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Abstract
Development and Applications of Multiplexed Charge Detection Mass Spectrometry
by
Conner C Harper
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Evan R. Williams, Chair

Mass spectrometry (MS) is a ubiquitous method in analytical science, with applications
ranging from physics to molecular biology. The fundamental nature of mass makes weighing
molecules and/or their fragments a reliable way to characterize identity, structure, and function.
Conventional MS methods work by measuring the mass to charge ratio (m/z) of an ensemble of
ionized analyte molecules. The mass is then determined by multiplying the m/z by the charge (z)
of the ion, a quantity that is typically determined either by ionization method or by measuring the
spacing between m/z peaks. For smaller molecules, deconvolving the charge from the m/z spectrum
is straightforward, but becomes increasingly difficult for large molecules (>1 MDa) or samples
that contain heterogeneous mixtures because m/z peaks overlap and are unresolved. Single ion MS
techniques circumvent this problem by measuring the mass of individual ions via independent
measurements of both the m/z and the charge, but these measurement methods are typically too
time-consuming to be practical for acquiring the thousands of ions necessary to produce
meaningful mass spectrum. This dissertation focuses on the development and application of
multiplexed charge detection mass spectrometry (CDMS), a single ion MS technique that enables
much faster individual ion mass measurements. A novel data analysis method that uses the
amplitudes of the first and second harmonic frequencies in the Fourier transform of ion signal to
dynamically determine ion energies is demonstrated. By monitoring the ion energies of
individually trapped ions in CDMS, information about ion cross section and neutral solvent
evaporation is obtained. For the first time, multiplexed CDMS measurements are demonstrated
and the time necessary to acquire a statistically significant sample of individual ion data is
decreased by an order of magnitude compared to other CDMS techniques. Simulations of
optimized CDMS data show that multiplexed measurements combined with a novel method for
decoupling ion m/z and frequency can further decrease the ion acquisition time to less than one
minute. These CDMS techniques are applied to the study of the mechanisms of electrospray
ionization for nanometer-sized droplets and macromolecules originating from different aqueous
solutions and new insights on these previously difficult to measure systems are gained.
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Chapter 1

Introduction

1.1  Overview

Mass spectrometry (MS) is considered the “gold standard” of analytical technology across
a broad range of scientific disciplines ranging from physics to molecular biology. The fundamental
nature of mass and charge make the mass-to-charge ratios (abbreviated as m/z) typically measured
in mass spectrometry very useful in understanding molecular properties. Measuring the exact mass
of a molecule makes it possible to unambiguously determine molecular formulas. Information
about molecular structure can also be obtained by fragmentation and subsequent mass
measurement of product ions. This strategy has proven particularly useful in the analysis of
peptides and proteins because the primary amino acid sequence can be determined from the
distribution of smaller peptide fragments.! Combined with advanced data analysis methods and
chromatography, more than 10,000 unique proteins from a single cell line can be identified in ~100
min.2 While fragmentation is very useful for these purposes, other information, such as higher
order structure, ligand binding, and post-translational modifications, can be lost in the process.
Using native MS, where biomolecular ions are generated from solutions in which they have their
native or native-like structures, much of this information is retained and can be used to probe both
the structure and function of these molecules.® !>

While there are many advantages to using native MS to study macromolecules, limitations
in current MS instrumentation can make measurements of these large species difficult. Ions in
native MS are typically produced by electrospray ionization (ESI), the technique best suited for
producing minimally disrupted macromolecular ions.!® Ions of large macromolecules formed by
ESI are typically multiply charged. This can be advantageous for improved detection because a
distribution of multiply charged ions results in multiple ion signal peaks at lower m/z values where
most conventional MS instrumentation is more sensitive and better signal in charge detection-
based instruments. The mass of the ion is determined either by deconvolving the m/z peak
distribution or, if sufficient resolution is achieved, from isotope peak spacing. However, these
methods rely on an ensemble measurement of the ions in sample and becomes increasingly
difficult as the heterogeneity of the sample increases. Heterogeneity originating from either the
intrinsic properties of an analyte or extrinsic factors such as salt adduction yields a wide
distribution of ion masses and an even wider distribution of ion m/z values. Mixtures of analytes
in the same size range can add even further complexity to these spectra. Ultimately, ability to
resolve the charge states corresponding to a particular analyte mass can be lost due to overlapping
m/z peaks and no direct mass measurement can be made. For relatively homogeneous samples
analyzed using commercially available MS instrumentation, analytes up to ~1 MDa can typically
be measured, but larger species, such as many viruses and viral capsids, are challenging to weigh
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due to their intrinsic heterogeneity alone.'*"!® In the case of a heterogeneous mixture, such as large
synthetic polymers, the analyte mass at which resolution is lost can be as low as ~40 kDa.!”"°

One way to circumvent the problem of heterogeneity in MS is to measure the masses of
individual ions rather than measuring a m/z spectrum of an ensemble of ions.?*?*! This method
eliminates interferences from other ion signals, making it highly robust to heterogeneity. Unlike
ensemble m/z spectra where the charge can be inferred from isotope or charge state spacing,
independent measurements of both m/z and charge are required for each individual ion. Measuring
the charge in addition to the m/z can provide a more detailed view of the ions in a sample because
two ions with the same m/z but different charges may indicate differences in structure or identity.
The accuracy to which both of these quantities can be measured is also an important consideration
because a poor-quality measurement of either quantity results in highly uncertain masses.
Measurement quality can often be improved using signal averaging for the same ion, but this gain
in quality comes at a cost of longer measurement time. Measurements of many thousands of ions
are necessary in order to characterize constituent analytes in a mixture and the dynamic range of
this method depends on the number of ions measured. As a result, the time required to acquire a
sufficient sample of ion data can be prohibitively long for single ion techniques. Individually
tracking and calculating the mass of each ion can also be computationally intensive. Thus, despite
the advantages of individual ion MS, these considerations have historically resulted in comparably
minor scientific investment in individual ion MS techniques when compared to their ensemble
counterparts.

Growing interest in increasingly complex and heterogeneous systems in molecular biology,
biochemistry, and medicine as well as improved computing and electronics have recently
revitalized the development of MS techniques for individual ion mass measurement. A wide range
of individual ion MS techniques are currently under development. The work described in this
dissertation is focused on the development of a multiplexed charge detection mass spectrometer
and its applications. Chapter 2 presents a novel data analysis technique that allows the
simultaneous and dynamic measurement of the m/z, charge, and energy of individual trapped ions.
Chapter 3 demonstrates multiplexed individual ion measurements that significantly increase
analysis speed in individual ion MS and further builds on the analysis techniques developed in
Chapter 2. Chapter 4 uses simulated ion properties to determine the maximum extent of
multiplexing and analysis speed possible using existing instrumentation. Chapter 5 describes the
application of the technology developed in Chapters 2-4 to the analysis of aqueous nanodrops and
viral capsids generated by ESI that originate from different solutions.

1.2 Single Molecule Mass Spectrometry

Several different techniques to measure the masses of individual molecules have been
developed, each with their respective advantages and limitations. For time-of-flight (TOF)
instruments, ion m/z is related to the time required for the molecule to reach the detector after an
initial electrostatic acceleration and theoretically has no upper mass limit. However, detection
sensitivity using a microchannel plate decreases significantly at the low velocities associated with
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high m/z ions.?>** Cryodetector-TOF techniques address this sensitivity issue by measuring the
incident kinetic energy of each molecule, a quantity that should theoretically scale linearly with
the charge of the molecule.>* However, the ion energy measured in practice for large molecules
does not scale linearly with charge because factors such as fragmentation, impact product ion
ejection, and surface deformation result in variable energy transfer.>>?¢ The resulting uncertainty
in charge measurement makes this technique difficult to use for large ions produced by ESI, which
typically have a high number of charges, but singly and doubly charged polymer ions produced by
matrix assisted laser desorption ionization (MALDI) have been measured at m/z over 1,000,000
Da.?”®® Nanoelectromechanical systems (NEMS) measure the mass of individual particles via a
change in the resonant oscillation frequency of a nanoscale vibrating cantilever that is caused by a
molecule adsorbing to the cantilever surface.?” Uniquely, NEMS does not require ionization of the
analyte because the change in oscillation frequency is directly related to the mass of the adsorbed
analyte.>® However, NEMS is sensitive to the properties of each resonator, such as stiffness®!' and
particle saturation,*? as well as the position that each molecule adsorbs,?*3# leading to low mass
resolution (5Sm/Am) and long experiment times.

Single ion mass measurements using conventional MS instrumentation have been made by
measuring the ion charge in addition to the ion m/z. One approach determines ion charge by
repeatedly changing the charge of a single ion. Each time the charge on the same ion is changed,
the m/z is measured, yielding a set of charge states that can then be deconvolved similarly to
ensemble m/z methods. This approach has been applied to individual trapped ions in both
quadrupole ion trap (QIT)*>*¢ and Fourier transform ion cyclotron resonance (FT-ICR)*7? mass
spectrometers using both optical and chemical methods to induce changes in the ion charge. While
high precision individual ion mass measurements have been achieved using these methods, the
time required for these measurements is prohibitively long, ranging from many seconds to minutes
per ion, making these methods impractical for acquiring data for the thousands of ions required to
fully characterize a sample.

An alternative approach to determining the charge of individual ions is to quantitatively
measure the current induced on an electrode by the near passage of the ion. Measurement of an
induced signal is used in both FT-ICR and Orbitrap mass spectrometers for both ion ensemble and
individual ion detection. In FT-ICR MS, measurement of individual ion charge is complicated by
the positional variation of the ion within the trapping cell. Ions with different kinetic energies
oscillate at different distances from the detection electrodes,*’ making it more difficult and time-
consuming to calibrate the image current to the ion charge.*'** Like FT-ICR MS, the current
induced in an Orbitrap mass spectrometer also depends on radial position of the ion but is more
straightforwardly controlled and calibrated to the ion charge. A limitation of this technique is that
the widths of the induced current distributions for individual ions are sufficiently broad that integer
charge states cannot be assigned based on individual ion signal amplitude alone.**** However, the
high-resolution m/z measurement possible with the Orbitrap combined with the narrower intrinsic
m/z linewidths associated with individual ion measurements make it possible to increase resolving
power by a factor of ~20.* The high kinetic energies of ions in the Orbitrap also make their
survival for the duration of the trapping period (typically between 0.5 — 3 s) highly dependent on
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background pressures and the central electrode potential, although survival rates improve with
increasing analyte mass.***%47 Recent single ion Orbitrap work has reduced the typical operating
pressure in the Orbitrap cell (~1x107'° torr) by two orders of magnitude (~1x107'? torr) to reduce
these ion losses.*® Using this modified Orbitrap instrumentation, multiplexed measurements of
more than 100 ions for both large (>1 MDa)** and small (<1 MDa)***8 individual ions have been
demonstrated and decrease the total acquisition time required to analyze a sample, but no details
on total experiment length are currently available.

1.3 Charge Detection Mass Spectrometry

Charge detection mass spectrometry (CDMS) is technique specifically developed for the
purposes of individual ion measurement. In CDMS, the charge on the ion is measured via induced
current, similar to Orbitrap and FT-ICR detection methods. However, unlike these other methods,
the ion passes through a conductive cylinder with dimensions (length ~4x greater than the inner
diameter) such that the image charge induced by an ion is >99% of the actual charge of the ion and
is minimally affected by the radial position of the ion.*’ Thus, the charge of the ion can be directly
determined from the amplitude of the pulse generated by its passage. The temporal length of the
pulse and the known length of the conductive cylinder also make it possible to determine the
velocity of the ion. Energy selective ion optics are used to isolate ions with a narrow range of
known kinetic energies. The ion m/z is then obtained from this kinetic energy and the measured
ion velocity. The mass of each individual ion is determined from these independent measurements
of both charge and m/z. Many individual ion mass measurements are then compiled to form a mass
histogram representative of the different analytes in a sample. Advantages of this technique are its
relative simplicity and the potential for faster individual ion measurements, because only a single
pass of the ion through the conductive cylinder (typically 10-100 ps) is required for mass
measurement.

1.3.1 Single Pass Charge Detection Mass Spectrometry

Single pass CDMS instruments have been used to measure the masses of a variety of
analytes. Single pass CDMS was first developed in the 1960’s to measure the mass of micron-
sized ion particles with >10,000 fundamental charges (e) with a mass measurement error of
~20%.°° Advances in detection electronics and instrumentation improved on initial CDMS
experiments, reducing the limit of charge detection to 1500 e for measurements of cosmic dust
particles.’' Further improvements led to single pass CDMS with improved limits of detection
(~300 e) and charge accuracy (~75 e) on various biomolecules, synthetic polymers, and
nanoparticles.’*>

The relatively high uncertainties in the charge determined by single pass CDMS limit the
mass accuracy and resolution that can be achieved. However, the uncertainty in CDMS
measurements can be decreased by averaging repeated measurements of each individual ion.
Signal averaging decreases the charge uncertainty by a factor of n'2, where n is the number of
times each ion is measured. One approach to increasing the number of ion charge measurements
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is to use multiple detection cylinders aligned along the axis of ion motion. Linear arrays of
detection cylinders with up to 22 elements have been used, decreasing the limit of detection to
~100 e and charge uncertainty to ~10 e.°® In theory, larger detector arrays could be used, but
practical considerations such as array alignment/spacing and increased detection -circuit
capacitance limit this approach in improving CDMS uncertainties. Non-cylindrical detector arrays
integrated into a printed circuit board address alignment and spacing concerns but have unproven
charge detection sensitivity and accuracy.”’

1.3.2 Ion Trap Charge Detection Mass Spectrometry

Another strategy to record multiple measurements of a single ion is to electrostatically trap
the ion in the region containing the detection cylinder. The ion recirculates repeatedly through the
detector and the number of measurements made is limited by time that the ion is stably trapped
rather than the number of detectors. Trapped ion CDMS was first demonstrated using a pair of
electrostatic ion mirrors on either side of a shielded detector tube.>® Other designs using greater
numbers of electrostatic ion mirrors or cone electrodes have also proven effective in ion trap
CDMS.>*"%2 In general, to trap an ion, the entrance-side electrode(s) are held at ground potential,
allowing the ion to pass into the detection cylinder. In a self-triggered trapping scheme, ions with
sufficient charge (~250 e) are detected as they make their first pass through the cylinder and this
initial signal serves as a trigger to ‘close’ the trap by increasing the entrance mirror potential.
Because detectable ion signal is required for this self-triggered trapping method, the limit of
detection is not significantly lowered compared to single pass CDMS, but charge uncertainties as
low as 2.3 e have been reported for an ion trapped for 450 passes (10 ms).>® A CDMS instrument
combining the array and ion trap methods achieved a slightly improved charge uncertainty of 2 e
for ions trapped using self-triggered trapping and a 100 ms trapping period.®® However, the larger
field free detector region required for this combined array-trap instrument resulted in finer
tolerances for ion trajectories, leading to shorter average trapping times. Self-triggered ion trapping
leads to high trapping efficiency, i.e., an ion is almost always present in the trap when it is ‘closed’,
but the requirement that an ion has sufficient charge to be detected on a single pass limits the size
range of analytes that can be weighed. For polymers and denatured biomolecules, which are
charged to a greater extent in their extended linear structures, analytes as small as ~2 MDa can be
measured, but for native biomolecules and other spherical molecules that have higher m/z, this low
mass cutoff increases to ~10 MDa.

Ions trapped in CDMS instruments induce a periodic signal pattern as they oscillate in and
out of the detection cylinder. This pattern of induced charge resembles a rectangular pulse train, a
waveform well-suited to analysis using Fourier transforms (FT). The fundamental ion oscillation
frequency f, can be obtained from the FT and is related to the ion m/z:

m _ C(E,V)
7= (1.1)



where C is a function that depends on the trap geometry, ion energy (E), and electrostatic trapping
potential (V). The ion charge is determined from the amplitude at the oscillation frequency in the
magnitude FT spectrum. FT analysis of CDMS data for trapped ions makes it possible to
significantly decrease the limit of detection for individual ions because the frequencies and
amplitudes of ions with charge well below the time-domain noise are easily measured in the FT
spectrum.

Using FT-based data analysis to decrease the limit of detection requires a different trapping
scheme. Instead of closing the trap using the passage of an ion as the trigger, the trap is instead set
to close and open at regular intervals. Unlike self-triggered trapping, this scheme does not
guarantee an ion is present in the trap prior to closure, which can lead to reduced trapping
efficiency and ‘empty’ time-domain data. However, initial implementation of this method reduced
the limit of detection to ~30 e, significantly increasing the range of analytes that can be weighed
using CDMS.> Subsequent improvements to FT-CDMS, including cryogenically cooled and
improved detection electronics,®*®° longer trapping periods (3 s),°¢ improved trap designs,5>¢’
calibration using an internal standard signal,®® and improved data analysis techniques®®®>-"" using
the amplitudes of both the fundamental and second harmonic frequencies have decreased the limit
of detection to 1 e with a charge uncertainty of 0.174 €.%° With this low charge uncertainty, the
ability to resolve integer charge states has been demonstrated for ions with charge states up to
~500 e and a mass resolution of ~330 has been achieved.”!

Because the charge can be unambiguously determined, uncertainty in the mass
measurement in state-of-the-art CDMS primarily originates from the m/z measurement. lon m/z is
determined from the ion oscillation frequency, the ion energy, and calibration constants based on
the electrostatic trap geometry and potential (Equation 1.1). Chapter 2 discusses a novel method
for the dynamic, in situ measurement of trapped ion energies. This is an important development in
CDMS technology because energy-selective ion optics are typically used to admit only a narrow
band of ion energies into the CDMS detector. The width of this energy distribution largely
determines the uncertainty in the m/z measurement but narrowing the energy distribution results
in reduced ion transmission. /n sifu measurement of ion energies is accomplished by measuring
the amplitude ratio of the fundamental and second harmonic frequencies, a quantity that is directly
related to the duty cycle of the periodic ion signal. For a given ion trap geometry, the measured
duty cycle can be calibrated to the ion energy, making it possible to determine the energy of each
ion at any time during the trapping period. Changes in ion energy due to collisions with background
gas, solvent evaporation, and fragmentation can also be monitored. Chapters 2,3, and 5 highlight
some applications of this method.

An additional consideration in the development of CDMS technology is the balance
between the time required to acquire enough individual ion data and the mass accuracy of each
individual measurement. This balance can be tuned for different analytes in ion trap CDMS with
a user-determined trapping period length but was fundamentally limited by the requirement that
only one ion could be measured at a time. A review of CDMS states that “...multiple ion trapping
events cannot be analyzed because two highly charged ions trapped together interact and perturb
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the oscillation frequencies. Hence, only single ion trapping events are useful.”’? In order to avoid
‘empty’ or multiple ion trapping events, the ion current must be carefully regulated to maximize
the number of events containing only a single ion.”> However, even under optimum conditions, a
single ion is trapped in only 37% of measurements. This means that nearly two-thirds of all
acquisition time is wasted and a reasonably balanced mass histogram of ~6700 ions and 100 ms
trapping periods takes about 30 min to acquire.””> Higher resolution data or complex samples
requiring higher ion counts extend total measurement times further. While faster than other high
accuracy single ion MS techniques, these CDMS experiments are still significantly slower than
ensemble MS measurements.

Chapters 3 and 4 detail multiplexing methods used to increase CDMS analysis speed
without reducing the mass accuracy of each measurement. In contrast to simulations that suggest
ion-ion interactions significant perturb ion oscillation frequencies and overall measurement
accuracy,”* Chapter 3 demonstrates that up to 13 simultaneously trapped ions can be individually
measured without measurable degradation in mass accuracy compared to measurements where
only a single ion was trapped. Overall, an order of magnitude reduction in experiment time is
demonstrated. The data analysis methods necessary to simultaneously analyze multiple ion signals
in a single trapping event are also discussed. Chapter 4 more thoroughly discusses the maximum
multiplexing possible using current instrumentation. Simulations of FT-CDMS data using variable
ion mass, charge, and energy are used to determine the optimum number of simultaneously trapped
ions to maximize data acquisition efficiency. Compared to single ion only CDMS, analyte
dependent improvements in data acquisition speed ranging from ~50x to ~150x may be possible
to achieve, which would reduce the measurement time of a sample to less than 1 min.

1.4 Applications of Charge Detection Mass Spectrometry
1.4.1 Polymer of Charge Detection Mass Spectrometry

High molecular weight synthetic polymers and nanoparticles are challenging to analyze
using ESI and ensemble MS techniques owing to the large number of different molecular masses
typically present in single sample. This intrinsic heterogeneity ultimately results in unresolved
charge states and has limited conventional ESI-based MS analysis of polymer molecules to masses
less than ~40 kDa.'”! In contrast, CDMS has been used to obtain the masses of synthetic polymers
such as polyethylene glycol (PEG) weighing up to ~30 MDa,%!:¢7-7576 ~100 MDa amphiphilic block
copolymers,’” ~300 MDa polystyrene nanospheres,®>’® and composite nanoparticles weighing up
to ~50 GDa.”*? These samples typically have broad mass distributions with widths that can also
be characterized by CDMS, which can be useful in understanding the heterogeneity inherent in
polymerization processes and other polymer properties. CDMS methods have been used to
measure the m/z and velocity of nanoparticle ions before and after impact with a surface, making
it possible to characterize the collision elasticity and scattering trajectories.®>®* Individual PEG
ions trapped in a CDMS instrument have been investigated with infrared multiple photon
dissociation and information about ion heating and fragmentation was obtained by monitoring the
charge of the ion during the irradiation/trapping period.®!”® However, the mass of the fragment
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ions could not be measured due to changes in ion energy associated with each fragmentation event.
Using an energy measurement method similar to the one described in Chapter 2, the mass and
charge of a ~8 MDa PEG ion was monitored over the course of 4 s trapping period and six
successive fragmentation events were observed.®” The extent of solvent evaporation and energy
lost to collisions with background gas throughout the trapping period was also monitored and used
to obtain information about the initial and fragmented PEG ion structure.®’ In Chapter 2, the rate
of energy loss to background collisions for both a ~3 MDa and a ~4 MDa PEG ion was monitored
over a 500 ms period and used to determine approximate cross sections for each ion. Surprisingly,
the lower mass ion exhibited a greater rate of energy loss consistent with a larger cross section, a
result that suggests that these large polymers can take on a wide variety of conformations. In
general, the robustness of CDMS to highly heterogeneous, polydisperse samples make the
technique a uniquely powerful tool in the characterization of large polymers and nanoparticles.

1.4.2 Native MS of Large Biomolecules

Sample heterogeneity generally increases with analyte mass in native MS. Thus, ensemble
MS techniques that rely on resolvable charge states in a m/z spectrum for mass measurement are
increasingly limited at high masses. Poor resolution as a result of the intrinsic heterogeneity of
sample and extrinsic factors such as the extent of analyte desolvation and adduction can be
countered by extensive analyte purification, thorough buffer exchange, and activating instrumental
conditions. Using these methods, mass measurements of homogeneous virus capsids weighing as
much as 18 MDa have been demonstrated.'* In these cases, the high mass measuring accuracy
available in ensemble MS is a distinct advantage. However, more typical solution conditions and
less pure mixtures of analytes can make mass measurements difficult or even impossible using
ensemble MS even at significantly lower mass.

Native CDMS measurements of small proteins and protein complexes have been performed
to demonstrate limits of detection and for calibration purposes, but these measurements are
typically outperformed in mass resolution and accuracy by ensemble MS techniques. However,
because CDMS measurements do not rely on resolving charge states in m/z space, the technique
is well suited to the analysis of high-mass (>1 MDa) biomolecules and heterogeneous mixtures.
Measurements of the masses of viruses and viral capsids up to 50 MDa have been routinely
accomplished using CDMS.>>#-93 CDMS analyses have also provided insight into virus assembly
and disassembly mechanisms,”** including time-dependent measurements of the assembly
process.’® Samples of more naturally heterogeneous biomolecules, such as DNA, 3389798 amyloid
fibrils,”'% lipoproteins,'®! and exosomes'?? have also been characterized using CDMS. In Chapter
3, individual ions of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and its
aggregates are measured using native CDMS. This analysis includes the measurement of the loss
of a minimally charged single protein subunit from the RuBisCO protein complex after hundreds
of milliseconds, a fragmentation mechanism not typically observed in collision induced
dissociation experiments using conventional MS techniques that require rapid dissociation
processes. Chapter 5 includes the measurement of the bacteriophage MS2 virus-like particles with
variable cargo loading using CDMS and at least two distinct masses within a heterogeneous sample
are identified.



1.4.3 Nanodrop Charging in Electrospray Ionization

The exact mechanism(s) by which gaseous ions are produced in ESI is still an active matter
of debate. In ESI, highly charged droplets shrink via evaporation of the volatile solvent. As a
droplet decreases in size, the charge-charge repulsion at the surface of the droplet increases,
ultimately exceeding the ability of the droplet to remain intact and a Coulombically-driven fission
event occurs. This eventuality was first formalized by Lord Rayleigh in the Rayleigh Equation
(1.2):1%

Zp = 8m(goyR?)Y/? (1.2)

where the Rayleigh fission limit charge, Zg, is related to the surface tension of the solvent, y, and
droplet radius, R, with g9 as the permittivity of free space. Fission events for levitated large droplets
(>1 um) have been observed using phase Doppler interferometry'®* and high-speed microscopy.'®
However, the fate of smaller droplets (10 — 100’s of nm) generated by these fission events is still
uncertain because they are too small to be probed using optical techniques. Two long-standing
models, the ion evaporation model (IEM) and the charge residue model (CRM) have been used to
explain the fate of these of these nanodrops. The IEM, which predicts the emission of minimally
solvated ions from the surface of the droplet, is favored for the ionization of small molecules. %197
The CRM predicts that Rayleigh fission-like events occur until a small droplet approaching the
size of the analyte is formed, followed by the evaporation of the remaining solvent and subsequent
condensation of the remaining droplet charge onto to the analyte molecule(s).!® The CRM is the
favored mechanism in native MS because the charge states observed for large proteins and
macromolecular complexes follow the trend in charging predicted by the Rayleigh charge on a
droplet of similar size to the analyte.'*’

The ability of ESI to kinetically trap the solution-phase structure for even weakly bound,
non-covalent macromolecular complexes has led to numerous research applications, particularly
with respect to large biomolecules. Studies investigating complexes consisting of proteins,
nucleotides, and lipids''®!'!> and their respective stoichiometries,'*!!6!17 assembly pathways, %11
binding affinities,'?® and topologies'?!'??> have been enabled by ESI. For larger molecules, some
structural changes, such as compaction, have been observed after ions have transitioned into the
gas phase,'? casting some doubt on the preservation of the solution phase structure of these
macromolecules. However, this is also a matter of ongoing investigation and debate. !?*

Chapter 5 demonstrates the use of CDMS to measure a broad distribution of nanodrop
masses (1-10 MDa) and sizes (15-32 nm) originating from aqueous solutions of various volatile
and non-volatile solutes. The extent of nanodrop charging observed is dependent on the original
solution identity and nanodrop charging relative to the Rayleigh limit generally decreases with
decreased solute ion solvation energy. Discharging events corresponding to singly charged ion
emission (an IEM process) are directly observed. MS2 ions originating from solutions containing
significant concentrations of non-volatile salts exhibit differences in adduction and overall charge
when compared to ions generated from the volatile buffer solutions typically preferred in native
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MS. This phenomenon is important to consider because understanding the biologically relevant
structure and function of a biomolecule is a primary objective of native MS experiments. Evidence
for the solution-phase compaction of the MS2 capsid inside of the nanodrop prior to gaseous ion
formation is also presented.
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Chapter 2

Determining Energies and Cross Sections of Individual
Ions using Higher Order Harmonics in Fourier
Transform Charge Detection Mass Spectrometry (FT-
CDMYS)

This chapter is reproduced with permission from:
Conner C. Harper, Andrew G. Elliott, Haw-Wei Lin, and Evan R. Williams

“Determining Energies and Cross Sections of Individual Ions using Higher Order Harmonics in
Fourier Transform Charge Detection Mass Spectrometry (FT-CDMS)” J. Am. Soc. Mass
Spectrom. 2018, 29 (9), 1861-1869.

© 2018 American Society for Mass Spectrometry

2.1 Abstract

A general method for in situ measurements of the energy of individual ions trapped and
weighed using charge detection mass spectrometry (CDMS) is described. Highly charged (>300
e), individual polyethylene glycol (PEG) ions are trapped and oscillate within an electrostatic trap,
producing a time domain signal. A segmented Fourier transform (FT) of this signal yields the
temporal evolution of the fundamental and harmonic frequencies of ion motion throughout the 500
ms trap time. The ratio of the fundamental frequency and second harmonic (HAR) depends on the
ion energy, which is an essential parameter for measuring ion mass in CDMS. This relationship is
calibrated using simulated ion signals and the calibration is compared to the HAR values measured
for PEG ion signals where the ion energy was also determined using an independent method that
requires that the ions be highly charged (>300 e). The mean error of 0.6% between the two
measurements indicates that HAR is an accurate means of ion energy determination that does not
depend on ion size or charge. The HAR is determined dynamically over the entire trapping period,
making it possible to observe the change in ion energy that takes place as solvent evaporates from
the ion and collisions with background gas occur. This method makes it possible to measure mass
changes, either from solvent evaporation or from molecular fragmentation (MS"), as well as the
cross sections of ions measured using CDMS..

2.2 Introduction

Multiply charged ions of a wide variety of polymers and noncovalent complexes can be
formed directly from solution with electrospray ionization (ESI). In conventional mass
spectrometry (MS) measurements, the mass-to-charge ratios (m/z) of ensembles of ions are
measured and information about the charge states are obtained from the spacings of isotopic peaks
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or from spacings in the charge-state distributions of ions of the same mass. Charge-state
distributions have been resolved for molecular complexes up to ~20 MDa in size.! However,
sample heterogeneity and adduction often limit the ability to resolve charge states, making mass
measurements difficult or impossible even for much smaller molecules.> An alternative to
conventional MS techniques that eliminates the problem of sample heterogeneity is to
simultaneously measure both the m/z and charge of individual ions. Single ion techniques have
been implemented in Fourier transform ion cyclotron resonance®* and quadrupole ion trap>'°
instruments to measure the masses of large (MDa) ions. However, these techniques have not
gained widespread use due to the long times required for each ion measurement.

Charge detection mass spectrometry (CDMS) has undergone significant recent
developments that make it an excellent choice for measuring masses of large molecules in complex
mixtures that are not readily amenable to analysis with more conventional methods. In CDMS, an
ion is passed through a conductive cylinder resulting in an induced charge pulse in the detection
circuit that has an amplitude which is proportional to the charge of the ion. The m/z of an ion with
a known kinetic energy is determined from its measured velocity. CDMS instruments in which the
ion passes once through a single detector tube have been used to measure the mass and charge of
cosmic dust,''"!* synthetic polymers,'* viruses,'> DNA,'®!” and nanoparticles.'®!” However, the
uncertainty in the measured charge using a single-pass instrument is high (>75 e), leading to
correspondingly large uncertainties in mass measurement.'> To increase the signal-to-noise ratios
of these measurements and improve the accuracy of charge measurement, Benner?® used an
electrostatic ion trap to recirculate ions through the conductive detection cylinder, which reduced
the charge uncertainty to 2.3 e for an ion trapped for 450 passes. Dugourd and co-workers?!** used
an ion-trapping CDMS instrument based on the design of Benner to obtain the mass and charge of
polyethylene glycol (PEG) and DNA precursor ions in single ion photodissociation experiments.
Multiple detection electrodes have been incorporated into CDMS traps to improve signal
averaging by increasing the number of measurements on each pass between the trapping electrodes
and have been used to measure the mass distributions of synthetic polymers and nanoparticles as
large as ~300 MDa.?® In lieu of direct velocity measurements, Contino and Jarrold*® demonstrated
that the frequency of the periodic signal generated by a trapped ion measured using a Fourier
transform (FT) can be used to determine the m/z of the ion and the amplitude measured at that
frequency can be used to determine the charge of the ion. Using this technique, Jarrold and co-
workers?’% have investigated pyruvate kinase multimers with masses ranging from 0.25-1.5 MDa
and the assembly mechanisms of several viruses with masses ranging from 2-50 MDa.

The overall uncertainty in mass measurement in CDMS depends on the uncertainty in both
the charge and m/z measurement. Uncertainty in the charge measurement can be reduced
significantly by trapping the ion for longer times. By cryogenically cooling their detection
electronics, optimizing CDMS instrumentation for longer ion trapping times and using improved
FT analysis techniques, Jarrold and co-workers?®33-3¢ have significantly improved the limits of
detection (~7 e) and the precision of charge measurement in ion-trapping CDMS, with
uncertainties as low as 0.196 e rmsd for ions trapped for 3 s. With this substantial reduction to
charge uncertainties measured for ions using CDMS, uncertainty in ion mass is largely determined
by the uncertainty in m/z.3® The distribution of ion energy per charge (eV/z) admitted into the
CDMS trap currently limits this m/z uncertainty.*>*” A dual hemispherical deflection analyzer?¢
(0.6% eV/z FWHM) and turning quadrupole®® (2% eV/z FWHM) have both been utilized to
decrease the width of the initial ion energy distribution prior to trapping.
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More recent work on CDMS instrumentation and analysis has shown that the oscillation
frequency and energy per charge of an ion gradually change over the course of the trapping period,
which can significantly increase the uncertainty in m/z measurements.?’° This change is a result
of collisions with background gas and, for larger ions, solvent evaporation from the intact ion that
occurs during the early stages of the trapping period. Both of these effects result in decreased ion
energy per charge and increased ion oscillation frequency.*®* Ion fragmentation, in contrast, can
yield large, sudden changes in the energy per charge of the ion and ion oscillation frequency.*%*
Keifer et al.*® observed that hepatitis B virus capsids (~4 MDa) gradually increased in frequency
and primarily attributed this effect to solvent mass loss. They also observed sudden jumps in ion
frequency corresponding to loss of 1 kDa that they attributed to solvated ion loss. Elliott et al.>®
quantified a relationship between the ion energy per charge and the turning-time ratio (TTR), the
ratio of the time required for an ion to turn around in the trapping potential and the time required
to pass through the detection cylinder, measured from the separation between pulses in the time
domain signal. Using this relationship, ion energy per charge was determined for each 10 ms
segment of a PEG ion trapped for 4 s, enabling the accurate determination of the ion mass in each
10 ms segment even after six fragmentation events, solvent evaporation, and background collisions
drastically changed the ion energy per charge from its initial value. Because the energy of each
fragment ion can be measured, the masses of each fragment ion can be obtained as well.*® With
this method, MS” measurements of a single ion initially trapped in a CDMS instrument have been
demonstrated.®® The energy lost to background collisions for the precursor ion and the final
fragment ion was also measured and used to gain information about the collision cross sections of
these ions.*® This method to measure ion energies via their TTR requires that the signal be higher
than the noise in the time domain signal (~300 e).>® An alternative method was introduced to
measure the collision induced decrease in energy per charge of protein ions trapped in a CDMS
instrument with masses ranging from 8.6 kDa to 66.5 kDa and charges from +8 to +53.3” This
energy measurement method uses a relationship between frequency change and ion energy per
charge that requires that the analyte ion m/z be known, which, in turn, requires resolved charge
states in the mass histogram. The total energy losses measured for these protein ions correlate well
with collision cross sections measured using drift ion mobility.” This indicates that measurements
of the time evolution of energy per charge of single ions can provide information about ion shape
similar to that gained using conventional ion mobility techniques despite the significant differences
in these methods.

In this work, a method using the higher-order harmonics of the FT of the CDMS ion signal
to determine ion energy per charge is demonstrated. This method does not require that the analyte
ion have sufficient charge to produce signal above the noise level in the time domain and it does
not require the ion to have a known m/z, making this method more universally applicable than
previous methods*”*® used for ion energy determination. The unconstrained nature of this ion
energy measurement largely precludes the need for ion energy selection prior to the trapping and
analyzing the masses of individual ions. Because this ion energy measurement is made
dynamically in situ, the change in energy over time can be monitored to gain ion cross sections,
mass changes due to solvent evaporation, and mass changes due to molecular fragmentation.

2.3 Experimental
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Experiments were performed using a home-built charge detection mass spectrometer that
has been described in detail previously.*® Briefly, ions are formed by nanoelectrospray ionization
using borosilicate capillaries and enter the instrument through a modified Z-Spray source (Waters,
Milford, MA, USA). lons then travel through two RF-only quadrupole ion guides and an energy
selective turning quadrupole (Ardara Technologies, Ardara, PA, USA). The turning quadrupole
directs the energy selected ions into the electrostatic cone trap that contains the detection cylinder.
The pressure in the vacuum chamber housing the electrostatic cone trap is approximately 5 x 10
Torr. Polyethylene glycol (PEG) with a nominal molecular weight of 4 MDa was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and was prepared at a concentration of 120 nM in 50:50
water—methanol and used without further purification.

Ions induce a charge pulse when passing through the detection cylinder. These pulses are
amplified by a CoolFET charge sensitive preamplifier and a linear voltage amplifier (Amptek,
Bedford, MA, USA). An additional shaping amplifier (Amptek, Bedford, MA, USA) is also used
in a second detection channel and has been described previously.*® PEG ions studied in this work
have sufficient charge (>300 e) that the signal of a single ion that passes through the detection
cylinder one time is above the noise in the time domain signal recorded in the shaped channel,
which is used to control the ion trap. The entrance of an ion into the detection cylinder triggers the
raising of the potential of the front electrode of the trap to equal that of the back electrode for a
specifiable time (500 ms in these experiments). The time domain signal generated by a trapped,
oscillating ion is analyzed offline by a LabVIEW program described previously?’ that finds peaks
of consistent size and spacing in the signal from the shaped channel. Data from ions trapped for
less than 5 ms were discarded. All FT analysis is performed using the unshaped channel, with
another LabVIEW program that performs a 5 ms segmented FT and records the amplitudes of both
the fundamental and second harmonic peaks as well as the ion frequency for each segment. With
the minimum trapping time set to 5 ms, the average trapping time for the ions measured here was
254 ms, with 21% of ions trapped for the 500 ms maximum trapping time.

2.4 Results and Discussion

2.4.1 Individual Ion Energies from Ratio of Harmonic Amplitudes

In CDMS, analyte ions pass through a detection tube and the charge pulse induced by the
ion is measured. In trapped ion FT-CDMS, ions are recirculated through the detection tube inside
an electrostatic trap, producing a regular series of pulses well suited to analysis by FT. The relative
amplitudes of the fundamental frequency and harmonic frequencies in a FT of a pulse train depends
on the pulse shape and duty cycle of the periodic signal. CDMS signals resemble an ideal pulse
train, where the time spent by an ion inside the tube is the “on” portion of the cycle and time spent
outside the tube is “off”. For signals with the shape of an ideal pulse train, the relationship between
the FT amplitude of the nth harmonic frequency, a,, the time domain amplitude (4), and the duty
cycle (d) is given by Equation 2.1.4

a, = %sin(nnd) (2.1)

The time domain signals for two ideal pulse trains of the same frequency with duty cycles of 0.3
and 0.4 are shown in Figure 2.1 along with the corresponding harmonic frequency amplitudes
obtained from the FT of the time domain signals. The two pulse trains have markedly different
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distributions of amplitude among the harmonic frequencies that result from the different duty
cycles. Because specific distributions of harmonic intensities correspond to specific duty cycles,
they can be used as a “fingerprint” that characterizes the duty cycle in the time domain signal.

The ratio of the amplitudes of any two harmonic frequencies can be calculated from
Equation 2.1. This ratio does not depend on the time domain amplitude, 4. The equation for the
ratio of the first and second harmonics is a special case that can be simplified significantly and is
given by Equation 2.2.

Z—: = sec(nd) (2.2)

This equation for the ratio of the first two harmonic amplitudes is one illustration of the
fundamental relationship between the ratio of any two harmonic amplitudes in the FT of a pulse
train and its duty cycle. Hereafter, the ratio of a; and a> given by Equation 2.2 will be used
exclusively and will be referred to as the harmonic amplitude ratio (HAR). Any other ratio of
harmonic frequency amplitudes can also be mathematically related to the duty cycle. However, the
first and second are the two largest harmonics for duty cycles observed in the CDMS instrument
used here, so defining the HAR with these peaks maximizes the signal-to-noise ratio (S/N) for
determining these values from experimental data.

The pulse train produced by an ion trapped in a CDMS instrument has been characterized
using the TTR, which is the ratio of the time an ion spends outside the detection cylinder to the
time spent inside the detection cylinder.>® The duty cycle is related to the TTR, and appropriate
substitution in Equation 2.2 yields a relationship between HAR and TTR for an ideal pulse train
that is given by Equation 2.3.

Y
HAR = sec (m+ ) 2.3)
The relationship between the TTR and the energy per charge for a single ion, including the effects
of ions injected off-axis and at angles resulting in off-center axis trajectories, has been
characterized previously using SIMION ion trajectory simulations for the trap geometry employed
here and a trap potential of 330 V.* In this study, SIMION simulations were performed over a
range of trap potentials from 100-500 V on ions traveling along the longitudinal trap axis to
characterize the ion energy per charge/TTR relationship over a broader set of instrumental
conditions. The relationship between ion energy per charge and TTR depends on the trap potential,
but the ratio of the trap potential to the ion energy per charge yields a constant TTR value. Thus,
the ion energy per charge can be determined for any ion from the applied trap potential and the
measured TTR. This result makes ion energy selection prior to the trap unnecessary for accurate
single ion mass measurements because the energy per charge of each ion can be measured
dynamically in situ. Further information about the SIMION simulations is provided in the
Supporting Information.

For the ion trap geometry used here, the stable range of ion TTRs is ~1.7 — 2.4, over which
Equation 2.3 is continuous. For different trap geometries with a stable TTR range where Equation
2.3 is not continuous, a different set of harmonic frequency amplitudes could be used. Thus, for a
known trap geometry, the HAR measured in the FT can be directly related to the energy per charge
of an unknown ion. A previous method used to determine ion energy per charge required that the
signal induced by an ion is above the noise in the time domain.*® This requirement for an
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observable signal directly in the time domain spectrum restricts this prior method to large ions that
have sufficient charge (~300 charges).>® An advantage of this new method, in which the ion energy
is obtained from the HAR, is that it does not require that the time domain signal induced by a
single ion produce observable signal above the noise but rather only that the first and second
harmonic be observable in the FT of the signal. This makes it possible to apply this method to
smaller ions with many fewer charges. Another method demonstrated previously makes it possible
to determine ion energies for low charge ions, but this method requires known ion m/z values
obtained from resolved charge states of proteins with known mass.>” The HAR measurement can
be used to determine the energy per charge of ions without any prior knowledge of the ion m/z and
charge state, making this method more generally applicable to ions of any size or charge.

2.4.2 Ion Signal Simulation

The dimensions of the ion trap, the ion velocity, and the RC time constant associated with
the electronic components of the detector can affect the shape and amplitude of the pulse train
generated by a trapped ion. In this work, a SIMION simulation similar to that performed by
Alexander et al.*! was used to simulate the shape of the pulse induced by an ion passing through a
cylindrical detection tube with the same dimensions and surroundings used in the experiments.
This pulse shape was then appropriately scaled by the simulated ion velocity derived from a
specified frequency and TTR. A simulated pulse train 25 ms in length was generated by
concatenating copies of the pulse shape at the simulated ion frequency then sampled at 5 MHz,
which was chosen to match the sampling rate typically used in these CDMS experiments. Finally,
a simulated RC constant of 20 ps was applied across the entire transient using an iterative method
described by Weinheimer.*> A RC constant of 20 ps was determined from the decay of the output
signal after charge pulses were applied to the detection circuit of the CDMS instrument used here.
The FT of these simulated pulse trains was then used to calculate the HAR.

A single pulse of this simulated signal is compared to an ideal pulse of the same duration
in Figure 2.2 (inset). The significantly different pulse shape compared to an ideal waveform results
in small perturbations to the harmonic amplitudes in the FT described by Equation 2.1. As a result,
the relationship between HAR and TTR is also affected. To quantify this effect, simulated ion
signals were generated at intervals of 0.05 TTR over the range of TTRs that are stable in the CDMS
ion trap used here (1.70-2.40 TTR) and at a frequency of 40 kHz. The HARs measured for the
simulated signals were compared to the calculated HARs of ideal pulse trains over the same range
of TTR. The HAR values for the simulated ion signal are slightly greater than those of the ideal
pulse train (Figure 2.2). Because the perturbed mathematical relationship between TTR and HAR
for the simulated ion signal is not straightforward to derive, a 3™ order polynomial fit was instead
used to model the data and is given in Equation 2.4.

HAR = —1.1653 x TTR?® + 8.3686 x TTR? — 20.724 x TTR + 19.309 (2.4)

Although the functional form of this fit may not be appropriate for extrapolation outside the range
of TTR simulated (1.7-2.4), the R? value (0.99996) indicates an excellent fit within this range.

2.4.3 Comparison of Model to Signals of PEG lons

To validate this model for the signals of trapped ions, the TTR predicted using the HAR of
real ion signal must be compared to an independent measurement of TTR. The TTR can be readily
obtained from analysis of the data as long as ions have enough charge to produce a signal above
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the noise in the time domain signal.*® Obtaining the TTR this way provides a reasonably accurate
measurement of energy per charge, with an uncertainty of ~1% that mainly originates from ions
that have trajectories that are slightly off-center.®

In this work, the TTR was measured using this time-domain method for 3,538 segments of
PEG ion signal 5 ms in length taken from 82 individual PEG ions. The HAR measured in the FT
of each 5 ms segment was also recorded. Although ions that have a broad range of frequencies
were detected, only segments with an average frequency between 39.5-40.5 kHz were included in
this analysis in order to match the simulated ion signal frequency of 40 kHz. The shape of the
waveform does depend slightly on frequency. However, the relationship between HAR and TTR
at a single frequency is sufficient to illustrate this method. A 5 ms FT segment length was chosen
to minimize broadening of the FT peaks owing to the slow frequency shift that occurs because of
ion collisions with background gas. This broadening attenuates higher order harmonics
disproportionately more than the fundamental frequency, leading to inflated HAR values. This
effect constrains the length of the time segment that can be transformed and used to obtain accurate
ion TTR values. However, the same effect means that HAR values are also sensitive to sudden
changes in ion oscillation frequency that have been observed previously.?”*® These sudden changes
in ion frequency, caused by ion trajectory instability or fragmentation, can broaden or even split
the FT peak for a single ion within a 5 ms segment, resulting in artificially lowered amplitudes and
anomalously high values of the HAR. To filter out these errant data points, the HARs measured
for each 5 ms segment of a single ion signal are fit using a bisquare linear regression that iteratively
reduces the weight of outliers in a least squares regression. Segments with a HAR value more than
three standard deviations away from the fit value are discarded. This process is reiterated with the
remaining HAR values until there are no outliers; for the ions studied here, ~6% of segments were
discarded by this procedure.

PEG ions with a wide range of TTR values (~1.8-2.4) near the selected 40 kHz oscillation
frequency were generated by broadening the energy range of the PEG ions admitted to the trap by
the turning quadrupole to be similar in width to the energy distribution produced in the ion source.
Different ion source conditions were used to produce different distributions of ion energy that
cover the range investigated here. Ion segments were binned in increments of 0.01 TTR and the
mean HAR values are plotted in Figure 2.3 for bins containing more than 20 ion segments. The
bin size of 0.01 TTR closely approximates the average uncertainty in the time domain
measurement of the TTR of ions at 40 kHz. The error bars shown represent one standard deviation
in the distribution of HAR of ions within each bin. The simulated signal fit given by Equation 2.4
is also shown and matches well with the trend observed for real ion signal. The gap in the
experimental data from 1.95-2.00 TTR is not due to an uneven sampling of PEG ion energies; ions
in this range are unstable and are quickly lost from the trap. A possible explanation for this
observation is an imperfection in the experimental potential surface that results in unstable
trajectories at the ion energies represented by this range of TTR. The mean deviation from the fit
is +0.6% and the standard deviation for all the individual 5 ms segments is 1.7%. The mean
deviation is much lower than the statistical spread of the data due to noise in the experimental data.
The positive mean deviation observed may be due to the small amount of frequency shift caused
by collisions with background gas that occur during the 5 ms data segments. This frequency shift
disproportionally broadens the different harmonic peaks in the FT, leading to a slightly increased
HAR value. Overall, this analysis indicates that using the simulated signal fit for HAR is a good
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model for the experimental signal. Importantly, it demonstrates that the TTR and, by extension,
the energy per charge of an ion can be measured directly and accurately using the HAR alone.

This new method of using the HAR to obtain TTR values results in slightly higher standard
deviation in the TTR measured for each 5 ms segment of a trapped ion (1.7%) compared to inherent
uncertainty in the TTR-energy calibration owing to different possible ion trajectories (~1%), but
this limitation can largely be overcome by taking advantage of long total trapping times for ions.
Figure 2.4 shows a plot of the energy per charge measured using the HAR at each of the 5 ms
segments for two PEG ions trapped for 500 ms. The charges measured for ion #1, shown in red,
and ion #2, shown in black, are 893 + 1 and 1262 + 1 charges, respectively, and do not change
significantly during the trapping period. The energy per charge for both ions decreases with time.
This decrease in the energy per charge of the ions is consistent with previous results for single
small protein ions®” and PEG ions>® where energy loss was measured using known ion m/z or time
domain analysis, respectively. These decreases in ion energy per charge can be fit using a linear
regression (shown in Figure 2.4) with slopes of -0.021 and -0.013 eV/z-ms, intercepts of 220.4 and
216.9 eV/z, and standard errors of 1.9 and 1.4 eV/z for ion #1 and #2, respectively. Using these
intercept energies and the initial ion frequencies (39.406 and 39.423 kHz, respectively), the initial
m/z’s were determined to be 3544 + 31 and 3602 + 24 Da/z, for ions #1 and #2, respectively. From
the independent m/z and charge measurements, the initial masses of these two ions were
determined to be 3.15 £+ 0.03 and 4.54 + 0.03 MDa, respectively. The final masses measured for
these ions, obtained from the ion energy per charge determined from each fit at 500 ms, were 2.99
+ 0.02 and 4.39 £+ 0.02 MDa. Thus, these ions lost 0.16 = 0.04 and 0.15 = 0.03 MDa during the
time that they were trapped, consistent with solvent evaporation from these ions.>

The standard deviation of the fit in energy per charge is 0.88% and 0.63%, respectively, of
the initial energy of each ion. This is significantly lower than the 1.7% uncertainty associated with
each individual 5 ms segment. Because neither the time domain or HAR method for obtaining ion
energies account for the ~1% uncertainty associated with off-center trajectories, any error in the
fit that is below 1%, as is the case for these PEG ion energies measured using HAR, is no longer
the dominant limitation in obtaining accurate ion energies. For lower charge analytes that induce
smaller signals and have correspondingly higher relative uncertainties in the amplitudes measured
for each harmonic, the standard uncertainty in these measurements can be decreased by using
longer ion trapping times, although a more sophisticated fitting function may be necessary to
accurately reflect the change in the TTR over time. Jarrold et al.>* used an exponential function to
model ion energy loss in CDMS over a 3 s time period. However, the relatively small percentage
of energy loss and much shorter 500 ms ion trapping time used justify the simpler linear regression
fits used here.

2.4.3 Ion Cross Sections from Energy Loss Measurements

Measuring the energy per charge of each ion directly as a function of time has several
advantages in CDMS measurements. Accurate ion energy measurements in CDMS can be used to
increase the accuracy of mass measurements when ions with a relatively broad range of energies
are introduced into the trap making it possible to increase the ion throughput for dilute samples
where few ions are formed. Mass losses due to fragmentation events and solvent evaporation can
change ion energies during a trapping period; measurements of ion energy make it possible to
quantify these mass changes. lon energy measurements also have the potential to provide

27



information about the cross sections of individual ions that are weighed in the trap. For previous
work on small protein ions ranging from 8-65 kDa, the total ion energy loss over a 500 ms period
was shown to be linearly correlated with the collision cross sections measured using more
conventional ion mobility measurements on ensembles of ions, suggesting that ion energy loss can
be used to obtain a measure of the collision cross section of ions in CDMS.?’

The total energy loss was determined for the PEG ions studied here by taking the difference
of the energy per charge fit at 0 and 500 ms and multiplying by the total charge; ion #1 lost 8.7
keV and ion #2 lost 7.8 keV over the course of the trapping period. These total energy losses are
the sum of two energy loss mechanisms: collisions with background gas that reduce ion kinetic
energy and solvent evaporation that changes the ion mass. Previous work using a SIMION
simulation of an ion that lost a constant mass per unit time but experienced no collisions with
background gas demonstrated that these two mechanisms for energy loss can be deconvolved.>®
Using additional SIMION simulations, this method has been generalized by determining the
relationship between the percentage of mass lost and the percentage energy lost by ions with a
range of TTRs that span the stable range of the current trap geometry (1.7-2.4). lons with a higher
TTR lose more energy for the same relative mass loss than ions at lower TTR. Additional detail
on these SIMION simulations is provided in the Supporting Information.

For the PEG ions studied here, mass losses account for 6.4 and 5.7 keV of the total energy
lost for each ion, respectively. The remaining 2.3 and 2.1 keV of energy lost from each ion is due
to collisions with background gas. Extrapolation of the linear correlation between ion energy and
collision cross section observed previously’’ yields cross section values of 1150 and 1060 nm? for
ions 1 and 2, respectively. Uetrecht et al.** previously determined collision cross sections of 680-
710 nm? and 870-910 nm? for hepatitis B virus (HBV) capsid conformers weighing 3.01 and 4.02
MDa (T = 3 and T = 4 capsids, respectively). These cross section values are lower than those of
the PEGs of similar mass measured here, but the differing charge and structure of the HBV ion is
consistent with this difference. The HBV ions measured had average charges of 140 and 160 for
the T= 3 and T = 4, capsids, respectively and exhibit compact icosahedral structures.** In contrast,
the PEG ions measured here have 893 and 1262 charges and, as a single chain polymer, a much
less compact structure is expected. Both effects could contribute to a more disorganized, less
compact structure that yields the higher cross section values observed. It is also important to note
that the absolute accuracy of the cross section values determined for PEG is almost certainly
limited by extrapolating a trend observed previously for much smaller ions. However, the relative
cross sections determined by collisional energy loss are limited only by the precision of the energy
and charge values measured. Because of the larger cross section and smaller mass observed for
ion #1, we conclude that ion #1 is much less dense than ion #2, indicating that the shapes of the
two ions are significantly different. Additional experiments are underway to improve the cross
section calibration by measuring CDMS energy losses for large molecules and macromolecular
complexes for which accurate cross section values have been determined using more conventional
ion mobility techniques. However, these results demonstrate that the new CDMS methods
developed here make it possible to simultaneously measure the mass, charge, and cross section of
individual ions of virtually any size.

2.5 Conclusions

A fundamental relationship between the TTR of the pulse train produced by an ion trapped
in a CDMS instrument and the corresponding FT harmonic amplitudes makes it possible to
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measure the ion energy using only the FT of the ion signal. Simulated ion signals accounting for
non-ideal pulse train characteristics are used to calibrate the relationship between the HAR and
TTR. The validity of this calibration is confirmed by comparison to PEG ions for which the TTR
is measured using a method independent from the measured HAR. The mean deviation between
the TTR determined for each 5 ms segment of PEG signal using the HAR and the independent
TTR measurement is 0.6%, much less than the ~1% uncertainty®® in converting TTR
measurements to ion energies that stems from the range of possible ion trajectories within the trap.

The energy per charge of two PEG ions trapped for 500 ms is monitored using the HAR
over their respective trapping times. A fit of these values over time decreases the uncertainty
associated with both the initial energy and mass measurement. Both ions show significant
decreases in energy per charge over time due to solvent evaporation and collisions with
background gas. Notably, the PEG ion with lower initial mass (3.15 MDa) loses more total energy
than the higher initial mass ion (4.54 MDa). Combined with the greater mass loss for the smaller
ion, this disproportional loss of energy suggests that the low mass PEG ion exhibits a less dense
gas phase conformation than the high mass ion. This observation also demonstrates that energies
determined using HARs can be used to gain information about single ion cross sections. Because
this FT harmonic analysis does not require a known ion m/z or ion signal observable above the
time-domain noise, it can be applied to determine the mass and cross sections of ions that were
previously inaccessible using CDMS techniques or conventional ion mobility/mass spectrometry.
Current work is underway to extend the relationship between energy loss and collisional cross
section to higher masses, using large molecules for which accurate collisional cross sections have
been measured with more conventional ion mobility instruments.
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2.8 Figures
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Figure 2.1. Ideal pulse trains (left) with duty cycles of 0.4 (top) and 0.3 (bottoms) and the
corresponding FT harmonic amplitudes (right). Small differences in the duty cycle result in
significantly different harmonic amplitude distributions.
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Figure 2.2. Comparison of the dependence of HAR on TTR for an ideal pulse train (red) and
simulated ion pulse train (black). The difference in pulse shape (inset) results in consistently higher
values of the HAR for the simulated signal. The HAR values of the simulated signal are fit with a
third-order polynomial (dotted line).
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Figure 2.3. Comparison of the simulated signal HAR dependence on TTR to values measured for
5 ms segments of PEG ion signal. For the PEG ions, TTR was measured independently of the
HAR. Error bars indicate one standard deviation of the values measured for PEG ions binned in
increments of 0.01 TTR. The 0.01 TTR bin size roughly corresponds to the average uncertainty in
the time domain TTR measurements for ions at 40 kHz. The gap in PEG ion data from 1.95-2.00
TTR is not due to uneven sampling. lons in this range are unstable and are lost quickly from the
trap, perhaps due to imperfections in the experimental trapping potential.
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Figure 2.4. Energy per charge measured using HAR for each 5 ms signal segment of PEG ions
trapped for 500 ms. Data from ion #1 (red) and ion #2 (black) were fit using a linear regression
(dotted lines). Ion 1 has larger energy per charge loss than ion 2 over the same length of time,
indicating a greater extent of mass loss and a less dense structure.
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2.8 Supporting Information
2.8.1 Determining Ion Energy at Different Trap Potentials

The relationship between the TTR and the ratio of trap potential to ion energy per charge
was determined by simulating ion trajectories in SIMION. Ions with energies per charge ranging
from 58.7%-77.1% of the trap potential, the range over which ion trajectories are stable for at least
20 cycles, were simulated at trap potentials ranging from 100 to 500 V. At each trap potential, 120
ions were simulated with energies per charge spread uniformly across this range. The TTR was
calculated by recording the times at which the simulated ion passed through planes placed at the
ends of the detection tube perpendicular to the trap axis. The ratio of the trap potential and ion
energy per charge is plotted as a function of TTR in Supporting Figure 2.1. Despite ion energies
per charge values that range from 58.7 eV/z at 100 V trapping potential to 293.5 eV/z at the 500 V
trapping potential, a constant ratio of trap potential to ion energy per charge yields the same TTR
response, as shown in Supporting Figure 2.1. Using these data and experimentally measured TTRs,
the energies of ions trapped using a wide range of trapping potentials can be determined.

2.8.2 SIMION Simulations: Determining Energy Lost from Solvent Evaporation

Mass lost by ions during the trapping period due to solvent evaporation or fragmentation
changes the energy of the ion. For neutral mass losses, such as solvent evaporation, the potential
at which mass loss occurs affects the extent of the energy change. If mass is lost in the field-free
region of the trap inside the detection cylinder, where all of the ion energy is kinetic energy, the
percentage of mass lost is equal to the percentage of energy lost. In contrast, when the ion is at a
non-zero potential during the turning process, only the kinetic energy associated with the neutral
mass is lost, resulting in a percentage of mass loss that is greater than the percentage of energy
loss. Assuming that mass loss does not depend on the position of the ion in the trap, the average
ratio of percent energy loss to percent mass loss relationship is described by Equation S2.1,

% Energy Loss __
- tcylinder + tturning * (1 - Vturning) (SZ.I)

% Mass Loss

where feyiinder 1s the proportion of time where the ion is in the detection cylinder, tuming is the
proportion of time spent outside of the cylinder, Viuming 1s the average potential experienced by the
ion in the region outside the cylinder, normalized by the total ion energy and TTR = tusming /teyiinder-
SIMION simulations show that Viming also varies as a function of ion TTR for the trap geometry
employed here. Thus, the ratio of percent energy loss to percent mass loss can be determined using
solely the TTR. A plot of the TTR with respect to the ratio of percent energy loss to percent mass
loss is shown in Supporting Figure 2.2 and a quadratic fit of these data is given in Equation S2.2

HEnergyLoss — 0.0279 x TTR? — 0.2458 x TTR + 0.9783 (S2.2)

% Mass Loss

and is shown by the dashed line in Supporting Figure 2.2. The percent energy loss to percent mass
loss ratio decreases from 0.64-0.55 as TTR increases over the range of TTRs that have been
observed experimentally (1.7-2.4). This relationship makes it possible to accurately determine the
proportion of the total energy lost by an ion that is due to neutral mass losses. After accounting for
mass-related energy loss, any other energy lost by ions can be attributed to collisions with
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background gas which reduce the kinetic energy of the ion and this energy loss can be used to
determine ion mobilities.
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Supporting Figure 2.1. Data obtained from ions simulated in SIMION at trap potentials ranging
from 100-500 V are shown. Different ranges of ion energy per charge are used for each trap
potential, but the ratio of the trap potential to ion energy per charge has the same dependence on
the TTR regardless of the trap potential used.

39



0.66

0.64

. ]
— 0.62 'o..
a : ®
s .
06 - S

> ]
7)) i ‘\.
S 058 - ®see
> 71 ..
%0 : ..’o
c 0.56 - [ 1
L - ."
O\O . A )

0.54

0-52 ] T T T T T T T T T T T T T T T 1

1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5
TTR

Supporting Figure 2.2. Plot of the ratio of percent energy loss to mass loss showing a clear
decrease with increasing TTR. As the ion spends more time turning around within the trapping
potential, the average potential increases, leaving less kinetic energy available to be lost along with
neutral mass.
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Chapter 3

Multiplexed Charge Detection Mass Spectrometry for
High Throughput Single Ion Analysis of Large
Molecules

This chapter is reproduced with permission from:
Conner C Harper, Andrew G. Elliott, Luke M. Oltrogge, David F. Savage, and Evan R. Williams
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3.1 Abstract

Applications of charge detection mass spectrometry (CDMS) to measuring the masses of
large molecules, macromolecular complexes and synthetic polymers that are too large or
heterogeneous for conventional mass spectrometry measurements are made possible by weighing
individual ions in order to avoid interferences between ions. Here, a new multiplexing method
that makes it possible to measure the masses of many ions simultaneously in CDMS is
demonstrated. Ions with a broad range of kinetic energies are trapped. The energy of each ion is
obtained from the ratio of the intensity of the fundamental to second harmonic frequency of the
periodic trapping motion making it possible to measure both the m/z and charge of each ion.
Because ions with the exact same m/z but with different energies appear at different frequencies,
the probability of ion-ion interference is significantly reduced. We show that the measured mass
of a protein complex consisting of 16 protomers, RuBisCO (517 kDa), is not affected by the
number of trapped ions with up to 21 ions trapped simultaneously in these experiments. Ion-ion
interactions do not affect the ion trapping lifetime up to one second and there is no influence of
the number of ions on the measured charge-state distribution of bovine serum albumin (66.5 kDa)
indicating that ion-ion interactions do not adversely affect any of these measurements. Over an
order of magnitude gain in measurement speed over single ion analysis is demonstrated and
significant additional gains are expected with this multi-ion measurement method.

3.2 Introduction

Native mass spectrometry (MS), in which electrospray ionization (ESI) is used to transfer
large macromolecules and macromolecular complexes directly from solution into the gas phase, is
a powerful tool in structural biology that provides complimentary information to other commonly
used structural methods. Information about non-covalent macromolecular interactions, including
stoichiometry, stability and assembly kinetics'~’ can be readily obtained with native MS even from
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solutions containing high concentrations (>100 mM) of nonvolatile salts, including traditional
biochemical buffers, such as Tris or phosphate.®° Mass spectral peaks in an electrospray charge-
state distribution of large (500+ kDa) macromolecular complexes can be broad owing to adduction
of salts and solvent as well as sample heterogeneity.'®!! Mixtures are intrinsically heterogeneous
but heterogeneity can also affect the analysis of relatively pure samples as a result of chemical
modifications of the constituents of a macromolecular complex or multiple stoichiometries of the
complex itself. As a result, charge-state distributions of individual components in mixtures of
macromolecular complexes or synthetic polymers are often unresolved making it impossible to
obtain mass information directly from an ESI mass spectrum.

Information about constituents in a complex mixture can often be obtained using tandem
mass spectrometry, in which ions within a limited m/z range are isolated and dissociated. Fragment
ions are formed in a broad m/z range where the ions can be resolved.'?> This process is enhanced
for non-covalent complexes by the phenomenon of asymmetric charge dissociation, which results
in the loss of highly charged monomers from a macromolecular complex.'> '3 An alternative
approach to tackling the challenge of sample heterogeneity is to weigh individual molecules or
ions. By doing so, the presence of other ions cannot interfere with the mass measurement of
another. Single molecule and ion mass measurements have been demonstrated using ion
nanoelectromechanical systems'* and with Fourier-transform ion cyclotron resonance (FT-
ICR),"> ¢ ion trap,'”?? cryodetector time-of-flight,?* 2* orbitrap,?>?® and charge detection mass
spectrometry (CDMS).2”32 These methods can provide accurate masses of individual ions, but
often at the expense of analysis time. The number of individual ion measurements necessary to
characterize a sample depends on sample complexity. Characterization of mixtures that consist of
a vast number of molecules or mixtures where components have very different concentrations
requires more single ion measurements compared to the characterization of purer samples.

Weighing ions individually with CDMS has the advantage that fast measurements are
possible depending on the accuracy and sensitivity required. In CDMS, an ion passes through a
detector, often a conducting tube, and the m/z is determined by the transit time through the detector
tube**-* or oscillation frequency inside a trap, 34156 and the z is determined from the magnitude
of the induced charge. For highly charged ions, a detectible signal can be obtained from a single
pass of the ion through the apparatus leading to a very rapid measurement of ion mass.**** CDMS
can include multi-detector arrays,’”>>® electrostatic ion traps®® 32 41->* or a combination of the two>?
in order to signal average to improve the precision and the sensitivity of these measurements.
Electrostatic ion trap based CDMS instruments have been used to measure the masses and
assembly kinetics of viruses up to 50 MDa,*64%30- 3556 measure cargo loading into virus capsids,>
obtain accurate masses of large synthetic polymers®® 3% % and quantify lipoproteins that are
important for assessing the risks of cardiovascular disease.*> Fragmentation® and even MS’
measurements® have been demonstrated for a single ion inside a CDMS instrument. Collision
cross sections of individually weighed ions can be obtained from changes in the frequency of the
ion motion inside the electrostatic ion trap as a result of collisions with background gas.** 3052

One limitation of trapping CDMS technology is the current need to weigh single ions
individually in order to eliminate potential interferences between the signals of multiple ions or
ion-ion interactions that can potentially interfere with these measurements. In a recent review on
CDMS of large molecules, Jarrold and co-workers state that “...multiple ion trapping events
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cannot be analyzed because two highly charged ions trapped together interact and perturb the
oscillation frequencies. Hence, only single ion trapping events are useful.”? In experiments
where ions that do not produce detectable signal upon a single pass through a detector tube are
measured, ion trapping occurs by systematically lowering the potential of the front of the trap to
admit ions and raising the trap potential to trap and weigh the ion.*! In order to avoid trapping
multiple ions and to efficiently acquire data, the ion current must be adjusted so that on average,
it is nearly equally probable to have no ions, a single ion or multiple ions in the trap.?’ Thus, under
optimum conditions, a single ion is trapped in only 37% of the measurements.?*:*> However, this
necessitates that about two thirds of the measurements contain either no ions or multiple ions and
therefore, no ion masses are obtained from the majority of data acquired. The probability of
trapping just one ion is significantly reduced if the ion current is either higher or lower than the
optimum value making the ion current an essential parameter to optimize for efficient mass
measurements. A mass histogram consisting of ~6700 ions can be acquired in about 30 minutes
using a 100 ms trapping period and optimum ion current.*?

Here, we demonstrate a method that enables efficient weighing of individual masses of
multiple ions that are trapped in CDMS with precisions and accuracies that are indistinguishable
from those made of individually trapped ions. This method takes advantage of the ability to obtain
ion energies throughout the measurement process.’! By trapping ions with a range of energies,
the ion signal is spread over a broad range of frequencies even for ions that have the exact same
m/z. This significantly reduces the probability of overlapping ion signals. These measurements
also show that ion-ion interactions are not a limitation in these experiments within the current
ability to weigh individual ions in CDMS. Measurements of up to 13 simultaneously trapped ions
are demonstrated, but this method can be extended to significantly more ions. This method enables
at least an order of magnitude improvement in the time required to obtain a mass histogram with
CDMS, and additional gains in ion measurement efficiency are almost certainly possible from
trapping events with even more ions.

3.3 Experimental
3.3.1 Charge Detection Mass Spectrometry

A home-built charge detection mass spectrometer was used in these experiments.*>* Ions
are formed by nanoelectrospray ionization of a 5 uM solution of RuBisCO and 10 uM solution of
bovine serum albumin (BSA, Sigma Aldrich) both in a 100 mM aqueous ammonium acetate
solution using borosilicate capillaries with tips that are pulled to a diameter of ~1.5 um. Ions enter
the instrument through a modified Z-Spray source (Waters Corporation), pass through two RF-
only quadrupole ion guides and enter a turning quadrupole (Ardara Technologies) that is used to
select a range of ion energies and direct the ions into a chamber that contains an electrostatic cone
trap and detector tube. The pressure inside the trap is ~3 x 10” Torr. The potential of the upstream
cone electrode is lowered to 0.0 V for 1 ms to eject ions from the prior measurement and to allow
new ions to enter the trap. The potential is subsequently raised to match the downstream cone
electrode (330 V) for a specified trapping time of 1.0 s. Ions passing through the detector induce
a charge pulse that is amplified by a CoolFET charge-sensitive preamplifier and linear voltage
amplifier (Amptek). Because the ions studied here have less than the ~300 e necessary for direct
observation in the time domain, a Python program using short-time Fourier transforms (STFT) is
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used to analyze the data. A 50 ms segment is analyzed in overlapping steps of 5 ms. The 50 ms
segment length was chosen to balance minimizing FT peak widths with amplitude dampening that
is caused by ion frequency shifts with time.

For each 5 ms step in the STFT, a peak picking algorithm is used to identify ion frequencies
in the range of interest. For peaks within 60 Hz of another peak, only the highest amplitude peak
is selected to avoid picking side lobes that occur as a result of no apodization. Peaks that survive
for at least 100 ms in the STFT correspond to the initial number of stably trapped ions, i.e., ions
must survive at least 100 ms to be considered trapped. Peaks are assigned to individual ion traces
based on their frequency proximity across all of the time steps in the STFT. The ion traces of peaks
that overlap over the course of the trapping event are discarded. lon traces that experience large,
sudden shifts in frequency exceeding 100 Hz due to an ion being lost from the trap, major change
in ion trajectory, or dissociation are truncated to the time step one half of the segment length prior
to the large shift. This is done to avoid including dampened amplitude data where the lost ion is
still detected, but not present for the duration of the FT segment. The length of time each ion is
considered to be trapped is determined from the length of the ion trace.

Because the duty cycle of the ion signal depends on ion energy,* the amplitudes of the
fundamental and harmonic frequencies also depend uniquely on ion energy.’!  Thus, the ion
energy at any time throughout the measurement can be obtained from the ratio of the fundamental
amplitude to that of the second harmonic.’! In combination with the measured frequency, a value
of m/z is obtained from equation 3.1;

m_C(E)
z Ji

3.1)

where f7is the frequency and C(E) is a function of ion energy per charge.’! This ratio of harmonics
is also used to correct the measured fundamental amplitudes for differing harmonic content in
order to obtain a more accurate measure of z.%° These values of m/z and z are multiplied to obtain
the individual mass of each ion.

3.3.2 RuBisCO Expression and Purification

Form IA RuBisCO from the chemoautotrophic y-proteobacterium Halothiobacillus
neapolitanus was cloned in a pET-14 based expression vector with ampicillin
resistance. RuBisCO forms a heterohexadecamer comprised of eight large subunits (CbbL) and
eight small subunits (CbbS). The genes cbbL and cbbS were separated by the native intergenic
sequence while a hexahistidine affinity tag was appended to cbhbL. This plasmid was co-
transformed into BL21 (AI) along with an inducible GroEL/ES plasmid (pGro7) in order to
facilitate proper protein folding.

The expression cells were grown at 37 °C in 1 L LB with carbenicillin (100 pg/mL) and
chloramphenicol (25 pg/mL) up to OD600 = 0.3 - 0.5 whereupon the temperature was reduced to
18 °C and the culture was induced with 0.1% (w/v) L-arabinose. The cells were grown overnight
and harvested by centrifugation at 4000 rcf for 15 min. Pellets were stored at -80 °C. The pellets
were resuspended with ~25 mL of lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5) with | mM
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phenylmethane sulfonyl fluoride (PMSF), 0.1 mg/mL lysozyme, and 0.01 mg/mL DNasel. The
cells were lysed with three passes through an Avestin EmulsiFlex homogenizer and the lysate
clarified by centrifugation at 12,000 rcf for 30 min. The supernatant was transferred to a gravity
column at 4 °C with ~2 mL of HisPur Ni-NTA resin (Thermo Fisher Scientific). The protein was
washed with 10 column volumes of wash buffer (lysis buffer with 20 mM imidazole) and then
eluted with lysis buffer containing 200 mM imidazole. The protein was buffer exchanged using
10DG desalting columns (Biorad) to lysis buffer. The purity of the eluted protein was assessed by
SDS-PAGE to be >95%. Size exclusion chromatography (Biorad NGC) with a Superose 6 column
(GE Healthcare) was used to analytically verify the proper assembly of the LgSg complex. The
RuBisCO sample was also analyzed using a Waters quadrupole time of flight (Q-TOF) Premier
mass spectrometer. Mass spectra of the whole complex (517 kDa) and the CbbL (51.9 kDa) and
CbbS (12.7 kDa) subunit proteins are included in the Supporting Information.

3.4 Results and Discussion
3.4.1 Ion Motion Inside the Trap

RuBisCO is an enzyme that catalyzes the first, and often rate-limiting step, of carbon
fixation in the Calvin-Benson-Bassham Cycle. This enzyme consists of a large subunit (CbbL) that
weighs ~51.9 kDa and a small subunit (CbbS) with a mass of ~12.7 kDa (Supporting Information).
A total of eight CbbL and eight CbbS assemble into a complex that has a mass of ~517 kDa. This
molecular complex was chosen to illustrate our multi-ion detection method because the sample
can be made relatively pure, and the charge states are relatively low compared to many other
analytes effectively analyzed by single ion CDMS. The precision and sensitivity of CDMS
measurements improves with larger, more highly charged analytes making a smaller analyte a
rigorous test of this method. In addition, the complex is small enough to analyze using
conventional time-of-flight MS making it possible to compare this single ion method with
measurements from more traditional native MS instrumentation.

Various processes can affect ion motion once an ion is trapped.’> These processes can
provide additional structural information about the sample, but they can also complicate the
procedure for mass analysis. Some of these processes are illustrated using data from a single
trapping event for ions produced by electrospray ionization of a RuBisCO sample. In this event,
18 ions were initially trapped as indicated by the ion signal at 18 different frequencies at early trap
times (Figure 3.1). These data are obtained by short-time Fourier-transform (STFT) of the time
domain data of a single trapping event using 50 ms segments stepped at five ms intervals.

The frequencies of the ions that are trapped evolve with time with several characteristics.
An example of one of these ions, A, is shown in Figure 3.1; this ion has initial and final frequencies
of 23,104 Hz and 23,132 Hz, respectively. There are several factors that can affect the ion
frequency in these experiments. In general, frequencies tend to gradually increase with time as is
the case for ion A. This occurs because collisions with background gas reduce the ion energy with
time. For ion A, this energy loss corresponds to 0.6 eV/charge.’! This information can be used
to obtain the collisional cross section of each ion.**3!:32  There are also frequency variations that
occur as a result in a change in ion trajectory inside of the trap. These shifts can be large resulting
in an unstable orbit and sudden loss of the ion from the trap, as in the case of ion B, which is lost
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at ~350 ms. An unstable orbit can also result in larger steps in frequency, as in the case of ion C
which enters an unstable orbit at ~400 ms but remains trapped for nearly the full 1.0 s of data
acquisition. Ions can also be lost due to fragmentation with one or more of the fragments trapped
as is the case for ions D/D’ and E/E’. The relationship between each precursor and fragment ion
can be readily identified from the temporal correlation of these signals. For example, the initial
frequency of ion D is 22,750 Hz but this signal disappears at ~300 ms and another signal (D’)
appears at this same time at a frequency of 22,344 Hz. The m/z values of the precursor and
fragment ions are determined from their oscillation frequency and the real time measure of energy
obtained from the ratio of intensity of the fundamental frequency to that of the second harmonic
frequency.’! The charge is determined from the intensity of the fundamental frequency that is
calibrated for ion energy using a method described in detail elsewhere.®® The precursor ion, (D),
has a measured mass of 522 kDa with 48.5 + 1.4 positive charges, consistent with the intact
complex mass of 517 kDa obtained from averaging data for many ions. The fragment ion (D’) has
a measured mass of 478 + 14 kDa with 46 + 0.5 charges. Formation of this fragment is most
consistent with the loss of a CbbL subunit with only 2.5 &+ 1.5 charges. The high uncertainty in
the charge measurement of the precursor ion is a result of its relatively short lifetime. These results
indicate that fragmentation leads to a roughly symmetrical partitioning of charge based on mass or
surface area in the dissociation process. In contrast, dissociation of this same intact complex upon
collision induced dissociation in TOF MS occurs via a highly asymmetric charge distribution
process in which a single subunit carries away between 30+ and 36+ charges (Supporting
Information). This difference in charge partitioning to form the same product ion may be due to
the low energy metastable dissociation that occurs over hundreds of ms in the CDMS experiments
vs. the higher energy deposition necessary to observe dissociation in TOF MS. Previous collisional
activation studies of noncovalent dimers showed that symmetric charge distributions can occur at
low energy whereas asymmetric charge partitioning occurs with more energetic activation.'> High
energy and short time dissociation can favor unfolding of a monomer subunit prior to complete
ejection and resulting flow of charge to the unfolding subunit.'* ¢! Symmetric charge partitioning
is also frequently observed with high energy surface-induced dissociation in which energy is
deposited rapidly into an ion upon its collision with a surface. This activation method often leads
to formation of fragments consisting of multiple subunits which can provide more structural
information.®? Although the dissociation of just one ion is not by itself significant, useful structural
information can be obtained from dissociation data obtained for multiple precursor ions that have
the same mass. A more detailed study of many dissociation events for individual ions is beyond
the scope of this current work, but this single ion example demonstrates another potential
application of CDMS in the analysis of large molecules.

Ion signals that are close in frequency can also interfere with each other. This is shown for
ions F and G, which have initial frequencies ~22,024 Hz. Because of small changes in ion orbits
as well as a general decrease in frequency with time, the signals of these ions interfere, creating
regions of high and low signal in an irregular beat pattern. In this analysis, ions with overlapping
frequencies were discarded.

3.4.2 Mass Analysis

To convert the STFT frequency data from each trapping event, e.g, the Figure 3.1 data, into
individual ion mass values, a peak picking algorithm is used to identify peaks in each five ms step
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of the entire transform. Because the ion trapping frequency can vary with time, the peaks in
adjacent five ms time intervals are correlated by proximity in frequency in order to build the
individual ion trace i.e. the frequency evolution with time. The ion energy in each five ms step is
obtained from the ratio of peak amplitudes of the fundamental frequency to that of the second
harmonic frequency.’! These data provide m/z values at each five ms interval, which are averaged
to obtain a m/z value that is signal averaged for the duration of the trapping event. Similarly, the
peak amplitudes of the fundamental frequency, corrected for the amplitudes of higher harmonic
frequencies that vary with energy, are averaged to obtain a value for the ion charge using a
calibration procedure that is described in detail elsewhere.®® The mass of each ion is then obtained
from the multiplication of the m/z and z values. In order to examine effects of multiple trapped
ions on the mass measurement, only ions that survive for the full 1 s of trapping time are used in
the mass histograms. If an ion frequency trace converges with another, both ions are excluded.
For example, of the 18 ions initially trapped in the Figure 3.1 data, 11 ions pass these culling
criteria and are included in the final mass histogram. In sum, 6988 ions meet all of these criteria,
and the maximum number of ions included from a single trapping event is 13.

The probability of traces converging depends on a number of factors, including the number
of trapped ions, their m/z, their energy and the intrinsic frequency width of the peak. The intrinsic
frequency width depends both on the STFT segment length and the collision induced frequency
change. Because ions with a range of energies are introduced through the energy selective bending
quadrupole and are trapped in these experiments, even ions with the exact same m/z value will
have a range of frequencies. In these experiments, an ion with m/z 10,550 (corresponding to the
49+ ion) has a peak width of 40 Hz (at peak base) but within the range of energies that was filtered
and trapped (~215 to 245 eV/charge), an ion at this m/z can appear at frequencies ranging from
21,500 Hz to 23,250 Hz (a 1750 Hz bandwidth; indicated by the bracket in Figure 3.1). In
principle, 1750/40 = ~44 ions with the exact same m/z value could still be still be readily resolved
and individually weighed if their energies were evenly dispersed over this range. In practice, this
value will be much lower in order to avoid overlaps, but extending the range of ion energies that
are filtered and trapped could reduce the probability of overlap further.

A mass histogram obtained from the data of all of the trapping events independent of the
number of ions that were trapped is shown in Figure 3.2a. A Gaussian fit of these data results in
a centroid at 517,312 Da with a standard deviation of 13,005 Da (~2.5%). This indicates that the
precision of weighing each ion is better than 2.5% because some of this width is due to intrinsic
broadening from sample heterogeneity and adduction. Measurement of 6988 ions improves the
precision of the overall mass measurement to ~0.03%. The centroid mass of the complex obtained
from a deconvolved mass spectrum obtained using a commercial Q-TOF mass spectrometer is
516,900 Da = 100 Da (Supporting Information). The standard deviation of a Gaussian fitted to the
deconvolved data is ~1,700 Da. This provides an estimate of the fraction of the uncertainty in the
CDMS measurement that is intrinsic to the sample. The small mass difference between the CDMS
and Q-TOF MS centroid values is likely due to small uncertainties in the CDMS charge
calibration®® or small differences in adduction as a result of different electrospray interface
conditions. This difference is much smaller than the uncertainty in mass measurements owing to
adducts that can increase the measured mass of similarly sized complexes by ~1%.%3

3.4.3 Mass Analysis and Number of Ions Trapped
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In order to evaluate whether the presence of multiple ions inside the trap affects the value
of the mass of RuBisCO obtained from these experiments, these data were analyzed separately
based on the number of ions that were trapped. These data are shown in Figure 3.2b-3.2g and the
masses and widths of these distributions are given in Table 3.1. The distribution of the number of
ions that are trapped is not Poisson owing to variations in ion current, both intentional variations
and as a result of natural fluctuations in the electrospray during the course of the experiment. A
linear fit of the centroid of these mass histograms as a function of the number of trapped ions
results in a R? value of 0.0016 indicating that the measured mass does not depend on the number
of ions trapped within the limits of our ability to obtain mass values from these data.

Ion-ion interactions could potentially adversely affect stable orbits of ions inside the trap
leading to more frequent ion loss. In order to determine whether the number of ions that are
trapped has any effect on the ion trapping duration, the average trapping time of ions was
determined as a function of the number of ions trapped (Table 3.1). These data show that the
simultaneously trapped multiply charged ions (average 49+ charges) do not interact sufficiently to
cause a measurable effect on the ion trapping lifetimes for the 1.0 s maximum duration of these
measurements.

Ion-ion interactions depend on ion charge. In order to determine if there are any
measurable perturbations in the charge-state distributions as a result of the number of ions that are
trapped, bovine serum albumin (BSA; 66.5 kDa) was analyzed using multi-ion CDMS. This
protein was chosen because the charge-state distribution is readily resolved. This necessitates
lowering the spread of energies of ions entering the trap to a range of ~206-214 eV, which is done
using the turning quadrupole. This reduces the ability to multiplex on the basis of ion energy. The
m/z distribution from all ions (Figure 3.3a) and the distributions from trapping events that contain
between 2 and 6+ ions are shown in Figure 3.3b — 3g. There is no apparent variation in the
abundance of each charge state that depends on the number of ions in the trapping event. For these
data only, frequencies are converted to m/z by using the average ion energy. For small proteins
with relatively low charge states, such as BSA here, more accurate masses can be obtained by
introducing a narrow bandwidth of energies and using the mean energy to calculate m/z. Thus, the
applicability of our method to introduce a broad energy spread of ions and decouple ion frequency
and m/z measurements is best suited to larger ions that are more highly charged.

As is the case for RuBisCO, the mass measurement does not depend on the number of ions
trapped (Supporting Information). These BSA ions have lower charge states (+13 — +16) than
those of RuBisCO (+48 — +52), which reduces ion-ion interactions. However, the frequencies are
not distributed as fully in frequency space owing to the narrower energy bandwidth, which
increases the probability of interference between ion signals and may also increase ion-ion
interactions. These data show that ion-ion interactions resulting from simultaneously trapped ions
do not adversely affect the frequency spectrum, mass measurement or trapping times under the
conditions of these experiments.

3.4.4 Gain in Analysis Speed

48



To illustrate potential gains in analysis speed, a 360 s segment of data was acquired with
relatively high ion currents to enhance the probability of trapping multiple ions. A total of 1983
ions were trapped for at least 100 ms in these 360 trapping events corresponding to an average of
about four ions trapped per event. A total of 1050 of these ions lasted for the full one second trap
time and did not overlap in frequency with other ions. Approximately 15% of the initial 1983 ions
were discarded due to overlapping ion signals in these data. The mass histogram obtained from
these data is similar to that shown in Figure 3.2a with a centroid at 519 kDa. In contrast, only 360
x 0.37 = 133 ions could be weighed if this measurement was restricted to conventional single ion
analysis with an optimized ion current. If the same proportion of ions are lost or dissociate in the
single ion data i.e. do not last the full 1 s, then only ~90 ions would be weighed in this same time
period. Thus, our multi ion multiplexing method makes possible over a 10-fold improvement in
analysis speed over ideal single ion analysis. Further gains can almost certainly be made by using
an ion current that optimizes the ratio of the number of ions trapped to the number of overlapping
ion traces and by widening the energy range of ions that are trapped. Improvements to the data
analysis algorithm, including more rigorous treatment of ions with overlapping frequencies, will
also increase the number of usable ion signals in each trapping event. A further decrease in
analysis time could be obtained in tandem with any of these methods by reducing the length of the
trapping events, making it possible to acquire more data in a given time period albeit with reduced
mass precision. Trade-offs in analysis time and performance are common with measurements
where time-domain data are acquired, such as FT/ICR and orbitrap MS.

3.5 Conclusions

A method for multiplexing the measurement and analysis of masses of individual ions that
are simultaneously trapped in CDMS is demonstrated. An important feature of this method is the
ability to analyze the energy of each ion throughout the trap time, which makes it possible to
introduce and trap ions that have a broad range of energies. Thus, ions with the exact same m/z
can have a range of frequencies so that it is less likely that their signals will overlap. Although
multiple single ion analysis has been demonstrated previously with FT-ICR'® and orbitrap®> 2°
instruments, ions that have identical m/z have the same frequency so overlap of ions in a limited
charge-state distribution of a pure sample is significantly more probable than with our CDMS
method. Moreover, the motion of ions with the same m/z in our multiplexing CDMS method is not
coherent, which further reduces the probability of ion-ion interactions. It was previously believed
that analysis of more than one highly charged ion inside of an electrostatic ion trap would lead to
interferences in signal owing to ion-ion interactions and thus analysis of multiple ions has
previously been avoided.?” We show that for RuBisCO ions with an average of 49+ charges each
and with up to 21 ions trapped, ion-ion interactions do not adversely affect m/z or mass
measurements provided that the ion signals do not overlap, a process made less likely by spreading
the ion signal over frequency space using a broad range of ion energies. Moreover, there is no
measurable difference in ion trapping events with multiple ions, indicating that ion-ion effects do
not lead to ion loss for trap times up to 1.0 s under these conditions.

Many factors influence the mass measuring accuracy of CDMS. With longer trapping
times and more accurate frequency measurements that could be achieved at lower pressures and
with improved trap designs, ion-ion interactions may ultimately limit the mass measuring accuracy
of our method. Because it is essential to weigh many ions in order to analyze more complex
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mixtures, particularly when the analysis requires a high dynamic range owing to concentration
differences, long trapping times are less likely to be used in most applications. Shorter trapping
times also decrease the likelihood of ion overlap events that occur due to frequency shifting,
enabling further multiplexing. Larger ions that are more highly charged will experience more ion-
ion interactions and the optimum number of trapped ions will almost certainly depend the range
of the m/z and charge states of the ions that are trapped.

The analytes measured in this work can also be readily weighed using conventional mass
spectrometers in which ensembles of many ions are measured. These analytes were chosen to
demonstrate that simultaneous multiple single ion measurements are possible in CDMS and to
illustrate a new method that decouples the frequency and m/z measurements by measuring the
energy of each ion throughout the measurement. This CDMS method will be most useful for
complex mixtures of large molecules or even relatively pure very high mass compounds that are
not amenable to analysis using conventional mass spectrometers.

In these experiments, the individual masses of up to 13 ions were measured in one trapping
event and up to 21 ions were trapped in a single event. The multiplexing demonstrated here with
an average of ~4 ions measured simultaneously leads to about an order of magnitude improvement
in the analysis speed compared to optimum single ion experiments. Moreover, this multiplexing
method is relatively insensitive to ion current — higher currents lead to more trapped ions but data
from all trapping events can be used provided that the ion current is sufficiently high. If the
maximum of 13 mass values for ions measured in a single ion trapping event demonstrated here
were an average value for all trapping events, up to a 35-fold improvement in measurement speed
would be possible over the conventional single ion method. The ability to multiplex depends on
many factors, but further gains in measurement speed should be possible by trapping and analyzing
data for an even larger number of simultaneously trapped ions and by further increasing the energy
spread of ions that are trapped. The optimum number of ions in these experiments and factors that
affect these values are currently under investigation.
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3.8 Table and Figures

Table 3.1. Mass and Average Trapping Lifetimes of RuBisCO Obtained by CDMS
Measurements for All Ions and for Events with 1 Through 6+ Simultaneously Trapped lons
# Ions Simultaneously Standard Deviation Average Trapping

Trapped Mass (Da) of Gaussian Fit (Da) Lifetime (ms)
All 517,312 13,005 762.4
1 516,956 11,437 758.3
2 517,143 13,995 761.5
3 517,914 13,673 764.6
4 517,509 11,721 761.0
5 516,435 12,095 756.9
6+ 517,385 13,200 766.8

56



10,550 m/z frequency range
Amplitude

Frequency (Hz)

0 200 400 600 800 1000
Time (ms)

Figure 3.1. Results from a short-time Fourier transform of a single 1.0 s trapping event using 50
ms segments showing traces for RuBisCO ions (517 kDa) formed by electrospray ionization.
Eighteen ions were initially trapped for at least 100 ms; some ions last the entire 1.0 s trapping
time (A) without overlap resulting in mass measurements of 11 ions, some enter unstable orbits
and are either lost (B) or undergo significant frequency changes (C), some dissociate (D/D’, E/E”)
and others overlap in signal (F, G). The bracket indicates the frequency range (1750 Hz) that an
ion at m/z = 10,550 can have within the range of ion energies introduced and trapped in these
experiments.
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Figure 3.2. CDMS mass histograms of RuBisCO ions formed by electrospray ionization
consisting of (a) all 6988 ions weighed and these data shown separately for ion trapping events
where 1 through 6+ ions were simultaneously trapped (b through g, respectively). A Gaussian fit
(red) was used to find the peak centroid corresponding to the reported mass of the complex. A
linear fit of the peak centroids for (b) through (g) as a function of number of ions trapped results
in R? value of 0.0016 indicating that the measured mass does not depend on the number of ions
that are simultaneously trapped.
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Figure 3.3. CDMS m/z histogram of bovine serum albumin (66.5 kDa) formed by electrospray
ionization showing charge-state distributions resulting from (a) all measurements and from
measurements where 1 through 6+ ions were simultaneously trapped (b through g, respectively).
Neither the charge-state distributions nor the masses obtained from these data depend on the
number of trapped ions. For these data only, frequencies are converted to m/z by using the average
ion energy.
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3.9 Supporting Information
3.9.1 Quadrupole-Time of Flight (Q-TOF) Mass Spectrometry of RuBisCO

The RuBisCO sample was analyzed using a Waters Micromass Q-TOF mass spectrometer.
Mass spectra of the whole complex (Figure S3.1a) and the large subunit (CbbL, 51.9 kDa) and
small subunit (CbbS, 12.7 kDa) substituent proteins (S3.1b) formed from the fragmentation of the
whole complex using collision induced dissociation (CID) are shown in Figure S3.1. A
deconvolution of the mass spectrum in S3.1a is shown in Figure S3.2. The standard deviation of
Gaussian least squares fit to the deconvolved data is 1,700 Da, likely due to adduction and
incomplete desolvation. This width is smaller than the width of the mass distribution (13 kDa)
measured by charge detection mass spectrometry (CDMS), but suggests that at least a portion of
the width of the mass peaks in Figure 3.2 is due to sample heterogeneity and adducts. The
additional width of the CDMS mass histogram is likely due to uncertainties in ion energy and
charge stemming from varying ion trajectories and the relatively low S/N in the Fourier transform
for the charge states of RuBisCO (+48 — +52). Longer trapping times could therefore decrease the
CDMS peak width somewhat; however, sample heterogeneity will ultimately limit the
improvement that can be made.

3.9.2 Bovine Serum Albumen (BSA) CDMS Measurements

A mass histogram for BSA containing all data for all trapping events independent of the
number of ions that were trapped is shown in Figure S3.3a. Figure S3.3b-S3.3g shows the data for
trapping events containing different numbers of ions. Similar to the RuBisCO sample shown in
Figure 3.2, the centroids of each distribution were determined using a Gaussian fit. A linear fit of
these centroid data yields and R? value of 0.0031, indicating that the measured mass for BSA also
does not depend on the number of ions simultaneously trapped and analyzed. The centroid values,
standard deviations, and average trapping lifetime data for BSA are contained in Table S3.1. The
larger relative standard deviations (~5.0% for all ions) for BSA compared to Rubisco (~2.5%) are
due to the lower charge of the BSA ions. The uncertainties in the individual ion charge and ion
energy measurements both depend on the S/N ratio for signal peaks in the Fourier transform.
Lower charge ions have lower S/N and therefore have higher relative uncertainties. Shorter
average trapping lifetimes are also observed for BSA compared to RuBisCO. This effect can be
attributed to the smaller mass of BSA; smaller ions are more easily destabilized by collisions with
background gas and are therefore lost more quickly on average.
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3.10 Supporting Table and Figures

Table S3.1. Mass and Average Trapping Lifetimes of BSA Obtained by CDMS
Measurements for All Ions and for Events with 1 Through 6+ Simultaneously Trapped lons
# Ions Simultaneously Standard Deviation Average Trapping

Trapped Mass (Da) of Gaussian Fit (Da) Lifetime (ms)
All 66,991 3,338 573.2
1 66,957 3,374 562.4
2 66,968 3,358 568.8
3 67,122 3,256 574.1
4 66,784 3,297 563.1
5 67,318 3,225 553.6
6+ 66,855 3,582 569.8
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Figure S3.1. Mass spectra of whole RuBisCO complex before (a) and after (b) CID. The mass
determined for RuBisCO in (a, 517 kDa) was confirmed by analysis of the small chain (12.7 kDa,
7+ — 9+ labeled) and large chain (51.9 kDa, +34 labeled) CID product ions appearing at lower m/z
in (b).
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Figure S3.2. The deconvolved mass spectrum of the data shown in Figure Sla. A Gaussian fit of
these data yields a centroid mass of 516,900 = 100 Da. The standard deviation of these data is
1,700 Da, a width that originates from the intrinsic sample heterogeneity and salt adduction.
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Figure S3.3. CDMS mass histograms of BSA ions formed by electrospray ionization consisting
of (a) all 9637 ions weighed and these data shown separately for ion trapping events where 1
through 6+ ions were simultaneously trapped (b through g, respectively). A Gaussian fit (red) was
used to find the peak centroid corresponding to the reported mass of the complex. A linear fit of
the peak centroids for (b) through (g) as a function of number of ions trapped results in R? value
of 0.0031 indicating that the measured mass does not depend on the number of ions that are
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Chapter 4

Enhanced Multiplexing in Fourier Transform Charge
Detection Mass Spectrometry by Decoupling Ion
Frequency from Mass to Charge Ratio

This chapter is reproduced with permission from:
Conner C. Harper and Evan R. Williams

“Enhanced Multiplexing in Fourier Transform Charge Detection Mass Spectrometry by
Decoupling lon Frequency from Mass to Charge Ratio” J. Am. Soc. Mass Spectrom. 2019, 30,
2637-2645.

© 2019 American Society for Mass Spectrometry

4.1 Abstract

Weighing single ions with charge detection mass spectrometry (CDMS) makes it possible
to obtain the masses of molecules of essentially unlimited size even in highly heterogeneous
samples, but producing a mass histogram that is representative of all of the components in a
mixture requires substantial measurement time. Multiple ions can be trapped to reduce analysis
time but ion signals can overlap. To determine the maximum gains in analysis speed possible
with current instrumentation with multiple ion trapping, simulations calculating the frequency and
overlap rate of ions with different mass, charge, and energy ranges were performed. For an analyte
with a broad mass distribution, such as long chain polyethylene glycol (PEG, 8§ MDa), gains in
analysis speed of up to 160 times that of prior CDMS experiments are possible. For signals from
homogeneous samples, ions with the same m/z have frequencies that overlap and interfere,
reducing the effectiveness of multiplexing in experiments where ions have the same energy per
charge. We show that by maximizing the decoupling of ion m/z from frequency using a broad
range of ion energies, the rate of signal overlap is significantly reduced making it possible to trap
more ions. Under optimum decoupling conditions, a measurement speed nearly 50 times greater
than that of prior CDMS experiments is possible for RuBisCO (517 kDa). The reduction in
overlap due to decoupling also results in more accurate quantitation in samples that contain
multiple analytes with different concentrations.

4.2 Introduction

Native mass spectrometry, in which ions of biomolecular molecules and associated
macromolecular complexes are produced by electrospray ionization from aqueous solutions

65



containing 100+ mM concentrations of salts'* is widely used to obtain structural information about
molecular ions formed from environments in which they have native structures and reactivities.>
Information about the stoichiometries and structures of complexes can be obtained from tandem
mass spectrometry experiments in which mass selected precursor ions are activated, either through
collisions with gaseous molecules or with surfaces, and the resulting fragment ions, typically
consisting of intact monomer subunits or sub-assemblies are mass analyzed.*> A key challenge in
extending the mass range of analytes amendable to such measurements is the need to resolve
individual charge states in order to obtain molecular weight information from larger species, such
as intact viruses.® This is particularly challenging for complex samples, such as synthetic
polymers’® or intrinsically heterogeneous macromolecular complexes, where charge-state
distributions of the individual components in the mixture are unresolved.® Signals for each
component in an ensemble measurement can overlap and can lead to loss of resolved signal. In
these cases, tandem mass spectrometry performed on a narrow range of m/z precursors can spread
out the fragment ion signal over a wider range of m/z enabling some mass information to be
obtained.’!°

One method to overcome the problem of heterogeneity is to mass analyze individual ions
so that the measurement of one ion does not interfere with the measurement of another. Single
molecule mass measurements have been demonstrated using a variety of different methods,
including nanoelectromechanical systems'"!? and with various types of mass spectrometers,
including Fourier-transform ion cyclotron resonance (FTICR),'*!* Orbitrap,'>!® ion trap,!”!
cryodetector time-of-flight,>>?* and charge detection mass spectrometry (CDMS).>*3° Several of
these mass spectrometry methods can provide high mass measuring accuracy but this typically
comes at the expense of analysis time. Kafader et al. demonstrated a resolving power of 677,000
from single ion measurements in an Orbitrap mass spectrometer for the protein carbonic anhydrase
using ~250 ms measurement times, but found that there was significant ion decay for species over
40 kDa which resulted in “hours of total acquisition time to produce a composite mass spectrum
with statistically meaningful isotopic distributions”.!®

In order to obtain useful information about the composition of heterogeneous samples, the
masses of many individual ions must be measured.?® Thus, analysis speed is essential for practical
single ion measurements. Single ion Fourier transform charge detection mass spectrometry (FT-
CDMSY), in which individual ions are confined in an electrostatic ion trap and the m/z of each ion
is obtained from its oscillation frequency, can provide useful mass measurements from molecules
of essentially unlimited size, ranging from small proteins up to particles with masses well above
100 MDa.2%31-% Detection and mass accuracy depend on a number of factors, including the ion
charge and trap time, but useful measurements can be made in about 100 ms,3!32344% a]though
longer trapping times are often used for improved mass measurements*! or to obtain single ion
collisional cross sections®®* or MS" information?” in combination with the measurements of
individual ion masses. Because large macromolecules and macromolecular complexes typically
have a large number of non-volatile salts and often solvent molecules attached, the masses of large
complexes that can be measured in conventional mass spectrometers are often higher than those
of the computed masses. Robinson and co-workers have reported a widely used method, which
relates the peak width of a charge state to the extent of adduction to provide a “corrected” mass of
the unadducted complex [9]. The mass attributed to adduction can account for more than ~1% of
the overall measured mass for large protein assemblies weighing 385-800 kDa.’ The extent to
which large molecules and complexes are adducted limits the overall need for high mass measuring
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accuracy because the ultimate mass accuracy is limited by any correction method for larger ions.%’
Thus, a mass accuracy of less than 0.1%, readily achievable in CDMS with 100 ms trap times and
samples of 1000+ ions,?**>* should not limit the overall mass accuracy with which large
complexes, polymers, or viruses can be weighed.

Even with a 100 ms trap time, the number of ions that can be measured per second is limited
by weighing just one ion at a time. Until recently, it was believed that single ion trapping events
were required in FT-CDMS. Jarrold and co-workers state: “...multiple ion trapping events cannot
be analyzed because two highly charged ions trapped together interact and perturb the oscillation
frequencies. Hence, only single ion trapping events are useful”.2® In order to achieve the optimum
single ion trapping conditions, the ion current has to be carefully regulated so that a single ion is
trapped in only 37% of the measurements.?®** Lower currents lead to fewer single ion trapping
events and higher currents lead to more trapping of multiple ions at the expense of single ion
events. Thus, under optimum single ion conditions, fewer than four ions can be weighed per
second using 100 ms trap times and nearly 2/3 of the measurements, which contain no or multiple
ions, are discarded.?6*

We recently demonstrated multiple trapped ions can be individually weighed in FT-CDMS
and that ion-ion interactions with up to 21 ions trapped do not affect the mass measuring accuracy
or ion trapping for times up to one second.** A key issue, however, is when two or more ions of
the same or similar m/z are introduced into the trap and the resulting signals overlap in frequency.
This greatly complicates individual ion mass measurement and is most likely for homogenous
samples where the number of charge states in a charge state distribution is limited. This problem
of ion overlap can be significantly reduced by decoupling the ion frequency from the ion m/z.*’
This decoupling is accomplished by introducing a relatively broad distribution of ion energies per
charge (hereafter referred to simply as “ion energies” or “energies”) into the ion trap and measuring
the energy of each ion in situ. A greater than 10-fold gain in speed was demonstrated with multiple
single ion measurements using this frequency to m/z decoupling scheme.** Here, we explore the
limits of multiple ion trapping experiments and how various instrument and analysis parameters
affect the potential signal increases in these measurements. These results indicate that this scheme
should make possible rapid acquisition of masses of constituent molecules and that this method
will be particularly useful for samples that are not amenable to analysis using conventional mass
spectrometry measurements.

4.3 Theory
4.3.1 Decoupling Ion Frequency and m/z in CDMS

In conventional mass spectrometry, a single observable is directly coupled to the m/z of
an analyte ion. For example, in the most widely used high performance Fourier-transform mass
spectrometry instruments, such as Fourier-transform ion cyclotron resonance (FTICR) or Orbitrap
instruments, ion m/z is generally determined by calibrating the measured ion frequencies to a m/z
scale using reference standards with known mass.*> While other factors, such as magnetic field
strength (FTICR), injection distance from the axial minimum potential (Orbitrap) and trap
geometry (both), also affect the observed ion frequencies, they are held constant with a high degree
of precision, leaving ion m/z as the sole variable which makes possible direct calibration of ion
frequency to ion m/z. In FT-CDMS, where ions are trapped and oscillate with a period frequency,
the relationship between ion frequency, f, and m/z, given in equation 4.1:
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m Cc(E)

. g2 (4.1)
C(E) is a function of ion energy, the trapping voltage, and the trap geometry. This value is
determined from ion trajectory simulations [39,40].3%3° Thus, the ion frequency depends on ion
energy, through C(E), as well as ion m/z. In most FT-CDMS trapping experiments to date, C(E) is
kept constant with a narrow bandwidth of energies selected by using energy selective ion optics,
such as a dual hemispherical deflection analyzer*® or a turning quadrupole.?® The narrowest spread
of'ion energies reported in single ion CDMS is a standard deviation of 0.3% of the nominal energy,
which makes possible the charge state resolution of analytes as large as 465 kDa.*?

The necessity for energy selective ion optics can be eliminated if the ion energy is
determined directly from individual ion signals. Because the duty cycle of the time domain ion
signal in FT-CDMS depends on the ion energy, the amplitudes of the fundamental and harmonic
frequencies also depend on ion energy.>® Thus, the ratio of the fundamental and second harmonic
frequencies can be used to dynamically determine the ion energy throughout the entire trapping
period.* This measurement of ion energy does not depend on the ion frequency.

Dynamically measuring ion energies makes it possible to take advantage of the ion m/z and
frequency decoupling that occurs as result of non-uniform ion energies in CDMS. Figure 4.1
demonstrates the advantages that can be gained by intentionally decoupling ion m/z and frequency.
The m/z spectrum of RuBisCO (517 kDa) acquired using a commercial quadrupole time-of-flight
mass spectrometer*’ is shown in Figure 4.1a. The most abundant or base peak corresponds to the
+51 charge state at m/z ~10,140. The theoretical frequency line spectrum of the same RuBisCO
ions that would be measured in a conventional FT-based instrument or a CDMS spectrum where
the ion energy is a singular value, i.e., C(E) in equation 4.1 is a constant, is shown in Figure 4.1b.
If a broad range of ion energies are introduced into the trap, the m/z and frequency are no longer
directly coupled. This is illustrated in Figure 4.1¢ in which an ion with a given m/z can be observed
anywhere within a range of frequencies that is determined by the width of the ion energy
distribution.

The decoupling of ion frequency and m/z is important to increasing the number of ions that
can be simultaneously analyzed in a single CDMS trapping event. Because FT-CDMS is based on
individual ion frequency and amplitude measurements, two or more ions with interfering
frequencies and convolved amplitudes provide no mass information. For example, if two ions with
the same m/z and energy are trapped simultaneously, analogous to the spectrum in Figure 4.1b,
their signals would interfere and the mass of neither ion could be readily determined. This is almost
certain to occur as the number of trapped ions approaches the number of peaks in the charge-state
distribution of a relatively pure sample of a large molecule, significantly limiting the possibility of
multiple ion measurements in cases where mass measuring accuracy is on the order of the peak
width. By maximizing the frequency range in which ions of a given m/z can be observed (Figure
4.1c¢), the probability of interferences is greatly reduced. This makes it possible to introduce and
simultaneously measure a greater number of ions in a single trapping event, decreasing the time
required to measure a representative mass spectrum. Detection and analysis of simultaneously
trapped individual ions has been recently demonstrated in CDMS.* Data from ion trapping events
containing multiple RuBisCO ions with a moderately broad distribution of ion energies (standard
deviation of ~3% of nominal centroid energy) resulted in more than an order of magnitude decrease
in data acquisition times over optimal measurements of just single trapped ions.*
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In other FTMS methods, including FTICR, Orbitrap, and CDMS for ensemble
measurements of low charge state ions, ion motion must be coherent in order measure ion mass.
Space-charge effects can be observed when the number of charges of trapped ions with similar
m/z exceed a certain value. For example, effects on FTICR frequencies have been measured when
~10000 charges are present in the trap.**’ This can result in signal coalescence, a loss of
resolution, and other errors.*>*” Another advantage of single ion CDMS is that ion motion does
not have to be coherent in order to measure ion masses. In fact, for optimum multiplexed ion
measurements, ion coherence is highly undesirable because coherent ions with the same or nearly
the same m/z and frequency will experience more ion-ion interactions. Incoherent ions interact
for only brief periods of time, making it possible to simultaneously trap a greater number of ions
without significant space-charge effects. Decoupling ion frequency from m/z decreases ion
coherence as ions with the same m/z are not constrained to a single oscillation frequency.
Incoherence can be also achieved by using ion injection times that are longer than the oscillation
period of the lowest velocity ions, effectively randomizing the initial phase of ion oscillation.

4.4 Methods
4.4.1 Simulating CDMS Ion Frequencies

In order to find the maximum possible decrease in data acquisition times using existing
CDMS instrumentation,’ simulations of multiple ion trapping events were performed using a
program written in Python (Supporting Information). The effects of many different variables,
including the number of ions within a single trapping event, ion charge, charge-state distribution
width, ion mass, ion mass distribution width, nominal ion energy, ion energy distribution width,
and FT peak width were investigated. For each number of ions within a single trapping event,
hereafter referred to as the “ion count”, 1,000 trapping events were simulated to insure statistically
meaningful results. Each ion in the simulation was assigned with mass, charge, and energy values
randomly generated from Gaussian probability distributions where the mean and standard
deviation for each property are given as parameters in the simulation. For ion mass and charge,
parameters are chosen to match a real analogue as closely as possible. lon energy distributions are
chosen to match instrumental conditions that enable different extents of frequency and m/z
decoupling. The electrostatic cone trap used in previous CDMS experiments can stably trap a
relatively broad range of ion energies (+~12% of trap centroid energy).>’** However, when very
broad ion energy distributions are introduced to the trap, some ions fall outside of this range of
stability. Initially generated ion energies outside of the stable trapping range are reevaluated until
the energy generated falls within the stable range, yielding a Gaussian distribution of energies that
is truncated at low and high energy.

The ion simulation process is shown schematically in Figure 4.2. For the charge state
distribution, the randomly generated values are rounded to the nearest integer value, shown in
Figure 2 (top) as the black curve and corresponding black stick plot. The ion energies and the
additional parameter of the ion trap voltage are then used to calculate the values of C(E) in equation
4.1 for each ion,*® which, along with the individual ion masses and charges, are used to calculate
the frequency of each simulated ion. For each charge state, the distributions of possible frequencies
originating from mass (red) and energy (blue) distributions are shown in Figure 4.2 (top). In Figure
4.2, the ranges of possible frequencies due to a broad spread of ion energies cut off abruptly due
to trap stability constraints, but are still much larger than those due to the narrow spread of ion
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masses. This result is typical of the relatively homogeneous samples that are often analyzed with
native mass spectrometry. After the frequencies are calculated for ions within a single trapping
event, the final step of the simulation evaluates overlap between ion frequencies. In a real CDMS
trapping event, if the frequencies of two or more ions are closer than the characteristic FT peak
width, they interfere with each other, making it difficult to properly measure the exact frequency
and charge of the ions. Thus, in these simulations, ions in the same trapping event that have
frequencies closer than the FT peak width are discarded. Figure 4.2 (bottom) shows an example of
simulated trapping event where the ion count is 10 and two ions with overlapping frequencies near
the center of the overall distribution are discarded. Such overlapping ion signals in CDMS
measurements are readily identified owing to minor differences in ion frequency evolution with
time.* Simulated ions that survive this culling criterion could be accurately measured in a real
CDMS experiment. The surviving ions from all trapping events at each ion count are summed and
divided by the number of trapping events to yield the average number of usable ions at each ion
count. To determine the overall gain in ion throughput relative to single ion-only CDMS analysis,
the average number of usable ions is divided by 0.37, corresponding to the maximum percentage
of ion events that are usable when data from only single ion trapping events are used.?%*

As the only simulated parameter that is completely determined by the data analysis method
used, the characteristic FT peak width corresponding to the length of time domain segment used
is a vital parameter in determining the maximum gain in CDMS acquisition rates. Narrower peak
widths enable more unique ion frequencies to “fit” in a single trapping event without overlap
within the frequency space established by the ion mass, charge, and energy distributions, resulting
in faster overall ion acquisition. In Figure 4.3, the ideal relationship between FT length and peak
base width for unapodized signal with a constant frequency is shown in red. Apodization of FT
signals results in broader FT peaks regardless of the apodization function and is therefore
undesirable in the context of multiple ion analysis in CDMS. For example, the commonly used
Hanning apodization doubles the peak base width for a given FT length, as shown in grey in Figure
4.3. For model ion signals that do not vary in frequency over time, an FT of the entire trapping
period results in the narrowest possible peaks, as peak widths vary as the inverse of FT length.
However, multiple studies have shown that ion frequencies in CDMS do not remain constant for
the duration of the trapping period.’” %4449 Collisions with background gas, neutral mass losses,
and fragmentation all effect CDMS oscillation frequencies. If the ion signal frequency changes
over the length of the FT, the peak width is broadened leading to signal amplitude that is distributed
over multiple frequencies. This reduces the signal peak amplitude, resulting in a lower measured
value of ion charge. As a result, short-time Fourier transforms (STFT) have been implemented to
overcome this effect by transforming short segments in which the change in ion frequency is
negligible.>*® The amplitude data from each short segment is then averaged to calculate the
charge, yielding the same precision typically obtained by using a single long FT on stationary
signals.

For multi-ion CDMS, the best choice of STFT segment length is the longest period that does not
result in broadened peak widths and lowered amplitudes. This can be determined by analyzing the
peak widths of the analyte of interest as function of FT length. For example, Figure 4.3 shows the
average base peak widths for the experimental data of 125 RuBisCO ions analyzed with different
FT lengths incremented by 5 ms (black points). The RuBisCO peak width data begin to diverge
from the ideal width (red) between ~40-50 ms, due to frequency shifting as a consequence of
energy lost to collisions with background gas. This divergence is more apparent in the percentage
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of deviation from the ideal width (blue points, secondary axis in Figure 4.3). The FT length at
which widths diverge from the ideal can vary significantly depending on instrumental conditions,
such as the pressure in the trapping region and the trap design. Traps in which ion motion is more
harmonic will lead to lower energy dependence on the oscillation frequency.** In this work, a
virtual FT segment length of 50 ms corresponding to a 40 Hz base peak width was used in all
simulations to make the results readily comparable to previous work. However, using this method
to determine the ideal FT segment length in a multi-ion CDMS experiment is an important step
in optimizing usable ion throughput.

4.5 Results and Discussion
4.5.1 Maximum Gains in Analysis Speed for Different Analytes

Using the simulation scheme described above, the optimum ion count and the gain in
overall ion acquisition speed was determined for two analytes under different instrumental
conditions. Analyte A has a nominal mass of 8 MDa and very broad mass and charge distributions,
analogous to a sample of 8 MDa polyethylene glycol (PEG) studied in other CDMS work.?’
Analyte B has a nominal mass of 517 kDa and relatively narrow mass and charge distributions,
analogous to the sample of RuBisCO in Figure 4.1a.** All of these analyte specific parameters
used in the simulations are provided in Table 4.1. Both analytes were simulated using three
different sets of ion energy parameters, corresponding to different instrumental conditions. A
narrow energy distribution (0.3% standard deviation), where frequency and m/z are closely
coupled, corresponds to previous CDMS work where energy selective ion optics were employed. *?
An intermediate energy distribution (3% standard deviation), where there is significant decoupling,
corresponds to recent multi-ion CDMS work.*® Finally, a very broad energy distribution width
(7.3% standard deviation) was simulated. This width was chosen such that ions within 1.5 standard
deviations (~90% of all ions) would fall within the stability constraints imposed by current
instrumentation.>” The trap voltage is set to its current maximum of 500 V so that the absolute
width of stable ion energies is as large as possible.’ All parameters for these simulated energy
distributions are provided in Table 2. Instrumentation capable of higher trap voltages and higher
energy ion confinement could increase the absolute width of usable ion energies even further.
Other decoupling gains might also be made via an improved trap design that stably confines ions
with a wider energy distribution. However, these improvements were not studied here due to the
trap design-specific parameters required to calculate ion energies and C(E) in equation 4.1.37°

Decoupling the frequency and m/z in CDMS greatly increases the number of ions which
can be simultaneously analyzed, particularly for homogeneous samples. The gain in ion analysis
speed as a function of the ion count is shown in Figure 4.4. For analyte A (circles), the gain in
analysis speed is nearly linear with ion count for each different energy distribution. This is because
the extremely broad mass and charge-state distributions of A result in a very broad range of
possible frequencies regardless of the ion energy distribution and ion overlap events are rare even
at higher ion counts. While greater decoupling does not yield large relative gains in ion throughput
in this case, these results suggest that very large gains are possible for heterogeneous samples by
measuring many ions using CDMS. Further simulations of A at ion counts up to 100 result in ion
throughput gains of up to ~160x. This is lower than the ideal value of 270x because even for a
very heterogeneous sample, the frequency space is still finite so the probability of overlap becomes
more significant with a large number of trapped ions. In these cases, gains in usable signal can
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still be obtained by using the energy decoupling scheme. Ions produced from samples like A will
be highly charged so it is possible that ion-ion interactions will ultimately limit the number of ions
that can be simultaneously analyzed in an actual CDMS experiment. The extent to which ion-ion
interactions are limiting can be determined from experimental measurements of ion mass as a
function of the number of ions trapped®® or potentially from ion trajectory simulations.

In the case of relatively homogeneous samples, such as analyte B (squares), ion frequency
and m/z decoupling has a much more significant effect on the ion throughput gains, as shown in
Figure 4.4. The three plots corresponding to the narrow (blue), intermediate (black), and broad
(red) energy distributions of analyte B all have the same characteristic shape. The initial linear
increase in gain is due to the low probability of ion overlap at low ion counts. The plots then level
off as overlap events become more probable, eventually reaching a maximum. The maximum
represents the ion count at which an ion added to the trapping event has equal probabilities of
overlapping or not overlapping with another ion. After reaching the maximum, the slow decline in
gain occurs as the high probability of ion overlap results in fewer usable ions. The maximum gain
in analysis speed and corresponding ion count vary significantly depending on the extent of
decoupling. Analyte B ions with a narrow distribution of ion energies (blue) reaches a maximum
gain of ~19x at an ion count of ~20, whereas B ions with the broadest energy distribution (red)
reaches a maximum gain of ~48x at an ion count of ~45, meaning that decoupling has the potential
to more than double the overall analysis speed for analyte B ions using optimum ion currents. In
both cases, the maximum gain in analysis speed is significantly higher than the ~10x improvement
demonstrated in previous multi-ion CDMS work*® because the average ion count/current was
lower than the optimum value. To further corroborate this conclusion, the results from the
intermediate energy distribution (black) match well with experimental results under closely
comparable conditions. When an average of ~6 RuBisCO ions were trapped, there was a frequency
overlap rate of ~15%;* for an ion count of 6 in this simulation, 1093 out of 6000 ions (18.2%)
were discarded as a result of overlap. This close correlation between our simulations and previous
experimental results suggests that these simulations serve as reasonably accurate predictors of
CDMS data strengthening our conclusions that further gains in CDMS ion analysis speed through
ion multiplexing and decoupling frequency from m/z are possible. Another important conclusion
from these data is that while the absolute gains in analysis speed depend on the ion count and
analyte identity, it is always advantageous to maximize the extent of decoupling to obtain more
usable ion signal. Ion-ion effects are not included in these simulations and these interactions may
ultimately limit the extent of multiplexing that is experimentally achievable.

4.5.2 Improved Quantitation and Dynamic Range via Decoupling

In addition to gains in analysis speed, decoupling ion frequency and m/z in CDMS can also
yield greater dynamic range and provide more accurate quantitation in experiments where multiple
ions are trapped. This is illustrated in Figure 4.5, where the simulated frequency histograms for
1000 trapping events for analyte B are shown at narrow, intermediate, and maximized ion energy
distribution widths (rows) for ion counts of 1, 10, and 25 (columns). For an ion count of 1 (left
column), the narrow ion energy distribution (top row) produces a resolved charge-state distribution
in the frequency histogram where the abundance of each charge state is accurately reproduced.
However, as the ion count increases to 10 (center column), the number of ions making up each
peak in the charge-state distribution no longer accurately reflect the true values. lons within the
most abundant charge states are more likely to overlap in frequency and be discarded, resulting in
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a histogram skewed towards low abundance ions. This effect becomes very apparent at an ion
count of 25 (right column). Resolution also decreases as a function of ion count. Outlier ions with
frequencies that fall in between charge states are less likely to experience overlap and are retained
disproportionally. For the intermediate ion energy distribution (middle row), the skew towards
outliers is significantly decreased and is only visible as a small dip in the histogram for an ion
count of 25. The charge state resolution in the frequency histogram is lost, but because the m/z of
each ion is obtained from both the frequency and ion energy measurements, the charge state
distribution in m/z space is resolved. For the broadest ion energy distribution (bottom row), the
skew towards outliers is almost entirely mitigated at all ion counts. The irregular shape of the
frequency distributions for the broadest energy distribution is due to a limited range of ion energies
that can be trapped and a non-linear relationship between ion energy and frequency. The frequency
is higher because the mean ion energy and corresponding trap voltage in the simulation are higher.
While the charge-state distributions cannot be resolved in the frequency histogram for broader
energy distributions, the m/z histograms generated from these frequency data still contain resolved
charge state distributions. Thus, no mass information is lost as a result of this frequency
decoupling method as long as the energy and charge of each ion is measured individually, as
demonstrated elsewhere. 3”34

While the skewing effect observed in the narrow and intermediate energy distributions of
Figure 4.5 does not affect the mass measurement of individual ions, it can affect the accuracy of
quantitation and dynamic range of a sample containing two or more analytes. For example, if the
abundance ratio of two analytes contained in a sample is 25:1, a trapping event with an ion count
of 26 will contain, on average, 25 ions of the more abundant species and only one ion of the low
abundance species. Using the narrow energy distribution described above, an ion count of 25 for
the high abundance component results in ~6.8 usable ions after overlapping ions are discarded. If
the low abundance ion occupies a different m/z and frequency space than that of the high
abundance ion, it will very rarely experience overlap due to its low ion count. This results in an
apparent abundance ratio of 6.8:1, nearly 4x lower than the true value. Decoupling ion m/z and
frequency via a broader energy distribution can help mitigate this effect. For the same 25:1 true
abundance ratio, the broadest energy distribution described above yields an apparent ratio of
14.7:1, 58.9% of the true value. In both cases, the high abundance component is under sampled
because only multi-ion events with zero overlap will provide exact quantitation.

In multi-ion CDMS experiments, a more accurate measure of the true abundance ratios can be
obtained by selecting trapping events that have the lowest number (ideally zero) of overlap events
to use in the abundance calculation. Using lower than the optimum multiplexing ion current may
also help to mitigate this effect in exchange for relatively small losses in analysis speed, i.e., using
lower ion counts in the region where changes in the gain of analysis speed are minimal (Figure
4.4). Regardless of the methods used, abundances measured using a broad energy distribution will
have significantly reduced quantitation error due to the significantly lower probability of overlap
at all ion counts. This advantage, in addition to the larger gains in analysis speed, make the
maximum decoupling of ion frequency and m/z highly advantageous for multi-ion CDMS.

4.6 Conclusions

Simulations of ion signals for existing CDMS instrumentation demonstrate that the time
necessary to acquire single ion CDMS mass histograms can be greatly reduced by analyzing many
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simultaneously trapped ions. This gain in analysis speed can be increased further by decoupling
ion m/z from the measured ion frequency. Decoupling is achieved by introducing ions with a broad
range of energies into the CDMS ion trap. No mass information is lost as a result of decoupling
because ion energies are measured dynamically for each individual ion. Compared to prior CDMS
experiments where only trapping events containing a single ion were analyzed?® these simulations
show that up to a ~48x increase in analysis speed is achievable for homogeneous samples of large
molecules such as large protein complexes, viruses, and other biological macromolecules that
CDMS is well-suited to analyze. Using only trapping events containing a single ion, CDMS
experiments using 100 ms trapping events and optimum ion currents require ~30-60 mins to
measure a usable mass histogram for a relatively homogeneous analyte.**** Using the methods
described here, the acquisition time of a similar histogram can potentially be reduced to less than
one minute. For heterogeneous samples of large molecules such as polymers, analysis speed
increases of up to ~160x are predicted, although actual experimental gains may be limited by ion-
ion interactions inside of the trap.

CDMS has a nearly unlimited mass range, does not require homogeneous samples, and
dynamic measurements that can also provide information about collisional cross sections*®*° and
fragmentation pathways*’> of individual ions. This makes CDMS an ideal choice for the native
MS analysis of large, biologically relevant macromolecules and heterogeneous mixtures of large
molecules that are too large or too heterogeneous to be analyzed with conventional mass
spectrometers. Continued advances in CDMS technology have increased the sensitivity and
accuracy of the method to the point where the intrinsic heterogeneity in the mass of large molecules
of interest is nearly equal to or exceeds the experimental error in mass determination.?®#>*3 Similar
to other single ion measurements, such as those performed using FTICR'} and Orbitrap!'®
instruments, a principal limitation in CDMS has been the time required to acquire a statistically
meaningful set of individual ion data. Using multi-ion CDMS, this throughput limitation has
largely been surmounted and further gains in acquisition speed seem reasonably attainable with
improvements in instrument design.
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4.9 Tables and Figures

Table 4.1. Simulated Ion Parameters for Analytes A* and B¥

Parameter Analyte A Analyte B
Mass (Da) 517000 8000000
Mass Standard Deviation (Da) 1551 2000000
Charge (e) 51 800
Charge Standard Deviation (e) 1.8 100
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Table 4.2. Parameters for Simulated Ion Energy Distributions

Energy Mean Energy per Energy per Charge Trapping Stable
Distribution Charge (eV/z) Standard Deviation Voltage (V) Trapping
(eV/z) Range (eV/z)
Narrow 230 0.7 330 195-245
Intermediate 230 7 330 195-245
Broad 342.5 25 500 305-380
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Figure 4.1. Illustration of decoupling ion m/z from ion frequency. The m/z spectrum of RuBisCO
(517 kDa, with structure PDB ID: 8RUC shown in the left corner) obtained using a commercial
Q-TOF instrument (a) has a limited number of peaks in the charge state distribution. An equivalent
theoretical frequency domain spectrum that might be measured using a conventional FT-based
instrument or a CDMS instrument where the range of ion energies is narrow is shown in (b). By
introducing a broad range of ion energies into a CDMS instrument, m/z and frequency are
decoupled. Thus, ions that have the same m/z can appear at different frequencies, as shown in (c).
If multiple ions are trapped, the probability of ion interference in (b) is high, but low in (¢).
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Figure 4.2. Scheme of the ion frequency simulation of a trapping event with an ion count of 10.
Gaussian-weighted, randomly generated values for the ion charge (represented by the black
distribution, rounded to the nearest integer), ion mass (red), and ion energy (blue, truncated due to
instrumentation constraints) values all affect the ion frequency. Broader distributions, such as ion
energy (blue) in this scheme, affect the range of ion frequencies more than parameters that are
narrowly distributed, such as mass (red). If any of the generated ion frequencies overlap (bottom
plot, red X), they are discarded from the simulation.

82



80 - 7%
70 - 6%
e
60 - =
5% =
©
= 50 - ]
z 4% 3
% 40 - g
= 3%
= 30 - S
8
20 - % g
° =X
10 - . - 1%
® ® o ) ¢
0 +—= 7 — T T T O%
10 30 50 70 90

FT Segment Length (ms)

Figure 4.3. Effects of FT segment length and on ion frequency peak widths for experimentally
measured RuBisCO ion signal. Ideal non-apodized (red) and Hanning-apodized (grey) peak widths
are compared with the average measured width for 125, non-apodized experimental signals of
RuBisCO ions (black) at different FT segment lengths. The RuBisCO data begin to slightly diverge
from the ideal non-apodized signal around 40-50 ms owing to a gradual shift in frequency with
time that occurs as a result of collisional energy loss and other factors. This divergence is more
clearly observed in a plot of the % deviation from the ideal value, pictured here on a secondary
axis (blue).
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Figure 4.4. Simulated gains in analysis speed for analytes A and B. For analyte A, the ion energy
distribution width makes only a minor difference in the observed gain. For analyte B, increasing
the ion energy spread results in significantly higher gains in analysis speed.
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Figure 4.5. Simulated frequency histograms with different ion counts (1, 10, and 25) and different
ion energy distribution widths (standard deviations of 0.3%, 3%, and 7.5%, rows, top to bottom).
At low ion count, the narrowest energy distribution yields a charge state resolved, quantitative
histogram. As ion count increases, quantitation is lost, as the most probable ions are suppressed
by frequent overlap events. This quantitation error is mitigated in the lower histograms because
overlap is less likely when the ion energy distributions are broad.
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4.9 Supporting Information

4.9.1 Python Code and Parameters for CDMS Mass Histogram Simulation

HiHH#HA# # Simulating a CDMS Mass histogram # ###Ht##H
import numpy as np

import numpy.random as rand

import matplotlib.pyplot as plt

import math

import time

import csv

import tkinter as tk

from tkinter import filedialog as fd

#file dialog for directory to save data files

root = tk. Tk()

folder = fd.askdirectory(title = "Choose save location")
root.withdraw()

root.focus_force()

#Energy (eV/z) to C-value conversion (m/z = C(E)/f**2)

#C(E) function of both trap V and eV_mean (but not their ratio)

#Equation--- C(E) =

(A00+A10*eV_mean+AO01*Trap V+A20*eV_mean**2+Al11*eV_mean*Trap V+A02*Trap V
*#2+A30*%eV_mean**3+

#A21*eV_mean**2*Trap V+A12*eV_mean*Trap V**2+A03*Trap V**3)**2

a00=602227.4507
al0=-11874.09336
a01=15785.48334
a20=-110.6314816
all1=179.8976398
a02=-80.62300667
a30=-0.072958226
a21=0.325082528
al2=-0.369837273
a03=0.130371575

trap V =1500
#lon Parameters
eV_mean = 342.5
eV _sigma =25

lowerE = 305
higherE = 380
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mass_center = 517000
mass_sigma = mass_center*(.03

z mean =51
z sigma=1.8

max_ions =50
trap_events=1000

width =40
totals =[]
counted simgoodspectrum = []

for ioncount in np.arange(1,max_ions+1,1): #zip ax in axs to get figures
r_events=[]
for event in np.arange(0,trap _events,1):
r_ions=[]
for ion in np.arange(0,ioncount,1):
m = rand.normal(loc=mass_center,scale=mass_sigma)
z = int(rand.normal(loc=z_mean, scale=z_sigma))
E = rand.normal(loc=eV_mean,scale=eV_sigma)
while E < lowerE or E > higherE:
E = rand.normal(loc=eV_mean,scale=eV_sigma)

m z=m/z

CeV=
(a00+al0*E+a01*trap V+a20*E**2+al 1*¥*E*trap_V-+a02*trap V**2+a30*E**3+a2 1 ¥*E**2*tra
p_V+al2*E*trap V**2+a03*trap V**3)**2

r_freq = (z*C_eV/m)**0.5

r_ions.append(r freq)

r_events.append(r_ions)

goodioncount =[]
goodionspectrum =[]
goodionfreqtable =[]
goodionscount_wshift=[]
for event in r_events:
overlap no={]
for num in event:
complist = [abs(x-num) for x in event]
complist.remove(0.0)
if all(i > width for 1 in complist):
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overlap no.append(num)

goodioncount.append(len(overlap no))
goodionspectrum.append(overlap no)

simgoodspectrum = [i for sublist in goodionspectrum for i in sublist] #all "good ions" in 1D
list (no overlap)
counted simgoodspectrum.append(simgoodspectrum)
totals.append(len(simgoodspectrum))
print(len(simgoodspectrum))
print(ioncount)
#Creates a file with the total number of non-overlapping ions at each ion count
with open(folder+"/ionnumfilename.txt","w" ,newline=") as good ions:
wr = csv.writer(good_ions, delimiter="\t",)
wr.writerow(totals)

#Creates a file with a list of all non-overlapping ion frequencies at each ion count
with open(folder+"/ionfreqfilename.txt","w",newline=") as good freqs:

wr = csv.writer(good_fregs, delimiter="\t",)

wr.writerows(counted simgoodspectrum)

#number of good ions in each iteration of ioncount (e.g. 1000 good ions with an ioncount of 1, 2

good ions for 2 etc.)
print(totals)
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Chapter 5

Direct Observation of Ion Emission from Charged
Aqueous Nanodrops: Effects on Gaseous
Macromolecular Charging

This chapter is reproduced with permission from:
Conner C. Harper, Daniel D. Brauer, Matthew B. Francis, and Evan R. Williams

“Direct Observation of lon Emission from Charged Aqueous Nanodrops: Effects on Gaseous
Macromolecular Charging” Submitted to Chemical Science. 2020.

5.1 Abstract

Mechanistic information about how gaseous ions are formed from charged droplets has
been difficult to establish because direct observation of nanodrops in a size range relevant to
gaseous macromolecular ion formation by optical or traditional mass spectrometry methods is
challenging owing to their small size and heterogeneity. Here, the mass and charge of individual
aqueous nanodrops between 1 — 10 MDa (15 — 32 nm diameter) with ~50 — 300 charges are
dynamically monitored for 1 s using charge detection mass spectrometry. Discrete losses of
minimally solvated singly charged ions occur, marking the first direct observation of ion emission
from aqueous nanodrops in late stages of droplet evaporation relevant to macromolecular ion
formation in native mass spectrometry. Nanodrop charge depends on the identity of constituent
ions, with pure water nanodrops charged slightly above the Rayleigh limit and aqueous solutions
containing alkali metal ions charged progressively below the Rayleigh limit with increasing cation
size. MS2 capsid ions (~3.5 MDa; ~27 nm diameter) are more highly charged from aqueous
ammonium acetate than from its biochemically preferred, 100 mM NaCl/10 mM Na phosphate
solution, consistent with ion emission reducing the nanodrop and resulting capsid charge. The
extent of charging indicate that the capsid partially collapses inside the nanodrops prior to the
charging and formation of the dehydrated gaseous ions. These results demonstrate that ion
emission can affect macromolecular charging and that conformational changes to macromolecular
structure can occur in nanodrops prior to the formation of naked gaseous ions.

5.2 Introduction

Electrospray ionization (ESI) is used in thousands of laboratories worldwide to produce
ions directly from solution for analysis by mass spectrometry (MS), yet the mechanism(s) by which
gaseous ions are generated has been subject to conjecture and much debate.!™ Charged droplets
initially generated by electrospray undergo solvent evaporation, which increases the strength of
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the electric field at the droplet surface. This can lead to droplet fission when the charge-charge
repulsion exceeds the ability of the droplet to stay intact. The extent of charging necessary for
fission of a spherical droplet to occur is given by the Rayleigh equation (5.1):°

Zp = 8m(goyR3)Y/? (5.1

where vy is the surface tension, Zr is the charge on a spherical droplet with a radius, R, go is the
permittivity of free space and e is the elementary charge. Fission occurs when a droplet reaches
the Rayleigh limit (Zr), resulting in the emission of smaller charged droplets from the surface. The
Rayleigh fission process has been investigated for large droplets (>10s of um) using a variety of
experimental apparatus.®® Leisner and coworkers used high-speed microscopy to show the
Rayleigh induced breakup of ~24 um ethylene glycol droplets, which resulted in the formation of
~100 progeny droplets that carry away ~33% of the charge of the original droplet, but only 0.3%
of its mass.® Successive fission events of individual charged droplets between 5 — 40 um were
measured using phase Doppler interferometry combined with a drift field reversing “ping-pong”
technique.’ Fission of small water droplets (5 — 20 um) occurred near the Rayleigh limit whereas
acetonitrile and methanol droplets charged up to 120% of the Rayleigh limit prior to fission.’

Observing discharge events for smaller “nanodrops” (10 — 100’s of nm) is more difficult
than for pm-sized droplets because of the challenge associated with using optical methods with
droplets that are smaller than the wavelengths of light. Nanodrops containing one or more ions
with up to ~600 water molecules, corresponding to diameters <2 nm, have been trapped, mass
analyzed, and probed using infrared photodissociation spectroscopy and ultraviolet
photodissociation to obtain information about ion-water interactions®!' and water molecule
binding energies.'?> Charge separation processes can occur in these small nanodrops that contain
multivalent ions when sequential evaporation of water molecules reduces the cluster size to where
the multivalent ion is no longer stable.!!"!* For example, La*"(H20), undergoes charge separation
to form H*(H20), and LaOH*"(H,0), when n < 19.'* Transitions between conformations of small
peptides in solution to their stable gaseous ion conformations have been measured with ion
mobility of hydrated ions.'> These cluster studies provide information about processes that occur
very late in the dehydration stages of gaseous ions formed by electrospray. However, there remains
a significant gap in nanodrop size (2 — 1000 nm) for which direct experimental observations have
not previously been possible.

Because of the inability to directly monitor what occurs inside aqueous nanodrops between
2 and 1000 nm, much of what is thought about how gaseous ions are formed has been inferred
indirectly from a number of different measurements and from theory. Most mechanisms for
dehydrated gaseous ion formation are variations on two long-standing models: the ion evaporation
model (IEM)'¢ and the charge residue model (CRM).!” In the CRM, solvent evaporation occurs
from small droplets that contain one or more analyte molecules, and the analyte charge is limited
by the charge on the droplet.!” This mechanism is widely invoked in native mass spectrometry
where charging of large proteins and macromolecular complexes follows a trend in charging that
is limited by the Rayleigh charge on a droplet of similar size to that of the analyte.> Charging of
analyte molecules that cannot change conformation follows this trend for solvents with different
surface tensions.!® In the IEM, ions are ejected from the surface of small droplets (~10 nm) with
only a limited number of solvent molecules when the electric field at the surface is sufficiently
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high.!® The IEM has been widely invoked for the formation of small ionic species.>*!® Ton
emission events are characterized by the ejection of ions that carry only a small number of solvent
molecules in addition to the charge carrier.*!%!? Less highly solvated ions are more readily emitted
from a droplet, consistent with formation of more abundant gaseous alkali metal cations and halide
anions with increasing ion size.?’

Formation of gaseous ions from small highly charged nanodrops has been investigated
computationally.*!**1"2> Molecular dynamics (MD) simulations support ion evaporation of Na*
and other small ions from nanodrops with diameters <5.5 nm.?!"?* For droplets that contain larger
analytes, results from MD simulations suggest the possibility of several different mechanisms.
Simulations by Consta and co-workers indicate that significant distortions of the droplets into
“star” morphologies can occur.’? Simulations by Konermann and co-workers suggest a chain
ejection model in which an unfolded or unfolding protein at the surface of the droplet is extruded
into the gas phase (an [EM-like process) followed by a stepwise ejection of the remainder of the
protein chain.* This process is analogous to the process for asymmetric charge partitioning
typically observed for the collision induced dissociation of large macromolecular complexes.?**
Recent simulations by Aliyari and Konermann suggest an ion emission-like process may also occur
for small native proteins that carry a sufficiently high charge in solution.?’

A hybrid model that combines both the charge residue and field emission models
(combined charge residue and field emission model or CCRFEM) was proposed by Hogan et al.%¢
In this model, the charge states of proteins and other macromolecules are not determined solely by
the Rayleigh limit of a droplet of similar size, as would the be case for just the CRM, but rather
the charge is also limited by field-induced emission of small charged solute ions and clusters from
the protein-containing nanodroplet (an IEM process).?® Ions that are not as highly solvated are
more easily emitted from the droplet and leave less charge available for the protein. A tandem
differential mobility analysis of submicrometer particles indicates a transition from Rayleigh
fission-controlled to ion emission-controlled discharging occurs for methanol-water nanodrops at
~40 nm.?” The mean charge state of several proteins ionized from aqueous ammonium acetate
(AA) is higher than that from triethylammonium bicarbonate, consistent with the lower solvation
energy of the latter cation.?® However, there was no significant difference in the charging of several
proteins with different pl values from solutions containing different alkali metal acetates,
suggesting that ions with widely different solvation energies do not necessarily affect protein
charging.?® A complication with these experiments is that protein conformation, which has a
significant effect on protein charging, can differ in solutions with different ionic constituents, even
when the ionic strength of the solutions is the same.?’ There have been no direct experimental
observations of ion emission from nanodrops in the size range (~10—40 nm) where ion emission is
thought to play a role in the charging of macromolecules in the CCRFEM.

Charge detection mass spectrometry (CDMS) can weigh individual ions well into the 100s
of megadaltons (MDa) corresponding to molecules or molecular assemblies with diameters over
100 nm.*3¢ Sample heterogeneity and salt adduction can lead to overlapping ion signals that can
prevent conventional mass spectrometry measurements of ion ensembles.>’*® This problem with
high sample heterogeneity is overcome with CDMS measurements of individual ions, making it
an ideal technique for probing charged nanodrops. These measurements can serve as a bridge
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between what is known about micron-sized droplet charging and fission and events that occur for
nanodrops closer to the size of typical analyte molecules.

Here, aqueous nanodrops ranging in mass from ~1 — 10 MDa (~15 — 32 nm diameter) are
investigated using CDMS. The nanodrop charge and mass depends on the identity of salts in
solution, and these values change over the one second trapping time, leading to the first direct
observation of ion emission from nanodrops in a size range representing late stages of droplet
evolution prior to formation of gaseous ions of proteins and macromolecular complexes.
Differences in charging of the bacteriophage MS2 capsid formed from aqueous ammonium acetate
versus its biochemically preferred sodium-containing buffer solution indicate that solute ion
identity affects the final charge states of this complex through ion evaporation of small ions.
Moreover, the extent of charging indicates that the structure of the capsid collapses in the nanodrop
prior to gaseous ion formation.

5.3 Experimental
5.3.1 Charge Detection Mass Spectrometry

All mass and charge data for individual ions were obtained using a home-built charge
detection mass spectrometer.>>* Nanoelectrospray ionization using borosilicate capillaries (1.0
mm outer diameter, 0.78 mm inner diameter, Sutter Instruments, Novato, CA) with tips that are
pulled to an inner diameter of ~1.5 pm using a Flaming/Brown P-87 micropipette puller (Sutter
Instruments, Novato, CA) is used to introduce ions into the instrument through a modified Waters
Z-Spray source (Waters Corporation, Milford, MA). Ions enter a region containing two RF
quadrupole ion guides (Ardara Technologies, Ardara, PA) and are accumulated in the second ion
guide for up to 1 s. They are pulsed into the electrostatic ion trap at a pressure of ~4 x 10™ Torr
where they are stored for 1 s. A charge pulse is induced each time an ion traverses the detector
tube. Individual ion masses, charges, and energies are dynamically determined from the measured
oscillation frequencies and amplitudes of the fundamental and second harmonic frequencies® as
they evolve throughout the 1 s trapping period. The broad distribution of ion mass and charge in
these experiments makes it possible to simultaneously analyze up to ~40 individual ions in each
trapping event because the frequency distribution of the ions is broad and their signals are less
likely to interfere with each other.***' Signals are analyzed using short-time Fourier transforms
(STFT)*! using a 25 ms segment length stepped across the transient in 5 ms increments. This
segment length was chosen to minimize amplitude dampening that is caused by ion frequency
shifts with time.*’ Data for only those ions trapped and detected for the entire 1 s trapping period
(>70 % of all ions) were analyzed. Additional experimental details are provided in the Supporting
Information. Aqueous solutions of ammonium acetate (AA), LiCl, NaCl, KCI and CsClI at 20
mM salt solutions were prepared using Millipore Milli-Q water.

5.3.2 MS2 Capsid Synthesis

Bacteriophage MS2 virus-like particles were produced as previously described (ref).*? d
In brief, DH10B E. coli containing a pBAD MS2 expression vector (chloramphenicol resistant)
was grown to ODO0.6 in 2xYT media at 37 °C. Expression was induced via addition of arabinose
to 0.1% (w/v) and cultures were incubated for 18 h at 37 °C. Cells were then harvested via
centrifugation and lysed by sonication. The collected lysate was purified through two rounds of
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ammonium sulfate precipitation at 50% saturation followed by polishing on an AKTA start FPLC
system using a prepacked Sephacryl S-500 HR column. The resultant purified capsids were buffer
exchanged into the desired buffers using a 100 kDa MWCO spin concentrator. Details about the
small angle x-ray scattering (SAXS) and dynamic light scattering (DLS) experiments performed
on MS2 solutions are provided in the Supporting Information.

5.4 Results and Discussion
5.4.1 Acquiring Individual Nanodrop Data

The mass and charge of individual nanodrops generated by electrospray ionization from
solutions consisting of either pure water or aqueous solutions with various salts at a concentration
of 20 mM were measured using CDMS. Data were acquired with “soft” ESI conditions where the
voltage difference between skimmer cones (~5 Torr region) is low (~35 V) to minimize collisional
activation. lons are trapped in a quadrupole ion guide for between 0 — 1 s prior to introduction into
the electrostatic ion trap for 1 s. The resulting nanodrop lifetimes are between ~1 and 2 s during
which time the frequency and intensity of each ion is measured. The energy of each ion throughout
the measurement is obtained from the ratio of the amplitude of the 2" harmonic frequency to that
of the fundamental frequency.*® The m/z of each ion is obtained from its energy and frequency,
and the charge is obtained from the amplitude of the signal.>** Thus, the mass, charge, and energy
of every ion is measured and tracked throughout the 1 s trapping time. The data from many such
trapping events are compiled until a statistically robust number of ions (typically several thousand)
are measured.

An example of short-time Fourier transform (STFT) data obtained from a single trapping
event for ions produced from a 20 mM solution of NaCl is shown in Figure 5.1. This STFT analysis
method makes it possible to obtain the evolution of the ion frequency (y-axis) and amplitude (color
scale) over the trapping period (x-axis) with a time resolution of 5 ms corresponding to the STFT
step size. Several individual ion signals, corresponding to contiguous lines, persist over the
acquisition time. The signal amplitudes are related to the ion charge*’ and the ion frequencies (f)
are related to the m/z of ions via equation 5.2:

m _ C(E)
z  f2

(5.2)

where C(E) is a function of ion energy per charge.**>° Ion frequencies increase, e.g., A and C in
Figure 5.1, as a result of both collisional energy losses to the background gas and energy lost as a
result of neutral mass losses, i.e., water evaporation from the nanodrops. Discrete, negative
frequency changes occur as a result of sudden charge loss, which increases the m/z of the remaining
nanodrop. Examples of these charge losses can be seen in ion signals B, C, and D in Figure 5.1.
Ion signals may occasionally overlap and interfere in frequency space, as occurs for ion signals D
and E in Figure 5.1. Data from such interfering ions are not used in subsequent analysis.

The two pathways for energy loss, collisions with background gas and neutral mass losses,
can be deconvolved, making it possible to measure the neutral mass that is lost from each
nanodrop during the trapping event.?* The ranges of mass loss from the initially trapped ions can
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vary widely depending on the solution composition, but some of the initially trapped ions lose
100s of kDa. Significant mass is lost from pure aqueous nanodrops, indicating that evaporation of
up to many thousands of water molecules occurs. Such high evaporative losses from ions are not
typically observed in CDMS experiments because greater initial ion activation is commonly used
to desolvate ions when measuring the masses of large macromolecules.

5.4.2 Nanodrop Mass and Charge Distributions from Different Solutions

Two-dimensional mass vs. charge histograms for ions formed from solutions of pure H>O
and aqueous solutions containing AA, LiCl, NaCl, KCl, and CsCl, each at 20 mM, are shown in
Figure 2a—f, respectively. The red lines correspond to the Rayleigh charge limit for a pure aqueous
spherical droplet calculated using the bulk surface tension (0.07286 N/m at 20 °C) and the density
(0.998 g/mL at 20 °C) of water. The number of ions in each histogram bin, corresponding to a
small range of mass and charge, is represented with a color scale. Although many charged
nanodrops lose significant mass and/or charge (Figure 5.1), only the average masses and charges
were used in these histograms for simplicity (Table 5.1).

The charged nanodrops formed from pure H>O (Figure 5.2a) have the largest average mass
and charge. The average mass and charge from AA (Figure 5.2b) are about 1 MDa and 50 e lower.
The mass and charge continue trending downward for the alkali metal ions with increasing cation
size (Figures 5.2¢—5.2f). lons produced from aqueous CsCl have on average ~25% of the mass and
charge of the pure aqueous nanodrops. The relationship between nanodrop mass and solute ion
identity is discussed in the Supporting Information. The charge of each ion was divided by the
Rayleigh charge limit for an aqueous droplet (red line) for an ion of that mass to give the ion charge
as a percentage of the expected Rayleigh charge (Table 5.1). Notably, ions formed from pure water
are on average charged well above the computed Rayleigh limit (118%) whereas ions from all
other solutions are typically charged below the limit (~56% with CsCl). For H>O and AA, higher
mass nanodrops (>3 MDa) tend to be more highly charged relative to the Rayleigh limit compared
to lower mass ions from the same solution, perhaps as a result of deviations in surface tension from
bulk values at smaller nanodrop size. There is also a strong dependence between alkali metal ion
size and charging relative to the Rayleigh limit, with the LiCl solution having the highest average
charge relative to the Rayleigh limit (96%) and CsCl the lowest (56%).

Interpretation of data for nanodrops formed from LiCl and NaCl solutions is complicated
by the presence of two distinct distributions of ions with overlapping masses but with different
charges. lons in one distribution are charged below the Rayleigh limit whereas ions in the other
distribution are charged slightly above the Rayleigh limit. Due to these differences, these ion
distributions in the LiCl and NaCl data were analyzed separately. Data for NaCl obtained under
more typical activating conditions resulted in only the lower charge distribution. Based on these
and other data, the higher charge distribution for LiCl and NaCl are referred to as “wet” whereas
the lower charge distribution is referred to as “dry”. The “wet” LiCl and NaCl ion distributions
follow the trend of greater deviation from the Rayleigh limit with greater mass noted for H>O and
AA. In contrast, the lower charge, “dry” distributions are more qualitatively similar to the KCI and
CsCl ion distributions.

5.4.3 Comparing Individual “Dry” and “Wet” Ions
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Because CDMS measurements are made on an ion-by-ion basis, analysis of individual ion
signals can provide additional insights into the overall analyses of ion ensembles. For ion
ensembles containing more than one distribution of ions, such as LiCl and NaCl, this type of
analysis is especially informative because different physical traits of ions that make up the two
distinct “wet” and “dry” ion distributions can be distinguished. Five individual ions from both the
“wet” and “dry” distributions from NaCl were randomly selected from different trapping events,
and the STFT ion peak amplitude traces are shown together in Figure 5.3. Blue traces correspond
to the “dry” individual ions below the white dotted line of Figure 5.2D; red traces correspond to
“wet” ions above the line. The frequencies of ions from the “dry” distribution (blue) remain
relatively constant, indicating that the m/z values and ion energies do not change significantly over
the trapping period. However, some abrupt drops in frequency that correspond to charge losses
occur (circled in black in Figure 5.3). Although a sample of only five ions is shown in Figure 5.3,
nearly all ions in the lower charge distribution exhibit similar behavior. lons from the higher charge
“wet” distribution (red) also show abrupt frequency drops (black circles), but in contrast with the
ions in the lower charge “dry” distribution, the frequency of these ions increases significantly at
all other times. The frequencies of these ions continuously increase as a result of neutral mass
losses on the order of ~100 kDa (~5600 water molecules). Mass loss data for each solution as well
as the “wet” and “dry” distributions observed for LiCl and NaCl are included in Table 5.1. Nearly
all ions in the upper charge distribution undergo more extensive mass loss than ions in the lower
distribution. This individual ion analysis provides additional support for the classification of the
two distributions as “wet” and “dry” ions with notably different physical characteristics. Although
the two distributions are distinguished as “wet” and “dry”, the ions in the “dry” distribution still
undergo measurable mass loss that indicates that these ions are still hydrated, but less so than the
corresponding “wet” distribution.

5.4.4 Direct Observations of Ion Emission

The sporadic, negative frequency changes observed for many of these ions (Figure 5.3,
black circles) correspond to charge losses (average number of ion emission events per nanodrop is
given in Table 5.1). The charge before and after each event is determined to obtain the number of
charges lost in each event. A histogram of the charge lost in ion emission events for ions formed
from 20 mM aqueous NaCl is shown in Figure 5.4. Similar histograms for the other solutions for
which a significant number of ion emission events were observed (H20, AA, LiCl) are included in
the Supporting Information. Few ion emission events were observed from either KCI or CsCl
solutions. Only ions that survive for at least 100 ms before and after the ion emission event without
another ion emission event occurring were included in these histograms in order to decrease the
charge uncertainty, which is ~1.8 e for 100 ms measurements with this CDMS instrument.** The
histogram data were fit with a Gaussian function (red dashed line in Figure 5.4) and the mean
charge loss at each ion emission event for the NaCl data in Figure 5.4 is 1.1 e with a standard error
0f 0.07 e. The mean mass loss associated with these charge losses is close to zero, consistent with
a minimally solvated ion being emitted from the droplet (Supporting Information). Because charge
must be an integer value, we conclude that nearly all the ion emission events correspond to loss of
a single charge. Loss (and gain) of a single charge from large analyte ions has been observed
previously,*** but the data reported here represents the first time that ion emission has been
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directly observed from aqueous nanodrops and in a size range (~1 — 10 MDa, ~15 — 32 nm
diameter) relevant to formation of gaseous macromolecule ions.

The probability an ion emission event for a given charged nanodrop depends on the identity
of the solute ion with H2O and AA having a discharge rates of ~0.2 events per ion, whereas KCl
and CsCl) exhibit few such events (<0.01). The extent of “wetness” or “dryness” does not appear
to be directly related to the extent of ion evaporation. For LiCl and NaCl where both “dry” and
“wet” ions are observed simultaneously, the rate of charge loss events for these two different types
of ions do not appear to be correlated (also indicated in the Figure 5.3 data), suggesting that
“dryness” alone does not determine the probability of discharging events. The mass of the
precursor ion also does not directly correlate to discharge rates. For the alkali metal ion solutions,
there is a clear trend of decreasing ion emission rate with increasing cation size (Table 5.1).

5.4.5 Origins of Solution-Dependent Nanodrop Mass and Charge

The masses of nanodrops and their corresponding charges depend on the identity of ions
present in these aqueous solutions. These results do not appear to be the result of differences in
initial droplet sizes produced by electrospray ionization. The conductivity of pure water is lower
than that of the ion containing solutions and may lead to differences in initial droplet size.
However, the initial droplet sizes for the alkali metal ion containing solutions should be the same,
yet the trapped nanodrops are clearly different in mass and charge. Any differences in conductance,
vapor pressure, or surface tension in the initial droplets should be minor at 20 mM concentration.
Because the surface tension of the droplets of the different solutions should be approximately the
same, Rayleigh fission events for the initial droplets should also be similar at these concentrations.
Thus, the differences in the nanodrops that are observed in these experiments must originate from
processes that occur after the initial droplet is formed and the first of any Rayleigh fission events
that may occur.

The trend in lower charging with increasing cation size for the alkali metal ions follows
the trend in ion cation solvation energies where the Gibbs solvation energy of Li* is 575 kJ/mol
relative to the solvation energy of H (assigned a value of 0 kJ/mol) and is lower than that of Cs"
(798 kJ/mol).*” H" has the lowest Gibbs solvation energy, and the concentration of this ion in pure
water is substantially lower than the positive ions in the other solutions. Both factors should make
ion emission less favored for pure water compared to other solutions. Because pure H>O nanodrops
lack an abundant suitable ion emission “release valve” for excess charge, the formation of more
highly charged ions may be kinetically favored leading to “supercharged” nanodrops with charge
above the Rayleigh limit (Figure 5.2a). This may explain the higher charging observed for micron-
sized droplets consisting of volatile solvents,” which evaporate more rapidly than pure water.
Results for the AA containing nanodrops do not follow the trends in cation solvation energies of
the other solutions. The solvation energy of NH4" is between that of K™ and Rb" yet the charges
and masses of the AA containing nanodrops are more similar to that of water than that of KCI1. The
counterions (acetate vs. Cl") differ and may also influence the evaporation process for the cations.
Unlike the alkali metal ion salts, AA can undergo proton transfer processes creating a path for their
loss as neutrals, which may also lead to the observed differences.
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These results provide compelling evidence for the CCRFEM. The observation of ion
emission from 15 — 32 nm nanodrops is consistent with conclusions from prior work which
indicated a transition between Rayleigh limited charging and solute ion emission-controlled
charging at ~40 nm.?’ It is interesting to speculate why charging of proteins and peptides from
different solutions have provided limited support for this model. Ions of B-lactoglobulin, bovine
ubiquitin and egg-white lysozyme are more highly charged from pure water than from solutions
containing alkali metal ions (acetate salts),”® consistent with higher charging of aqueous
nanodrops. However, the extent of charging of these proteins from solutions containing Li", Na',
K, Rb*, Cs* as well as NH4" are similar.”® There is no significant trend in protein ion charging
and ion solvation energy except with minimally solvated TMA and TEA.?® The significantly lower
charge states observed with the latter ions was attributed to collisional dissociation of these
positively charged ions from the proteins, a process that occurs to a much lesser extent with the
other ions.?® Protein conformation also plays a significant role in the extent of charging on
proteins.?’ It is also apparent that the differences in nanodrop charging relative to the Rayleigh
limit for these solutions become less distinct when the nanodrop mass is below ~1 MDa (15 nm
diameter). Thus, charging differences predicted by the CCRFEM may not be as applicable to
smaller proteins or macromolecular complexes.

5.4.6 The Role of Ion Evaporation in Charging of MDa Macromolecules

The substantial differences in the charging of MDa-sized nanodrops originating from pure
water and different salt solutions suggest that these effects may also affect the charging of
molecules that have comparable size to the nanodrops investigated here (~15 — 32 nm diameters).
To investigate if that is the case, an MS2 capsid with a theoretical “empty” mass of 2466 kDa and
a diameter of 27 nm* was analyzed using CDMS from a biochemically preferred solution
consisting of 100 mM NaCl and 10 mM Na phosphate (NaX) and from a 100 mM AA solution
commonly used in native mass spectrometry. Source conditions were made more energetic than
the nanodrop experiments described above by increasing the voltage between skimmer cones to
~150 V to desolvate these ions more effectively. The resulting 1D mass histograms and the 2D
mass vs. charge histograms are shown in Figure 5.5. There are two broad high mass peaks in the
1D mass histograms from both solutions (Figures 5.5a and 5.5b) that are separated by ~670 kDa.
There is an additional, poorly resolved low abundance peak between these two main peaks that is
more apparent in the mass histogram from AA (Figure 5.5a). A Gaussian fit of the two most
abundant peaks from both solutions results in mass values of 2.76 MDa and 3.42 MDa from AA
and 3.00 and 3.67 MDa from NaX. All ions in both solutions that compose these two peaks are
“dry”, with no measurable mass change over their lifetimes in the trap. Because the widths of these
peaks are much greater than the intrinsic linewidth (shown in yellow), each peak must consist of
unresolved MS2 capsid species that have encapsulated a range of different cargoes. The native
virus RNA (1147 kDa) was not present during the virus assembly. Thus, the heterogeneity
observed is almost certainly a result of varied encapsulation of messenger RNA and/or DNA
transcripts from the recombinant expression of the capsid, a phenomenon that has been observed
previously for MS2 capsids.*®

The relative abundances of the two major ions from both solutions are similar (Figures 5.5a
and 5.5b). The principal difference between the two mass histograms is that ions formed from the
NaX solution are shifted ~250 kDa (~8%) higher in mass and the distributions are wider (~13%
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larger standard deviations). The higher mass and wider peak width are almost certainly the result
of extensive adduction of non-volatile salts present in the NaX solution. This is the first time that
MDa-sized macromolecular ions have been analyzed in native MS from a solution containing a
100+ mM concentration of non-volatile salts.

The charge states of the MS2 capsids produced from these two solutions are significantly
different. The average charge of MS2 capsid ions formed from the NaX solution is ~13 charges
(~10%) lower than the average charge of these ions formed from the A A solution despite the higher
masses of the former ions. This can be readily seen from the white oval in Figure 5.5d, which
shows the range of the higher mass ions formed from AA. This white oval is shifted to lower mass
but higher charge. Differing charge-state distributions are most often attributed to conformational
changes.*” To determine if there are differences in MS2 capsid size indicative of a conformational
difference between the two solutions, small angle x-ray scattering (SAXS) experiments were
performed.’® The SAXS data indicate that the MS2 capsid is slightly more compact in NaX (0.42
+ 0.93 nm smaller diameter relative to that in AA), representing a ~3% relative change in the
surface area (Fig. S5.8). For molecular assemblies with near spherical shape, the extent of charge
on the ions formed by electrospray should be proportional to surface area.!” Thus, this small
difference in diameter does not fully account for the 10% difference in the charge. Dynamic light
scattering (DLS) experiments were also performed to verify capsid diameter consistency in both
solutions. The DLS data show no detectable capsid size shift between these two buffer systems
(Fig. S5.9). The effect of any acidification of the solution that may occur during the electrospray
process was also explored. DLS data for solutions ranging in pH between 3.5 and 7.5 display no
evidence of contraction in capsid diameter in more acidic solutions (Fig. S5.10). Thus, it is unlikely
that the different charge distributions observed from the two solutions originate from a
conformational difference in these two solutions.

The extent of charging of nanodrops with similar physical sizes to that of the MS2 capsid
provides insights into the origin of differences of MS2 capsid charging from the two solutions.
Aqueous nanodrops with AA are charged to a greater extent than those with NaCl, consistent with
the relative extents of charging of the MS2 capsid from the two different solutions. The average
charge of the larger, most abundant MS2 species formed from AA solution (Figure 5.5¢) is 141.5
e, similar to the value of ~145 e for AA containing nanodrops in the same mass range (Figure
5.2b). In contrast, the average charge for the MS2 base peak from NaX (Figure 5.5d) is 128.5 e,
which more closely matches the charge of the “dry” distribution of ions produced from the NaCl
solution at similar mass (Figure 5.2d, ~120 e).

5.4.7 Evidence for Solution Phase Capsid Compaction

The MS2 capsid is roughly spherical in solution with a diameter of 27 nm.*®* A 27 nm
diameter AA nanodrop has ~200 e whereas MS2 ions formed from AA have ~142 e. The lower
charging of the capsid indicates that the structure collapses to a significant extent in the nanodrop
prior to charging of the gaseous ion. An estimate of the MS2 capsid diameter of 21.8 nm is obtained
from AA nanodrops with the same charge. The apparent capsid density of 1.04 g/mL is
substantially less than that of an average protein (1.35 g/mL)*' or RNA/DNA (~1.7 g/mL),>
suggesting that this compaction is not complete. The extent to which native macromolecular
structure is preserved in the gas phase is a matter of ongoing debate.™>* Ion mobility
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measurements have shown that large protein complexes, such as GroEl, can undergo a “gas-phase
collapse” to produce a compacted structure.>* This compaction is generally assumed to take place
after gaseous ion formation.’ >’ Our data indicate that the structure of MS2 capsid is compacted
by ~5 nm in diameter relative to its solution-phase structure and that this compaction must occur
prior to the final stages of nanodrop evaporation where the charge of the analyte is determined.

5.5 Conclusions

The masses and charges of nanodrop ions generated from pure H.O and 20 mM aqueous
solutions of AA, LiCl, NaCl, KCl, and CsCl were measured on an ion-by-ion basis using CDMS.
Nanodrop sizes ranging from 1 — 10 MDa (15 — 32 nm diameter) are trapped and the mass and
charge evolution of individual ions show that two distinct types of ions were generated. “Wet”
ions from the H>O, AA, LiCl, and NaCl solutions, exhibited significant mass loss corresponding
to evaporation of thousands of water molecules over the 1 s trapping time whereas “dry” ions from
LiCl, NaCl, KCl, and CsCl solutions lost little mass. lon emission events corresponding to the loss
of a singly charged minimally solvated ion occurs for both “wet” and “dry” ions. This is the first
direct observation of ion emission from aqueous nanodrops in the nanometer size range. These
results provide compelling evidence for the CCRFEM for charging of MDa+ macromolecular
complexes in native mass spectrometry. Charging of the nanodrops depends on the identity of
charge carriers in solution. There is clear trend of lower nanodrop mass and charge with increasing
alkali metal cation size, and these results also indicate that solute identity affects droplet
evaporation after the initial formation of the charged droplets.

The mass and charge distribution of MS2 capsid ions from AA typically used in native MS
differs from those formed from a biochemically preferred NaX solution containing 100+ mM of
non-volatile solutes. Ions formed from NaX have ~8% higher masses as a result of extensive
adduction, but significantly lower charge, consistent with ion evaporation of Na" lowering the
charge on the droplets from which these ions are formed. The extent of MS2 capsid charging from
the AA solution indicates that the structure partially collapses in the nanodrops prior to when
charging of the gaseous ions occurs. Ion mobility results have shown that compaction of other
macromolecular assemblies occur,>® but our results localize this compaction to a time prior to
gaseous ion formation. This is the first time MDa-sized ions have been analyzed in native MS from
a biochemically relevant solution. Future work on calibrating the mass shift based on peak widths,
analogous to what has been done for much smaller complexes,>® could make this a practical method
to obtain accurate masses of large complexes from a wide range of buffers that contain nonvolatile
salts typically used in biochemistry.
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5.8 Table and Figures

Table 5.1. Physical Properties of Nanodrops Originating from Solutions Containing
Different Solutes

Pure LiCl LiCl LiCl NaCl NaCl NaCl
Ho A% @) “dry?)  (Cwet”)  (all)  (“dry”) (wer?) KC CsC
Ton Count 3523 5861 4322 3181 1141 5616 2597 3019 8255 3078
AV(%{'II)\;[;'SS 5118 3992 3106 3009 3378 3343 2890 3733 2006 1352
Avg. Mass Loss
(kD3) 319 189 30 18 68 71 18 145 9 5
Avg. Charge | 207.0 1528 129.5 1212 1525 132 1015 158.2 739 513
Avg. % of 118
Rayleigh 0 99%  96% 92%  106% 94% 8% 106% 69%  56%
Charge
TIon Emission
Rate 0228 0189 0527 0475 0.708 0305  0.365 0.277 0.006  0.009
(events/ion)
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Figure 5.1. Short-time Fourier transform of a 1 s trapping event with 11 ions generated from a 20
mM NaCl solution. Seven ions are trapped for the entire 1 s trapping time. Increases in ion
frequency, e.g., for ions labeled A, C, D, and E, correspond to decreasing ion energies, primarily
as a result of water evaporation from the ions. Discrete, negative changes in frequency observed
for ions B, C, and D correspond to charge losses. Any ion frequencies that overlap during the
trapping period, such as ions D and E, are discarded from the analysis as
inaccurate/indistinguishable amplitudes (white circle) occur as a result of interference.
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Figure 5.2. Two-dimensional mass vs. charge histograms for ions originating from (a) pure water,
(b) AA, (¢) LiCl, (d) NaCl, (e) KCI and (f) CsCl. Red lines indicate the Rayleigh limit charge as
function of mass calculated for water with a density of 0.998 g/mL. White dotted lines in the LiCl
and NaCl data distinguish “wet”, higher charge distributions of ions from “dry”, lower charge
distributions. Higher mass “wet” ions present in (a), (b), (c) and (d) have higher charge relative to
the Rayleigh limit than lower mass “wet” ions, suggesting a progression toward a “dry” state at
lower mass. “Dry” ions, observed in (c), (d), (e), and (f), have charges below the Rayleigh limit
that decrease as a function of increasing alkali metal cation size.
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Figure 5.3. Ion frequency vs. trap time for five “dry” (blue) and five “wet” (red) individual ions
randomly selected from the two distributions observed in NaCl solution data of Figure 2D. lon
emission events (black circles) occur with both “dry” and “wet” ions. The frequencies of “wet”

ions increase significantly, primarily as a result of neutral mass losses of 100’s of kDa. The
frequency increase of “dry” ions occurs less rapidly.
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Figure 5.4. Histogram of the number of charges lost at each ion emission event for individual ions
generated from a 20 mM NaCl solution. The charge loss distribution is fit by a Gaussian curve
(red dotted line) centered at 1.1 e with standard error of 0.07 e. The Gaussian fit indicates that the
width of the distribution is primarily a consequence of measurement uncertainty rather than losses

of multiple charges.
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Figure 5.5. Mass histograms for MS2 capsid ions formed by electrospray from (a) ammonium
acetate and (b) NaX solutions. The yellow peaks correspond to the instrinsic linewidth; the broad
peak widths observed indicate significant sample heterogeneity due to encapsulation and salt
adduction, especially from the NaX solution. Two-dimensional mass vs. charge histograms for
MS2 capsid from (c) AA and (d) NaX show that ions formed from the latter solution are ~250 kDa
higher in mass due to salt adduction, but are charged less (~13 e) despite their higher mass (for
comparison purposes, the white dotted oval in (d) indicates AA ion distribution).
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5.9 Supporting Information

5.9.1 Experimental Details: Charge Detection Mass Spectrometry

Ions are introduced into the CDMS instrument through a modified Waters Z-Spray source
(Waters Corporation, Milford, MA) and enter a region containing two RF-only quadrupole ion
guides (Ardara Technologies, Ardara, PA) at a pressure of ~1 x 107 Torr. The DC potential of the
first guide is ~10 V higher than that of the second guide. lons with m/z below ~10,000 are lost in
this stage due to the low mass cut-off of the RF quadrupole ion guides operating at 555 kHz. A
lens at the exit of the ion guides with a potential ~80 V higher than that of the second ion guide is
used to accumulate ions for up to 1 s. The voltage on this lens is pulsed down by 110 V for 1 ms,
which introduces a pulse of ions into a turning quadrupole (Ardara Technologies, Ardara, PA) that
directs the ions into the high vacuum chamber containing an electrostatic cone trap and detector
tube. The pressure in the final chamber was ~4 x 10 Torr. The potential of the entrance cone
electrode is lowered to 0.0 V for 1 ms with a 500 us delay relative to the release of the ions from
the RF quadrupole to allow for ions to transit from the RF trap into the electrostatic ion trap. The
potential is then raised to match the end cone (330 V) for the duration of the 1 s trapping event.
Ions in the electrostatic ion trap induce a charge pulse each time they traverse the detector tube.
Individual ion masses, charges, and energies are determined at each 5 ms increment from the
measured oscillation frequencies and amplitudes of the fundamental and second harmonic
frequencies as they evolve throughout the 1 s trapping period. The broad distribution of ion mass
and charge in these experiments makes it possible to simultaneously analyze up to ~40 individual
ions in each trapping event because the frequency distribution of the ions is broad (up to 10 kHz)
and their signals are less likely to interfere with each other. Ion energies are centered around 211
eV/z with a standard deviation of 5 eV/z. The induced charge signal is amplified by a CoolFET
charge-sensitive preamplifier (Amptek) and home-built linear voltage and current amplifier. The
signal is digitized and analyzed with a Python program using short-time Fourier transforms (STFT)
and a peak-picking algorithm. Interfering ion signals and ion signals that do not persist for the
entire 1 s trapping period are discarded.

5.9.2 Charge and Mass Lost after lon Emission Events

Figures S5.1-S5.7 show charge and mass loss histograms as a result of ion emission events
for nanodrops originating from pure water (S5.1-S5.2), ammonium acetate (S5.3-S5.4), LiCl
(S5.5-S5.6), and NaCL (S5.7, mass loss only). In general, Gaussian fits of charge losses are
centered near 1 e and fits of mass losses are centered near 0 Da within measurement error. These
data are consistent with the loss of a singly charged ion that is minimally solvated.

5.9.3 Experimental Details: Small Angle X-ray Scattering (SAXS)

MS?2 capsid samples were prepared in triplicate at a range of concentrations between 50
uM and 6.7 uM in 100 mM ammonium acetate at pH 7.2 or 10 mM sodium phosphate buffer at
pH 7.2 with 100 mM NaCl. Samples were analyzed by high-throughput small angle X-ray
scattering (HT-SAXS) at the SIBYLS beamline at the Advanced Light Source in Berkeley CA.
Samples were exposed with a 10! photon/s, 12 keV monochromatic beam in a series of exposures:
0.5, 1.0, 2.0, and 4.0 s. Background subtraction was performed using measurements of buffer-only
samples. Data were first analyzed using the SAXS FrameSlice web app and then imported into the
ScAtter and SASview applications for further size and shape analysis. Data were fit to a
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polydisperse core-shell sphere model using a fixed protein shell scattering length density as
described in previous MS2 SAXS measurements. !

5.9.4 Experimental Details: Dynamic Light Scattering (DLS)

DLS measurement was performed on a Malvern Instruments Zetasizer Nano ZS. MS2
capsid samples were prepared at a protein concentration of 10 uM in each respective buffer and
passed through a 0.2 uM spin filter prior to each run. Size determination was performed in triplicate
at 25 °C following a 2-min temperature equilibration.

5.9.5 Correlation of Nanodrop Mass and Solute Identity

A notable result from these nanodrop experiments is that the average mass of the nanodrops
generally correlates with the solvation energies of the charge carriers in solutions. Electrospray
conditions were held approximately constant between solutions, so it is unlikely that the large mass
differences observed are the merely the result of electrospray variations. While this correlation is
still under investigation, these data suggest that less solvated charge carriers may promote the
formation of either smaller Rayleigh fission progeny droplets or accelerate the droplet evaporation
process by some other means. Early stage differences in droplet evaporation may also amplify the
observed differences in nanodrop size, as the increased ratio of surface area to volume of smaller
droplets, among other factors, is conducive to faster evaporation rates.

5.9.6 Supporting Reference

(1)  Kuzmanovic, D. A.; Elashvili, I.; O’Connell, C.; Krueger, S. A Novel Application of Small-
Angle Scattering Techniques: Quality Assurance Testing of Virus Quantification
Technology. Radiat. Phys. Chem. 2008, 77 (3), 215-224.
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5.10 Supporting Figures
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Figure S5.1. Histogram of the number of charges lost at each ion emission event for individual
ions generated from pure water. The charge loss distribution is fit by a Gaussian curve (red dotted
line) centered at 1.01 e with standard error of 0.07 e.
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Figure S5.2. Histogram of the mass lost at each ion emission event for individual ions generated
from pure water. The mass loss distribution is fit by a Gaussian curve (red dotted line) centered at
2,000 Da with standard error of 4,000 Da.
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Figure S5.3. Histogram of the number of charges lost at each ion emission event for individual
ions generated from 20 mM ammonium acetate. The charge loss distribution is fit by a Gaussian
curve (red dotted line) centered at 1.03 e with standard error of 0.05 e.
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Figure S5.4. Histogram of the mass lost at each ion emission event for individual ions generated
from 20 mM ammonium acetate. The mass loss distribution is fit by a Gaussian curve (red dotted
line) centered at 4,000 Da with standard error of 3,000 Da.
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Figure S5.5. Histogram of the number of charges lost at each ion emission event for individual
ions generated from 20 mM LiCl. The charge loss distribution is fit by a Gaussian curve (red dotted
line) centered at 0.97 e with standard error of 0.05 e.
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Figure S5.6. Histogram of the mass lost at each ion emission event for individual ions generated
from 20 mM LiCl. The mass loss distribution is fit by a Gaussian curve (red dotted line) centered
at 0 Da with standard error of 2,000 Da.
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Figure S5.7. Histogram of the mass lost at each ion emission event for individual ions generated
from 20 mM NaCl. The mass loss distribution is fit by a Gaussian curve (red dotted line) centered
at 1,000 Da with standard error of 4,000 Da.
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Figure S5.8. Intensity vs q profile of MS2 capsids from SAXS in AA (100 mM ammonium
acetate) or NaX (10 mM sodium phosphate + 100 mM NaCl) buffer. The mean radius of gyration
(R¢) was determined by fit to a core-shell sphere model and reported as the sum of the core and

protein shell radii.
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Figure S5.9. MS2 capsid diameter in NaX or AA buffer as determined by DLS. Size distribution

is reported as percent number of particles. Error bars represent the standard deviation of three
replicate measurements.
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Figure S5.10. Effect of pH on MS2 capsid diameter as determined by DLS. Samples were prepared
in 10 mM sodium phosphate buffer with 100 mM NacCl at the indicated pH. Error bars represent
the standard deviation of three replicate measurements.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

The work in this dissertation contributes a set of new data analysis and measurement
techniques that further enable CDMS as a tool for analyzing high mass, highly heterogeneous
samples. Chapter 2 describes a novel method for the dynamic, in situ measurement of ion energies
along with the standard measurements of m/z and charge. This extra dimension of analysis further
differentiates ions in a sample and makes it possible to extract additional information about
molecular structures, such as collision cross sections, and also enables MS" studies of evaporative
mass losses (Chapters 2 and 5) and fragmentation events (Chapters 3 and 5). This in situ
measurement method also has meaningful implications in CDMS instrument design. Typical
CDMS analyzers use energy selective optics to admit ions with a narrow range of energies to the
detector and use the centerline energy as a constant in the m/z calculation. This is done to minimize
the intrinsic dependence of the mass measurement on ion energy. However, using energy selective
optics comes at a cost of decreased ion transmission, increased instrument complexity and size,
and increased expense. The method of Chapter 2 largely eliminates the necessity for such optics
because the energy of each ion is determined directly without assumptions.

Chapters 3 and 4 demonstrate and discuss a multiplexing method for simultaneously trapping
and analyzing multiple ions. The multiplexing technique presented in Chapter 3, where multiple
ions are simultaneously trapped and measured, decreases acquisition time in trapping CDMS
without sacrificing mass measurement accuracy. An order of magnitude improvement in analysis
speed is demonstrated without measurable detriment to the mass measurement. Simulations of
trapped ion CDMS in Chapter 4 show that this improvement in analysis speed can be increased an
additional order of magnitude via a novel m/z and frequency decoupling scheme. In multiplexed
trapping CDMS, ions with the same or similar oscillation frequencies interfere and neither can be
accurately measured. However, because ion energy can be measured in situ (Chapter 2), ion of
varying energies can be admitted to the ion trap. Differences in ion energy result in different
oscillation frequencies, even if ions have the same m/z. This decoupling of m/z from oscillation
frequency makes it possible to use variable ion energies to spread ion signal across a broader range
of frequencies and decrease instances of interference that reduce the number of measurable ions
in a single trapping event.

Chapter 5 is an application of the techniques developed in Chapters 2 and 3 to understanding the
mechanism by which charged macromolecules are formed using electrospray ionization (ESI).
Small charged nanodrops (10 — 100s of nm in diameter) are too small to image using optical
techniques, but are still far too large and heterogeneous for measurement by conventional MS.
Moreover, solvent evaporation from these charged nanodrops result in constantly changing ion
mass and energy. lon emission from the surface of the nanodroplets also result in discrete charge
loss events. However, because all these quantities are dynamically tracked (Chapter 2), the
evaporative mass loss and charge lost to ion emission can be measured. Chapter 5 quantifies the
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extent of evaporative mass loss and frequency of ion emission from solutions containing different
solute. Solute ions with lower solvation energies yield nanodrops with decreasingly less charge
compared to the charge predicted by the Rayleigh equation, perhaps due to more kinetically
favorable ion emission of these solute ions. MS2 capsid ions analyzed from differing solutions
show a similar, solute dependent trend in charging, indicating that solute identity can significantly
affect charging in native MS of large macromolecules. The MS2 capsid charging also indicates
that the hollow capsid structure of MS2 collapses significantly prior to its transition into the gas
phase, contrary to the gas-phase collapse observed by others.

6.2 Future Directions and Applications of CDMS

Charge detection mass spectrometry (CDMS) is a rapidly evolving technique in mass
spectrometry. A key aspect that differentiates CDMS from conventional MS techniques is that
CDMS independently measures each individual ion’s m/z and charge, rather than only the m/z of
an ensemble of ions. Making measurements of both ion m/z and charge on an ion-by-ion basis
makes it possible to directly calculate the mass of each individual ion. The individual ion mass
measurements of CDMS immunize the technique from the challenges inherent to ensemble
measurements of heterogeneous samples. Because analyte heterogeneity naturally increases with
mass,’ CDMS is well-suited to the measurement of large macromolecules. Furthermore,
macromolecules are typically ionized using electrospray ionization (ESI), a technique that yields
increasingly charged analytes as mass and size increase.! The sensitivity and accuracy of CDMS
measurements improve with increasing charge, as opposed to ensemble techniques where
identifying and resolving high charge states is increasingly difficult.! These advantages give
CDMS an unprecedented mass range compared to conventional MS, as illustrated in Figure 6.1.
CDMS has also largely closed the gap between MS techniques and macroscopic mass
measurement techniques such as surface acoustic wave (SAW) balances.*> Compared to the
current state of other individual ion techniques, the combination of relatively simple
instrumentation, high mass and charge accuracy, and shorter time required to analyze a sample
make CDMS the premier technique in the single ion mass spectrometry of MDa-sized
macromolecules.

6.2.1 The Need for Speed

Historically, single ion mass spectrometry has been limited in its applications due to very low
measurement throughput, i.e., it takes a very long time measure each ion. Single pass CDMS
overcomes this limitation, but at the cost of greater mass uncertainty. Single ion only CDMS
requires longer acquisition times (30+ min) to acquire enough individual ion data to provide a
meaningful mass spectrum.® Limiting CDMS to one ion at a time is proposed to eliminate ion
frequency shifts resulting from ion-ion interactions which can result in greater uncertainty in the
ion mass determination.®’ Simulations of ion trajectories provide some evidence for these
frequency shifts, but no published experimental results have verified this phenomenon.” In either
case, pursuing a high-resolution single ion approach is mostly unnecessary in native MS because
the heterogeneity of large analytes, not the maximum instrumental resolution, ultimately limits the
achievable mass resolution. For example, Ldssl et al. note that for a very well purified 18 MDa
virus capsid (~52,000 m/z) measured using a time-of-flight instrument, a m/z resolution of only
200 could be achieved, even though experiments measuring Csl clusters have shown that an
instrumental resolution of several thousand is possible in a similar m/z range.' Mass resolution and
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m/z resolution are equal insofar as the charge can be unambiguously determined either by
deconvolution of resolved charge states (achieved Ldssl et al. in the example above) or by direct
measurement (achieved in CDMS?).

While a mass resolution of 200+ has not yet been achieved in the instrument used for the
multiplexed CDMS presented in Chapters 3 and 4, the recently improved detection electronics and
internal charge calibration standard used in a different, single ion only CDMS instrument have
made it possible to achieve a mass resolution of ~330.° Given that no effects on instrument
resolution were observed as a function of the number of trapped ions in Chapter 3, multiplexed
CDMS including these improvements should also benefit in increased resolution even if
performance is slightly affected by ion-ion interactions. Rather than maximizing unusable mass
resolution, increasing measurement speed is a more practical pursuit in advancing CDMS
technology. Faster analysis times are required for CDMS to be practical for commercial
applications. The multiplexing methods demonstrated in Chapters 3 are the most straightforward
way to achieve the needed gains in analysis speed without sacrificing the accuracy of the mass and
charge measurements. The analysis in Chapter 4 indicates that decreasing CDMS acquisition times
to less than one minute is eminently reasonable using these methods, especially with optimized
instrumentation.

6.2.2 Advantage of Dynamic Energy Measurement

The dynamic energy measurement presented in Chapter 2 is a powerful tool in CDMS. Not
only does it remove the need for an energy selective device in CDMS, but it also constitutes a true
ab initio method for measuring the energy of each ion. Because the energy is encoded in the ratio
of the first and second harmonic amplitudes (HAR), the accuracy of the ion energy measurement
scale in quadrature with the signal-to-noise ratios (S/N) associated with these two amplitudes. The
first harmonic amplitude is also used to calculate ion charge. As a result, any instrument
improvements in S/N increase both charge and energy measurement accuracy and, in the limit of
a noise-free signal (infinite S/N), this method can theoretically achieve a perfect measurement of
ion energy in addition to a perfect charge determination. Other CDMS methods that use energy
selective devices, while currently practical, have a best-case scenario where the accuracy of their
measurements is limited by the narrowest energy bandpass that still transmits a sufficient number
of ions into the detector trap.!° The importance of an accurate energy measurement can be
diminished by designing a trap geometry that more closely approaches a harmonic potential where
ion energy no longer affects ion oscillation frequency.'® However, a true harmonic potential cannot
be achieved for a CDMS instrument because the detector electrode must be shielded from outside
potentials to facilitate an accurate charge measurement.

With current technology, there is a cross-over point when comparing the measurement
accuracy possible using our dynamic, ab initio technique versus using a calibrated energy constant
derived from a narrow energy bandpass. This crossover occurs when the S/N of the two harmonics
is high enough that the associated error in the energy measurement is less than the energy
uncertainty introduced by assuming a constant energy for an energy bandpass of finite width. This
relationship is illustrated in Figure 6.2, which shows energy measurement error as a function of
ion charge. The blue line represents the energy error inherent to the narrowest energy bandpass
(~0.3%) achieved by an energy selector in CDMS and is constant irrespective of ion charge. The
black line represents the energy error measurement scaling as a function of charge for the CDMS
instrument used in the work in this dissertation and the red line represents the theoretical scaling
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for the highest S/N charge measurement reported for a CDMS instrument (a 2x improvement in
S/N compared to black line). Both the black and red plots assume that the noise at the first and
second harmonic are equal. In practice, 1/f noise can result in slightly lower noise at the second
harmonic frequency, especially for high m/z, low frequency ions. These data also assume the HAR
is equal to 2 for simplicity (typical HAR values range from 1.7-2.4). The cross-over point occurs
at 362 e for the black data and 181 e for the red data. The mass and diameter corresponding to
these cross-over charge states can be roughly approximated using a spherical nanodrop charged to
the Rayleigh limit (Chapter 5). For the 362 e (black) cross-over, this calcuation yields a mass of
20.8 MDa and diameter of 40.4 nm and the 181 e yields a mass of 5.2 MDa and diameter of 25.5
nm. Thus, even for existing CDMS instrumentation, the mass at which the ab initio energy
measurement becomes favorable is relatively close to the lower end of the mass range where
CDMS is the preferred technique (Figure 6.1). Because CDMS is a relatively new, still-developing
technique, additional improvements to S/N are likely possible. An additional ~2x reduction in
noise would decrease the cross-over point to ~90 e, corresponding to a mass of ~1.3 MDa and
diameter of 16 nm. This is size range where heterogeneity is typically low enough that
conventional MS techniques can be used in native MS (Figure 6.1), making the ab initio energy
measurement technique attractive both for its simplitcity and long-term outlook.

Another key application of CDMS made possible by dynamic energy measurement is to obtain
information about the shape of each ion from the same time domain data used to determine the ion
mass. The frequency of an ion slowly changes with time as a result of collisions with background
gas that reduce the ion energy. The rate of energy loss can be readily determined from this change
in frequency, as demonstrated in Chapter 2 and other work.!""!? The rate of energy loss from
collisions roughly correlates with the collisional cross sections measured in conventional drift tube
apparatus for small proteins.!? This calibration of the rate of energy loss to collisional cross
sections can be extended to larger analytes using drift-ion mobility and traveling wave ion mobility
measurements as calibrants. This will enable the energy loss measured for unknown compounds
to be related to their collisional cross sections, with no increase in analysis time over measuring
just their individual masses.

Dynamic energy measurements also make it possible to measure the masses of fragment ions
formed by precursor dissociation inside the CDMS trap. When an ion dissociates, the signal at the
frequency of the precursor disappears with the concomitant appearance of a product ion signal at
a different frequency. The temporal correlation of these two signals makes it possible to track
which fragment ion comes from which precursor ion, as demonstrated in Chapter 3. The fragment
ion initially has an unknown m/z and energy, but dynamic measurements of ion energy make it
possible to measure the energy and hence the m/z of each fragment ion. Different fragment ions
formed from precursor ions of the same mass can be used to obtain a fragmentation spectrum for
precursors at that mass. To the extent that the precursor has a unique mass, then a fragmentation
spectrum measured from multiple precursor ions of that mass should reflect that obtained from
standard ensemble MS/MS measurements. This has the potential to provide useful structural
information for macromolecular complexes of unprecedented size.

6.3 Next-generation CDMS Instrumentation

In order to achieve the goal of high-throughput, multiplexed CDMS measurements, a new,
innovative instrument design that combines existing quadrupole trapping technology with the
novel m/z and frequency decoupling method will be constructed. A schematic of this design is
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shown in Figure 6.3. Ions are produced and desolvated in an ESI ion source and ion funnel. Ions
will then be trapped and thermalized in a rectilinear quadrupole trapping stage to remove any
correlation between mass and energy caused by aerodynamic acceleration from the ion source.
This first trap will have asymptotic guide rods arranged at an angle to the quadrupole (shown in
Figure 6.3 in blue).!® These rods will be held at a constant DC potential, forming a downstream
gradient that efficiently transfers the thermalized ions to a second rectilinear quadrupole trap. The
second trap will also be equipped with asymptotic field guide rods, but a DC potential pulse is
applied to the rods at the same time the downstream exit of the trap is opened. This produces a
potential gradient where ions closer to the upstream side of the trap at the time it opens will have
higher energies relative to ions near the downstream exit. This energy variance generation step is
important because it allows the distribution of ion energies to be tuned via the magnitude of the
DC potential pulse applied to the guide rods. Ion energies can be carefully optimized to match the
range of energies that have stable trajectories in the detector trap and thereby maximize decoupling
and analysis speed. An additional benefit of this instrumental setup is that it naturally accumulates,
pulses, and focuses ions into the detector trap during the brief period that it is open between
trapping events. This increases the number of ions that can be simultaneously trapped in CDMS
instrument and makes multiplexed measurements straightforward even for samples with low
analyte concentrations. '*
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6.5 Figures
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Figure 6.1. Ranges for different mass measurement technologies. The wide mass range of CDMS
fills the gap between existing technologies and makes native analysis of many important

molecules/complexes possible.
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Figure 6.2. Plot of energy measurement error as a function of ion charge for different energy
measurement strategies. The energy measurement error inherent to ab initio measurement of ion
energy from ion signal harmonics in CDMS (red and black plots) decreases with ion charge, but
using energy selective optics to admit a narrow distribution of ion energies into the CDMS detector
is unaffected by ion charge (blue plot). The black plot is based the average noise determined for
the CDMS instrument used in this dissertation and the red plot reflects the lowest noise
measurements achieved in CDMS. The cross-over points at 181 e (red-blue) and 362 e (black-
blue) indicate the approximate charge where the ab initio method results in less energy
measurement uncertainty than the energy selector method.
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Figure 6.3. Schematic of next-generation CDMS instrumentation. Multiple differentially pumped
stages of ion optics desolvate, thermalize, and then inject ions with a variable energy distribution
into the detection stage where ions are measured.
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