be the primary source of charge
balance and redox-induced changes in solution pH under positive and negative polarity, respectively.*
Because there a multiple redox reactions that water can undergo (Table 1) that vary in reduction potential
(and therefore probability of occurrence) , it is plausible that the reduction reactions that take place under
negative-mode ionization contribute less pH-altering species.*® This may account for both the slower rate
of alkalization observed as well as the smaller overall change in solution composition over the timeframe
of the experiment. However, this is a gross oversimplification of the electrochemistry that is likely
occurring within the solution and means to provide only a basis of explanation.?’

4.4.6 Polarity switching; Because both alkalization and acidification were observed in the
preceding experiments, we hypothesized that alternating both polarities would counteract the buildup of
pH-changing redox products. To test this hypothesis, we used a high-voltage relay to alternate between
two high-voltage power supplies operated at opposite polarities. The relay was computer controlled and
synchronized with the fluorescence imaging apparatus. These experiments were conducted with aqueous
200 mM ammonium acetate and 60 nA of current for both polarities. The solution exhibited significant
resistance to pH changes when the polarity of the applied potential was alternated every 25 seconds. Over
the course of the 40-minute experiment, the apparent solution pH exhibited a decrease of < 0.05,
indicating that insignificant concentrations of redox products accumulate in the solution. As a control, the
blue trace shows the change in fluorescence ratio when the electrode is alternated between a positive
potential and ground (i.e., no electrospray) every 25 seconds, which exhibits an extended period of no
change in solution composition followed by a steady decrease in fluorescence that is consistent with
acidification. These results indicate that alternating between positive and negative electrosprays is an
effective strategy for minimizing the buildup of redox products that affect the pH of solutions for native

MS.
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Figure 5.6. Results from switching the polarity of the applied potential
during electrospray with varying frequency. The fluorescence ratio stays
nearly constant when the applied potential is switched from positive to
negative every set of pictures, or approximately every 25 seconds (green
trace). When a positive potential is alternated with no potential every set
of pictures, approximately 25 seconds, the solution exhibits significant
acidification beginning after approximately 30 minutes (blue trace). For
comparison, the average fluorescence ratio from status quo experiments
is shown (tan trace) which shows that even alternating between a positive
potential and no potential offsets changes in solution pH significantly
and that alternation of the polarity counteracts the buildup of redox

products.
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4.5 Conclusions

The results presented here provide clear evidence for significant changes in electrospray solutions
relevant to the field of nESI and native MS, especially the most common conditions (Figure 2). For
experiments conducted in positive ionization mode, the data demonstrate that, for the same electrolyte
concentration, a higher magnitude of electrospray current will incur more rapid acidification of the
solution relative to lower currents (Figure 3). Additionally, it was shown that higher concentrations of
electrolyte improve the ability of a solution to resist changes in solution composition during electrospray
(Figure 4). Adjusting the initial pH of the solution to between 6 and 8 revealed that starting at a higher pH
increases the rate at which acidification occurs over the entire duration of the experiment (Figure B5).
Operating under negative ionization induces less changes in the solution composition during electrospray.
Interestingly, at 200 mM electrolyte, solutions maintained a near-neutral pH during the entire experiment
when a negative potential is applied.

Strategies to mitigate the solution changes observed here are crucial for the study of analytes that
are sensitive to solution pH. Switching the polarity of the applied potential between positive and negative
during the experiment is an effective method for counteracting redox-induced pH changes in solution.
This setup is similar to a recent report that induced ESI, which generates bipolar droplets, is also effective
at minimizing oxidative processes in the bulk solution.*? Other promising strategies include using
solutions that can buffer at neutral pH in combination with much smaller electrospray tips.*"®” Further
development of methods for minimizing redox process during nESI will facilitate the ability to examine

proteins with structures that are dependent on the composition of their environment.
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Appendix A
SUPPORTING INFORMATION

Triboelectric nanogenerators (TENG) devices for improved sample consumption in ion mobility
mass spectrometry analysis of protein and protein complex ions
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Determining £2 values from arrival-time distributions

Determination of transport time of ions from exit of drift cell to time-of-flight mass analyzer. This section
has been reproduced from Allen et al.! In the experimental setup used in this work, the drift voltage can
be varied up to 354 V. The centroid of each arrival-time distribution is estimated by fitting the distribution
to a Gaussian function using in-house software.? For mobility experiments, arrival times were measured at
10 drift voltages ranging from 104 to 354 V for all charge states observed of each protein. Plotting arrival
time versus reciprocal drift voltage enables the determination of to, the time for ions to exit the drift cell
and reach to time-of-flight mass analyzer. Experimental arrival times were corrected for this transport
prior to calculating £ values.

Converting from arrival-time to collision-cross-section. This section has largely been reproduced from
Laszlo et al.® Arrival time (ta) measurements in ion mobility experiments include the mobility-dependent
drift time (tp) and the time for ions to exit the drift cell and reach to time-of-flight mass analyzer (to):

tA=tp Tty ‘
Where tp is defined: (Equation S1)
. 2
. (length of drift cell) (Equation 52)
KV

where K is defined as the mobility of the ion and V is the voltage drop across the drift cell. to is defined
as:

tOZtind+tm/Z (Equation S3)
and tq, is defined by:*

Cy/ "/, .
tm/z=m (Equation S4)
where ¢ is an instrument specific parameter call the ‘enhanced duty cycle delay coefficient. With this
relationship, Equation S1 can be rewritten as:

. _ (length of drift cell)2 _. A ™/, (Equation S5)

For this work, to is determined by field-dependent measurements of precursor ions, using a previously
explained approach.! Equation S5 can be rewritten as:

[tA - (tl-nd + m/Z>] xV (Equation S6)

1 1000
K (length of drift cell)®

The mobility can then be converted to a collision cross section (2) using the Mason-Schamp equation:®

_ 3e2( 21 )1/2 1
" 16N \pkzT/ K (Equation S7)




Substituting equation S6 into S7 yields:
Cy m/z
3ez ( 2 )1/2 [tA - (tind + W)] *V

_ (Equation S8)
16N \ukpT (Iength of drift cell)®

where e is the fundamental charge, z is the charge state, N is the number density of the drift gas, | is the
reduced mass of the ion and drift gas, ks is the Boltzmann constant, and T is the drift-gas temperature.
This relationship enables experimental tp to be converted to 2.

Cumulative distribution functions (CDF) for each Q distribution were calculated to determine
critical values from the £ distribution. To do so, critical 2 values corresponding to the 10%, 50%, and
90% of the CDF were used to describe the lower bound, median, and upper bound of the distribution,
respectively.
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Table Al. Typical IM settings for minimal activation of ions introduced into the instrument
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Parameter Typical Setting Range Unit
Capillary potential 0.6-1.0 kV
Sampling cone 20-50 \%
Source temperature 30 °C
Trap collision energy 5 V
Trap gas flow 4 mL-min?
IM gas flow 175 mL-min!
Trap entrance 0-1 V
Trap bias 5-10 \
Trap exit 1 \Y
Backing pressure 45-7.0 mbar
Trapping release time 200 s
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Figure Al. The Q distribution resulting from ion mobility analysis of the
9+ ion of B-lactoglobulin monomer generated by DC power supply (solid
black trace) and by TENG power supply (dashed red trace) and the
corresponding cumulative distributions fit to the arrival times shown on
the right axis. Q values corresponding to 0.1, 0.5, and 0.9 are used to

describe the widths of the observed distributions.
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Figure A2. Comparison of mass spectra of cyctochrome ¢ (A, molecular
weight 12.4 kDa), albumin (B, molecular weight 67.3 kDa), and glutamate
dehydrogenase (C, molecular weight 336 kDa) generated by DC power

supply (black trace) and TENG power supply (orange trace).
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Figure A3. lon mobility results of ions generated from DC power supply
(solid traces) and from TENG power supply (dashed traces). The top row
(A, C, E, G, 1) displays the arrival time distributions of charge states
produced from protein and protein complex ion populations. The bottom
row (B, D, F, H, J) shows the Q values from converting the arrival time
axis to a collision cross section axis. Markers represent the median values
of the cumulative distribution fit to the arrival time and the vertical bars
span the 10% to 90% values of the cumulative distribution. Red markers
correspond to € values from a collision cross section data base.®” Protein
and protein complex ions examined include monomeric insulin (A, B, 5.8
kDa), cytochrome ¢ (C, D, molecular weight 12.4 kDa), dimeric (-
lactoglobulin (E, F, 36.8 kDa), G3PD (G, H, 145 kDa), and GDH (1, J, 336

kDa).
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Figure A5. (A) comparison of Q observed to Q values that have been
measured previously on the same and different IM-MS platforms. The
black trace represents where the two values are equivalent to one another.
(B) The ratios of the  measured using nESITN® relative to Q values
measured previously are shown against the € values measured previously
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correspond to the 50% value from the cdf applied to the distribution. The
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source of shorter ATDs for ions generated by nESITENC relative to ions
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SUPPORTING INFORMATION

So How Bad is Ammonium Acetate for Native Mass Spectrometry? A Quantitation of pH Changes
in Nanoelectrospray lonization (nESI) Using a Fluorescent Probe

Meagan M. Gadzuk-Shea, Evan Hubbard, Matthew F. Bush*

Table of Contents

T TU TN = SO S 106
FHQUIE B2 .ttt bbb b e bR R bR R bbbttt Rt bbb n e 107
FIUIE B3 e bbb R R R bbbttt E et n et n e 108
LT[Vl 7 SO 109

1o (UL T TSP 110



70

60

50 °
40 °

30 {

Power / mW

20

10 ®

0 200 400 600 800 1000 1200
Current / mA

Figure B1 The power generated by the LED as a function of current set

on the power supply
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Figure B2 Experimental workflow to relate fluorescence to solution pH.
The recorded fluorescence intensities at each wavelength were binned and
a minimum and maximum threshold was applied to eliminate low intensity
and “hot” pixels. The slope obtained from plotting the fluorescence
intensities against each other was used as the fluorescence ratio for
analysis. A pixel-based superimposition of the images using a qualitative

colormap illustrates the variance of fluorescence throughout the capillary.
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Figure B3 Calibration curve generated from measuring the fluorescence
ratio of SNARF-4F prepared in ammonium phosphate solutions at known

pH.
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Figure B4. pH-dependent fluorescence of SNARF-4F at varying solution
pH values. The feature observed around 650 nm increases with the
alkalinity of the solution. The shaded regions represent the transmission

windows of the bandpass filters used to detect the fluorescence in the

experiment.
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Figure B5. The effect of initial solution pH on the extent of pH changes
during positive electrospray; the shaded red region represents solution pH
values < 5. All three solutions display decreases in solution pH greater
than 1 pH unit. An initial pH of 8 (black trace) displays a short period of
resistance to pH changes but shifts to rapid acidification indicated by a
steep decrease in fluorescence ratio between 5—30 minutes. A solution
starting at neutral pH (tan trace) exhibits slow acidification in the first 10
minutes and then more rapid acidification as time progresses. An initial
solution pH of 6 (green trace) exhibits immediate acidification with the
application of a potential which persists in a near linear fashion for the

duration of the experiment.
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