1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chem Rev. Author manuscript; available in PMC 2024 February 05.

-, HHS Public Access
«

Published in final edited form as:
Chem Rev. 2022 April 27; 122(8): 7415-7441. doi:10.1021/acs.chemrev.1c00377.

Applications of Charge Detection Mass Spectrometry in
Molecular Biology and Biotechnology

Martin F. Jarrold
Chemistry Department, Indiana University, Bloomington, Indiana 47404, United States

Abstract

Charge detection mass spectrometry (CDMS) is a single-particle technique where the masses of
individual ions are determined from simultaneous measurement of their mass-to-charge ratio (77/2)
and charge. Masses are determined for thousands of individual ions, and then the results are
binned to give a mass spectrum. Using this approach, accurate mass distributions can be measured
for heterogeneous and high-molecular-weight samples that are usually not amenable to analysis
by conventional mass spectrometry. Recent applications include heavily glycosylated proteins,
protein complexes, protein aggregates such as amyloid fibers, infectious viruses, gene therapies,
vaccines, and vesicles such as exosomes.
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1. INTRODUCTION

For the last 50 years there has been interest in extending mass spectrometry (MS) to measure
accurate molecular weights (MWSs) of larger and larger species. Initially, the challenge was
placing large analytes into the gas phase where they could be measured. Early approaches
included plasma desorption® and fast atom bombardment.? The development of MALDI
(matrix-assisted laser desorption and ionization)34 and particularly electrospray ionization®
opened the flood gates and allowed the expansion of MS into the world of biological
macromolecules. Once there, MS fueled the development of the omics revolution, including
proteomics, glycomics, and metabalomics. At the same time there was growing interest in
extending MS to the study of protein complexes and other large supramolecular assemblies.
Such studies required that the assemblies remain intact when transferred into the gas phase
for analysis. Most studies employed electrospray because electrospray offers the advantage
of transferring analytes directly from solution. It was soon recognized that the solutions
used for electrospray were too harsh,5’ causing proteins to denature and complexes to
disassemble. Switching to commonly used buffers was not viable because the presence of
significant concentrations of involatile ions such as Na* and CI~ suppressed ionization, and
furthermore, the resulting peaks were broad because of adduct formation, where involatile
salt molecules attach to the analyte. The solution to this problem was to buffer-exchange the
sample into a solution of a volatile salt; ammonium acetate is now the most widely used.8:°
With this simple advance the field of native MS was born, and interest grew in using MS to
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determine accurate MW:s for larger and larger complexes.19-12 Although, to realize this goal,
it was still necessary to optimize conditions to transmit and detect high-MW ions.13:14

In conventional MS, the quantity that is measured is not the mass but the mass-to-charge
ratio (/m/2). Small ions are usually singly charged, so mass and /m/z are synonymous.
However, larger ions, particularly when they are generated by electrospray, are multiply
charged, leading to a charge-state envelope—a distribution of peaks in the 777/ z spectrum due
to ions with the same average MW but different charge. Multiple charging was often touted
as an advantage of electrospray because it placed the m/z ratio of large proteins into the
range accessible by existing mass spectrometers. However, when ions are multiply charged,
it is necessary to determine their charge from the /m/z spectrum so that the mass can be
determined.1® If the resolving power is high enough, the charge can be determined from the
natural isotopic distribution. This can be challenging for highly charged ions, where isotope
peaks are closely spaced. In cases where the isotope distribution is not resolved, the charge
can be determined from the separation between the peaks in the charge-state envelope. This
is made difficult by heterogeneity. Heterogeneity can result from several sources, including
post-translational modifications, counterions, residual salt, and trapped solvent. It broadens
and shifts the peaks in the m/z spectrum, making it impossible to determine the MW from
the ml z spectrum without prior knowledge of the MW. Heterogeneity usually gets worse
with increasing MW and realistically restricts conventional MS measurements to ions with
MWs less than ~1 megadalton. There have been some notable exceptions where charge-state
distributions have been resolved for ions with MWSs beyond a megadalton, but these are

for samples that are highly homogeneous and extensively purified.16-21 There are also
many examples of smaller analytes that cannot be analyzed by conventional MS because of
heterogeneity. For example, many highly glycosylated proteins fall into this category.

One solution to the heterogeneity problem is to adopt a single-particle approach and measure
the m/zand charge of individual ions. The product of an ion’s m/zand charge is its mass,
and if the measurement is repeated many times for different ions, the resulting masses

can be binned to give a mass distribution. This single-particle approach differs from the
ensemble approach usually used in conventional mass spectrometry where the m/z spectrum
is measured for many ions. The peaks in the m/z spectrum are assigned to charge states, and
then the /m/z values of the peaks are multiplied by the charge state to give the MW.

2. SINGLE-ION MS: MEASURING MASSES OF INDIVIDUAL IONS

Two basic approaches have been developed for determining the masses of individual ions by
MS. The first involves charge stepping,?2 where the /m/z ratio of a single ion is measured,
the charge on the ion is changed (see below), and then the /7/zratio is remeasured. The
mass (and both charge states) can be deduced from two /m/z measurements if the difference
between the charge states is known. Usually, several charge-stepping cycles are performed
to confirm the charge steps. Charge stepping has been performed in a quadrupole ion trap
(QIT) and using Fourier transform ion cyclotron resonance (FTICR). The second approach
to determining the MW of an individual ion involves simultaneous measurement of its /77/z
and charge. This includes charge detection mass spectrometry (CDMS) and direct charge
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detection in FTICR and Orbitrap instruments. Time-of-flight MS (TOF MS) with cryogenic
detectors has also been used to measure /m/zand charge simultaneously.

2.1. Charge Stepping

The charge-stepping approach was first implemented by Arnold and co-workers using a
QIT.22 They irradiated the trapped particles with UV light to cause charge steps through
photoemission:22 irradiation by an electron beam has also been used.23 The 1/ z of a charged
particle in a 3D QIT can be determined by monitoring its Lissajous-like trajectory. In early
work, the trajectories of ym-sized particles were monitored visually using a microscope to
track them by their scattered light.24 An accurate value for the 71/ ratio can be determined
by adjusting the driving frequency so that the trajectory in the trap follows a stationary

star pattern.2> The intensity of the scattered light decreases as &5, and light scattering is
unsuitable for particles <50 nm in diameter.28 The lower size limit can be overcome by
studying fluorescent particles, either tagged?”-28 or intrinsically fluorescent,2? or by the use
of a bright probe particle to infer the behavior of a small dark particle.3? The QIT approach
has been used by the Chang group to measure MWs for a variety of objects including dried
E. coli cells,?3 polystyrene spheres,3! vaccinia virus, and human red blood cells.32 Nie and
co-workers measured MWs for adenovirus, iridovirus, and vaccinia virus.26:33 A resolving
power (/mlAm) of 10° can be obtained using a novel light-scattering approach developed

by Gerlich and co-workers.34:35 However, while the masses of trapped particles can be
measured with high accuracy, this technology is not suited to the rapid analysis of many
ions. Mass distributions determined using these methods usually contain tens of ions instead
of the thousands needed to define a distribution.

Smith and co-workers used FTICR to perform single-molecule mass measurements in the
mid-1990s.36-38 |n these experiments, single ions were isolated, the trapped ion’s 71z was
then measured with high precision, the charge was stepped by introducing a reagent, the
reagent was removed, and the /m/zwas remeasured. Several charge-stepping cycles were
performed because, in addition to proton transfer, adduction and elimination reactions can
occur.38 This approach can achieve resolving powers in the 104-10° range. It avoids the
size limitation due to the optical detection scheme used with the QIT, but as with the QIT
approach, it is slow and has not been widely used. Another variation of the charge-stepping
theme was recently described by McLuckey and co-workers.3° They used the attachment
of multiply charged ions of the opposite charge (such as holo-myoglobin [nMb—-13H]137)
to shift the charge. MWs measured for the 30S and 50S subunits of the £. coliribosome
(863.2 and 1497.7 kDa, respectively) were ~1.8% higher than expected. MWs determined
for analytes electrosprayed from solutions of volatile salts are usually slightly higher than
expected, but the difference is generally smaller, <1%.40

2.2. Simultaneous Measurement of the m/z Ratio and Charge

Simultaneous measurement of the 77/ z ratio and charge for individual ions provides a direct
measure of the mass for each ion. The measurement is repeated a number of times, and then
the masses are binned to give a mass spectrum. This approach can be accomplished in a few
different ways, as described below.
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2.2.1. Time-of-Flight MS with Cryogenic Detectors.—The m/zrange of TOF MS
is unlimited in theory. It is often coupled with MALDI. MALDI generates ions with a
lower charge than electrospray and, hence, higher /m/zvalues. In practice, the upper m/z
limit of TOF MS is limited by the detector response.#! One solution to this problem is the
use of a cryogenic detector,*2-48 either a microcalorimeter or a super-conducting tunneling
junction. In both cases, the response is related to the energy deposited by the ion as it
strikes the detector. If the ions are accelerated through a fixed potential, each ion’s kinetic
energy is proportional to its charge. Thus, in principle the charge can be deduced from the
energy deposited into the detector. However, in practice the detector response is not linearly
proportional to the ion charge above a few charges, so charge determination is not currently
possible for ions with more than a few charges. This approach has not found widespread use.

2.2.2. Charge Detection Mass Spectrometry.—In CDMS, the ions pass through a
detection cylinder. As the ion enters the cylinder, it induces a charge that is detected by a
charge-sensitive amplifier. The induced charge dissipates when the ion leaves the cylinder.
If the ion energy is known, the flight time through the cylinder provides the /m/zratio, and
if the cylinder is long enough, the induced charge equals the charge on the ion.#9:0 This
approach was first used to measure the mass and velocities of micron-sized metal particles
for impact studies to investigate the effect of dust-particle collisions on satellites.51 In 1995,
Fuerstenau and Benner adapted it to analyze ions generated by electrospray.>? Because

the charge carried by individual ions is small, the accuracy of the charge measurement is
limited by electrical noise. In these early, ground-breaking measurements, the root mean
square (RMS) noise was equivalent to 150 e (elementary charges), and the smallest charge
that could be reliably detected was 425 e. This restricted the early CDMS measurements
to highly charged ions, and the early studies of Benner and collaborators focused on
measurements for DNA.52-54 |n subsequent work, Benner and co-workers used the same
approach to measure mass distributions for rice yellow mottle virus (RYMV) and tobacco
mosaic virus (TMV).%5 For RYMV they found a peak centered on ~6.5 MDa (close to the
expected mass), but the peak was >10 MDa wide with a high mass tail that extended beyond
35 MDa. The results for TMV were similar. The poor accuracy of the charge measurement
was probably the main contributor to the peak width in these early studies. In CDMS, the
mass resolving power (m/Am) depends on the uncertainties in both the 777z and charge,
which are independent variables,

2)—1/2

O(miz 2 O
o = VEIN2X (((r;:/z))) +(3)
@
where Am is the full width at half-maximum (fwhm) of the peak at mass /mand oy, and

o are the root-mean-square deviations (RMSDs) for the /m/zand charge determinations,
respectively.

The main factor limiting the accuracy of the charge measurement is electrical noise. One
way to improve the accuracy is to signal-average, either by embedding the detection tube in
an electrostatic linear ion trap (ELIT),%6:57 so that an ion oscillates back and forth through

Chem Rev. Author manuscript; available in PMC 2024 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jarrold

Page 6

the tube many times,>8:59 or by passing each ion through a series of detectors arranged

one after the other in a linear array.6%-54 When multiple measurements are performed, the
uncertainty in the charge determination is ./ /n, where o,* is the RMSD in the charge
measurement from a single pass through a detection cylinder and 77is the number of times
an ion passes through a cylinder. It follows that single-pass CDMS charge measurements
are the least reliable, followed by a linear array, and then an ion trap where there can be
thousands of oscillations. The main advantage of single-pass CDMS is that it has a much
higher throughput than ion-trap CDMS so that a spectrum can be measured in <1 min.

A linear array offers a compromise: a relatively high throughput with a charge accuracy
better than that with single-pass CDMS, although not as good as with ion-trap CDMS. Most
CDMS instruments now utilize the ion-trap approach, trading measurement time for charge
accuracy and, hence, mass resolution.

2221 lon-Trap CDMS Instrumentation.: Figure 1a shows a schematic diagram of

a state-of-the-art ion-trap CDMS instrument. lons are generated by nanoelectrospray and
carried into the instrument by ambient gas flow through a metal capillary. The ions are
separated from the ambient gas as they travel through three stages of differential pumping.
The first stage contains a FUNPET, an ion funnel—ion carpet hybrid that is optimized to
thermalize high mass ions and provide ample time for them to desolvate.5® The following
stages contain a radiofrequency (RF) hexapole and a segmented RF quadrupole. At the end
of the quadrupole, ions are focused into a dual hemispherical deflection energy analyzer that
transmits a narrow band of ion kinetic energies that are focused into the ELIT.

The ELIT consists of two end-caps that can be switched between transmission and trapping
modes by changing the potentials on the end-cap electrodes. In our prototype instrument,
we used a cone trap>9:66 because of its simplicity (the end-cap consists of a single conical
electrode), but simulations showed that better performance could be obtained from ELITs
with multielectrode end-caps.8” Figure 1b shows a cross section through an ELIT optimized
by trajectory simulations for CDMS measurements. In this example, both end-caps contain
three electrodes and grounded shields separate the end-caps from the central detection
cylinder. The potentials on the outer two electrodes are switched to trap ions.%” The time
sequence of the end-cap potentials is shown schematically in Figure 1c. Initially, both
end-caps are in transmission mode, and ions are focused through the trap. The potentials

on the rear end-cap are switched to trapping mode, and ions are reflected back through the
trap. Then, ~1 ms later, the front end-cap is switched to trapping mode, closing the trap.
Trapped ions oscillate back and forth through the detection cylinder, inducing a periodic
signal that is detected by the charge-sensitive amplifier. The white line in Figure 1b shows
the trajectory of an ion oscillating along the trap axis. At the end of a predetermined trapping
period (typically 0.1-1.5 s) the end-caps are switched to transmission mode to release the
trapped ion. The trapping cycle is then repeated.

2.2.2.2. Data Analysis.: The signal from the oscillating ion is digitized and transferred to
a computer. Figure 1d shows an example of the signal generated by a single ion trapped

for 0.1 s. The inset shows the signal measured between 0.041 and 0.042 s, a time interval
indicated by the two closely spaced vertical lines in the center of the plot. The oscillations
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visible in the signal in the inset result from the ion passing back and forth through the
detection cylinder. The signal from the oscillating ion is a slightly rounded square wave.
There are several high-frequency signals (100-400 kHz) superimposed on the ion signal.
One is intentional: the 129 kHz reference signal applied to the antenna in Figure 1b.

The reference signal is used to dynamically calibrate the charge measurement.®8 Other
high-frequency contributions include pick-up from the RF signals applied to the FUNPET,
RF hexapole, and RF quadrupole. These are outside the frequency range of ion oscillation
signals and do not interfere.

The time-domain signals are analyzed in real time using fast Fourier transforms (FFTs).59.69
The charge is obtained from the FFT magnitude, and the 1/ zratio is determined from the
oscillation frequency using the following equation,

m_ C
?_F
@

where Cis a constant determined from ion-trajectory simulations.>® Figure 1e shows a
full-event FFT of the signal in Figure 1d. The fundamental is at ~10 kHz, and a series of
odd harmonics are evident. The even harmonics are almost absent with this ELIT because
it employs a 50% duty cycle (where the time spent in the end-cap equals the time in the
detection cylinder).5” A 50% duty cycle optimizes the accuracy of the charge measurement
and reduces the dependence of the oscillation frequency on the ion energy. In the program
used to process the data, each trapping event is analyzed using a windowed FFT (where
short overlapping sections of the time-domain signal are analyzed sequentially).5%:69 Thus,
the oscillation frequency and charge are monitored as a function of the trapping time. A
gradual shift in the oscillation frequency during the trapping period can result from the loss
of residual solvent, collisions with the background gas, and interactions between the ion
and its image charge.”? Fragmentation or loss of a charge lead to a step in the oscillation
frequency.’0.71 If there is a step, or if the ion is not trapped to the end of the trapping period,
the trapping event is discarded during data analysis.

2.2.2.3. Different Trapping Schemes.: To trap an ion in the ELIT, it is necessary to
switch the end-cap potentials from transmission to trapping mode while an ion is in the trap.
This can be accomplished in several ways. In early work, the end-caps were switched to
trapping mode when the signal of an ion was sensed on the detection cylinder.58 This is
called triggered trapping. The threshold was usually set to 5 times the RMS noise to avoid
closing the trap on noise. This led to a high limit of detection (typically ~250 e), which
restricted the early measurements to highly charged ions. Alternatively, the ion trap can
be continuously opened and closed without prior knowledge of whether an ion is inside.
The signal acquired during the trapping period is then analyzed to determine if an ion
was trapped.>® This continuous-trapping mode is illustrated in Figure 1c. With this mode
it is possible to detect ions with fewer charges than with triggered trapping. Even single,
singly charged ions have been detected.”? However, continuous trapping is less sensitive
than triggered trapping because the probability of trapping an ion is lower. In continuous
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trapping, the trap is open for a short time (a few milliseconds) during which ions may enter
the trap, and then the trap is closed for the trapping period (typically 0.1-1.5 s). Any ions
that arrive during the time when the trap is closed are lost. This loss can be avoided by
accumulating the ions when the ELIT is closed and then pulsing them into the ELIT when it
is opened to accept ions.”3 This pulsed mode of operation increases the sensitivity of CDMS
by >2 orders of magnitude, allowing much lower titer samples to be analyzed. A limit of
detection of 1.3 L of 3.3 x 108 particles/mL (7 x 10719 mol) was obtained for hepatitis B
virus with 7= 4 capsids using pulsed-mode CDMS."3

2.2.2.4. Charge Uncertainty and Charge-State Resolution.: Charge is quantized. The
measured charge can be used to assign the ion to its nearest charge state, and it is only
necessary to measure the charge with enough accuracy to ensure that this assignment is
correct.” Figure 2a shows simulated charge spectra for three different charge RMSDs. For
an RMSD of 0.1 e (the top charge spectrum in Figure 2a), the peaks corresponding to integer
charges of 98, 99, 100, 101, and 102 e are well-resolved. lons with a measured charge
between 99.5 and 100.5 e can be assigned to an integer charge of 100 e with a very low
error rate. The fraction of ions with an integer charge of 100 e that are assigned to higher or
lower charge states is vanishingly small. For a charge RMSD of 0.4 e (bottom spectrum in
Figure 2a), the charge-state distributions overlap, and the charge states are poorly resolved
in the summed spectrum (black line). A substantial fraction of the ions with an integer
charge of 100 e have measured charges that are <99.5 e or >100.5 e. These ions would

be incorrectly assigned to lower or higher charge states if they are assigned to the nearest
charge state. For a charge RMSD of 0.2 e (middle spectrum in Figure 2a), the charge states
are well-resolved but just beginning to overlap. Figure 2b shows a plot of the quantized
charge RMSD (i.e., the RMSD after the charge is assigned to the nearest charge state)
plotted against the RMSD of the initial distribution (i.e., before quantization). For a charge
RMSD >0.3 e, quantizing the charge increases the overall uncertainty in the charge, but for
RMSDs <0.3 g, the uncertainty in the quantized charges drops rapidly. Figure 2c shows the
fraction of ions assigned to the wrong charge state plotted against the initial RMSD (red
line). The error rate can be substantially reduced by discarding ions that are close to the
halfway point between two charge states (blue line). Taken together, these results show that
a charge RMSD of ~0.2 e is required to have a well-resolved charge spectrum, where the
number of ions assigned to the wrong charge state is small. The uncertainty in the charge
no longer contributes significantly to the mass resolution, which becomes almost entirely
determined by the uncertainty in the m/z.

Figure 2d shows a schematic of a charge-sensitive amplifier configured to detect small
signals. There is a JFET (junction field-effect transistor) at the input and a feedback
capacitor (&) and feedback resistor (/). The uncertainty in the charge measurement in
CDMS is determined primarily by electrical noise. One way to reduce the uncertainty is

to average for longer, i.e., to extend the trapping time.”#7> The charge RMSD scales as
(trapping time)~2/2, However, a long trapping time is undesirable because it extends the
acquisition time. The trapping time can be reduced by optimizing the design of the ELITS?
and minimizing the electrical noise by improving the design and implementation of the
charge-sensitive amplifier. Several steps have been taken. The input FET is cryogenically
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cooled to 130-140 K to reduce noise.”® To eliminate thermal noise from the feedback
resistor, it was removed in a recent implementation of the Bertuccio design’’ and the
JFET biased by its gate-leakage current.”2 Finally, the charge measurement is dynamically
calibrated using an internal standard generated by irradiating the detection cylinder with a
129 kHz signal by means of a small antenna (see Figure 1b).58 With dynamic calibration,
the relative charge accuracy was reduced to 5 x 1074, allowing charge-state resolution to
be achieved for single ions with up to 500 charges. Dynamic calibration locks the charge
calibration into a feedback loop so that it is stable for months. A trapping time of 1.5 s is
currently needed to achieve a charge uncertainty of ~0.2 e.”8

Because the uncertainty in the charge measurement is determined primarily by electrical
noise, the absolute uncertainty is, to first order, independent of the charge. However, the
charge uncertainty does depend on the oscillation frequency (and hence the m/zratio).

As mlzincreases, the oscillation frequency decreases and the 1/fnoise increases, which

in turn causes the uncertainty in the charge to increase. Figure 2e shows a plot of the

charge RMSD as a function of m/zfor an Amptek A250 with a 2SK152 JFET (a widely
used commercial package) and a recent implementation of the Bertuccio design’8 without a
feedback resistor.”? In both cases the input FET was cryogenically cooled to 130-140 K and
the measurement time was 1.5 s. The contribution from the 1/fnoise is substantially smaller
for the Bertuccio design than for the A250, so the increase in the charge uncertainty with
mizis relatively weak, and the Bertuccio design has a lower charge uncertainty for all /2
values.

2.2.2.5. Reducing Measurement Timewith Multiple-lon Trapping.: Another way to
reduce the measurement time is to trap more than one ion at a time, an approach that

has been championed by Williams and co-workers.”®:80 When multiple ions with similar
oscillation frequencies are trapped, they may not be resolved in the frequency spectrum.
Williams and co-workers have proposed that this problem can be ameliorated by increasing
the breadth of the ions energy distribution, allowing enhanced multiplexing and a substantial
reduction in measurement time.89 The ion energy also affects the oscillation frequency, and
so increasing the energy distribution will affect the resolution. These studies were performed
with a cone trap, which is capable of trapping ions with a relatively broad range of kinetic
energies. Different ion energies lead to different end-cap penetration depths, which in turn
lead to different duty cycles (the ratio of the time spent in the trap to the total cycle time). A
change in the duty cycle is reflected in a change in the magnitudes of the fundamental and
harmonics in the FFT of the signal. Williams and co-workers used the magnitudes to deduce
the ion energy, which was in turn used with the oscillation frequency to determine the /7/z81
The charge measurement also depends on the magnitudes of the peaks in the FFT.”*

While this approach offers reduced data-collection times, when multiple ions are trapped,
ion—ion interactions can perturb the ion energies and ion trajectories, causing the oscillation
frequencies to shift, which in turn degrades the resolution.82 The ion—ion interactions scale
as 2 and hence become more important for larger ions. In some cases, the ion trajectories
may be sufficiently perturbed that one or more ions are ejected from the trap. The best m/z
resolution is obtained with ELITs designed to have the oscillation frequency independent of
the ion kinetic energy. With these traps, it is feasible to trap up to 10 ions at a time without
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causing a significant degradation in performance. In the future, traps could be designed to
optimize performance for multiple ions.82

2.2.2.6. m/z Resolution.: As noted earlier, the m/zratio is determined from the oscillation
frequency. In addition to the ion kinetic energy, the oscillation frequency also depends

on ion-entry conditions (i.e., the radial offset and angular deviation of the entering ion).
lons that enter the trap off-axis undergo Lissajous-like trajectories with frequencies that
differ slightly from ions that oscillate on-axis. Distributions in the ion energy and ion-entry
conditions are primarily responsible for the /m/zresolution. The most recent ELIT design
(Figure 1b) reduces the dependence on the ion energy, and its /77/z resolving power is ~330.
Substantial improvements in the /m/z resolving power are anticipated with better-optimized
ELIT designs where the oscillation frequency dependencies on the ion energy and ion-entry
conditions are reduced simultaneously. Resolving powers of >300 000 have been obtained in
simulations.

2.2.2.7. High-Resolution CDM S Measurements: An Illustrative Example.: Figure

3 shows mass and charge distributions measured for hepatitis B virus (HBV) capsid

ions assembled from truncated capsid protein (Cp149) dimers (see below). The charge
distributions (Figure 3b) show good resolution of the charge states. The mass distribution
shows intense peaks close to the masses expected for icosahedral capsids with 90 capsid
protein (Cp) dimers (7 = 3 capsids) and 120 Cp dimers (7 = 4 capsids), as well as smaller
peaks separated by the mass of a Cp dimer.

The measured peaks for the 7= 3 and 7= 4 capsids are at masses ~0.33% higher than
expected from the known mass of the Cp149 dimer (33 540.8 Da). Such mass deviations

are common for large protein complexes electrosprayed from volatile salt solutions.83:84 The
deviation is attributed to counterions, salt adducts, and trapped solvent. Bearing in mind that
the icosahedral HBV capsids are hollow and, when in solution, the inner cavity contains
solvent (~1-2 x 10° water molecules), it is perhaps surprising that almost all of the solvent
leaves the capsids as they are transported through the interface. On the other hand, the
FUNPET interface employed here was designed to keep the ions in a buffer gas for a long
time, allowing them plenty of time to desolvate.5° Furthermore, MD simulations have shown
that virus capsids are quite porous.8%86 For example, according to simulations, all the water
molecules inside an empty poliovirus capsid (~2 x 10%) exchange in solution in ~25 15.88

The peak widths in Figure 3a (9 375 Da fwhm for 7= 3 and 13 377 Da fwhm for 7= 4)

are marginally larger that the values expected for the instrumental resolution, indicating that
the underlying peak widths are substantially narrower. Ultimately, the peak width is limited
by the isotope distribution. For a protein complex, the fwhm of the isotope distribution

is given by approximately 0.0628 x y/m, which is ~109 Da for the 7= 3 capsid and 126

Da for 7= 4. Thus, with higher m/zresolving power, it would be possible to monitor small-
molecule binding to viruses and other large complexes by CDMS. As described earlier,
substantial improvements in the /77/z resolving power are anticipated with better-optimized
ELIT designs.
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2.2.2.8. Deconstructing a Complex m/z Spectrum Using the Charge.: Figure 3c shows
a mass distribution measured for an HBV assembly reaction that stalled, leaving behind
trapped intermediates. All possible oligomers of the Cp are resolved, from the Cp dimer

up to and beyond the icosahedral capsid with 120 Cp dimers ( 7= 4). Because of the
heterogeneity of this sample, its mass distribution could not be determined by conventional
MS; the ml z spectrum contains a charge-state envelope for each species, and the charge-state
envelopes overlap so the spectrum is dense and uninterpretable. The /m/z spectrum measured
by CDMS for this sample is shown in Figure 4a. While a broad featureless m/z spectrum
was anticipated, the measured spectrum contains resonances. The inset shows an expanded
view of the resonance at an m/zof ~16 750. To deconstruct the /m/z spectrum, Figure 4b
shows a charge versus /m/z scatter plot where each ion in the //z spectrum in Figure 4a

is represented by a point in Figure 4b. The points fall into tight groups. The inset shows

an expanded view of the groups that have /2 values between 16 000 and 20 000 Da,

and the green circle shows a further expansion of a portion of the inset. The ions are
grouped because charge states are resolved in both the charge and /7 z dimensions in this
two-dimensional plot. Two of the groups in the Figure 4b inset are surrounded by red
circles. The red circle on the right encompasses ions with m/z~ 16 822 and z= 76, which
together yield an MW of 1.278 MDa. This corresponds to a (dimer)sg oligomer in the mass
distribution in Figure 3c. The red circle on the left encompasses ions with m/z~ 16 604
and z= 77, which yields the same MW as the ions in the right circle (1.278 MDa). The
ions in the two circles have the same nominal MW but differ by one elementary charge:
they belong to the charge-state envelope of the (dimer)sg oligomer. The red lines in Figure
4b and its inset are lines of the same nominal MW—in this case, the MW of the (dimer)4,
oligomer (1.412 MDa). Plotting out the intensity along these lines yields the charge-state
envelope—the m/ z spectrum—for this oligomer.

Finally, the charge versus /m/z scatter plot provides an explanation for the resonances in

the ml z spectrum. The resonances occur when the groups of ions are aligned vertically in
the scatter plot. For example, the red arrow in the inset in Figure 4b points to the vertical
alignment that leads to the resonance at /m/z values of ~16 750. For the groups to align
vertically, ions with different masses and charges must have almost identical m/zvalues, and
this only occurs for certain combinations of oligomer size and charge.

2229 CDMSfor Light lons: Analysis of Heterogeneous Mixtures.: While CDMS is
usually viewed as a way to determine MWs for high-MW samples, it also can be used to
measure MW distributions for lighter ions (<1 MDa). As noted earlier, the uncertainty in the
charge determination improves slightly as the m7/zdecreases (and the oscillation frequency
increases). Individual ions with a single charge have been detected by ion-trap CDMS.”2
Angiotensin 11, with an MW of 1046.2 Da, is the lightest ion that has been detected so far.”2
For light ions, charge states can easily be resolved in the /m/zspectrum. lons associated

with the different m/z charge states can be isolated, and then the average charges can be
determined for the 777/ z separated ions from the charge measurements. A comparison of the
average measured charges with the /71/z charge states has been used to calibrate the charge.’®
For low-heterogeneity samples of low-mass molecules, the relatively long measurement
time of CDMS means that it is not competitive with ensemble measurements performed
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by conventional MS. However, CDMS can measure mass distributions for heterogeneous
mixtures of lower-mass ions that are challenging to analyze by conventional MS and

MS hyphenated with a separation technique, such as LC-MS. Some examples include
polymers, micelles, nanoparticles, and proteins that have been extensively modified post-
translation, as well as other heterogeneous mixtures of molecules that cannot be resolved by
chromatography. The extensive sample cleanup that is necessary for conventional MS so that
charge states can be resolved is not necessary for CDMS. For example, the analysis of serum
and cell lysates with minimal sample processing is feasible.8”

2.2.3. Single-lon Mass Measurements by FTICR and an Orbitrap.—As
described earlier, Smith and co-workers used FTICR to measure the masses of single high-
mass ions using a charge-stepping approach where the mass was determined from multiple
measurements of an ion’s 777z in different charge states.36-38 In subsequent work, the same
group employed FTICR to perform a direct measurement of the charge.88:89 An FTICR

cell is essentially a rectangular or cylindrical box with orthogonal pairs of excitation and
detection electrodes arranged along the magnetic field axis. Excited ions undergo cyclotron
motion perpendicular to the field axis and induce a charge on the detection electrodes that is
detected by an amplifier.

In CDMS, the ion passes through a detection cylinder, and if the cylinder is long enough,
the induced charge equals the charge on the ion. The induced charge does not depend on
the ion’s trajectory through the cylinder. In an FTICR cell, the detection electrodes do not
surround the ion, and hence, only a fraction of the ion’s charge is induced on them; the
balance is induced on the excitation electrodes and the end-caps. The size of the induced
charge depends on the distance between the electrode and the ion, which in turn depends
on the radius of the cyclotron orbit, which is difficult to estimate. Chen and co-workers
determined the charge by exciting each ion to a larger and larger cyclotron orbit until it
was lost.88 For very large ions, where collisional relaxation was ineffective, a series of
measurements were performed following random excitation or deexcitation of the ion.8?

In both cases, the charge could be determined with an accuracy of ~10%. This approach
was used to determine the mass of bacteriophage T4 DNA ions. Masses, ranging from 90.9
to 128.6 MDa, were reported for 6 ions. The sequence mass for the 168 kbp dsSDNA T4
genome is 104.3 MDa. The small number of ions studied here speaks to the difficulty of the
measurements.

There has recently been considerable excitement around single-ion measurement on an
Orbitrap. An Orbitrap is an electrostatic ion trap where the ion circulates around a spindle
electrode while it oscillates back and forth along the length of the spindle.? The oscillation
frequency depends on the ion’s mizratio, but it is relatively independent of the ion

energy. The induced charge is picked up on two outer electrodes. Measurements are usually
performed on packets of ions. Single-ion measurements were first performed by Makarov
and Denisov more than a decade ago; they were able to detect single myoglobin ions with
20 charges.?1 Only a single /2 measurement was made for each ion, so it was not possible
to determine the mass without prior knowledge of the charge state. Interest in single-ion
measurements has now been rekindled. Kelleher and co-workers recently reported that the
analysis of single ions in an Orbitrap can lead to an increase in the /772 resolving power.92:93
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For a packet of ions, field imperfections, either from space charge effects or geometric
imperfections, cause dephasing, which reduces the resolving power. The dephasing is

avoided for single ions, allowing an improvement in the //z resolving power. This was
first demonstrated by Smith and co-workers in FTICR measurements for single ions.%*

Kelleher and Heck and their collaborators have now taken this work one step further and
performed charge measurements for single ions using an Orbitrap mass spectrometer.95:96
This approach has been called individual-ion mass spectrometry or 12MS. For an ion trapped
in an Orbitrap, only a fraction of its charge is induced on the detection electrodes, with

most of the balance being induced on the center spindle. Thus, the size of the induced
charge depends on the ion’s trajectory in the trap and specifically how close the ion’s

path is to the detection electrodes. The same issue was discussed earlier for direct charge
measurements using FTICR. For an Orbitrap, it appears that the uncertainty in the charge
measurement is ~4% for a 2 s trapping time. Note that the uncertainty is expected to scale
with the charge because it depends on the trajectory of the ion as well as amplifier noise.
For heterogeneous samples, this relatively high charge uncertainty compromises the mass
resolution. However, for less-heterogeneous samples where charge states are still resolved

in the /mlz spectrum, the average charge can be determined for ions in an m/z peak and

used to assign the charge state to the peak (if there are enough ions in the peak that the
average charge can be determined with enough precision). A similar approach has been used
in CDMS to calibrate the charges.”® Orbitrap 12MS is a relatively recent development, and
only a few demonstration results have been published so far.9%:96

3. APPLICATIONS OF CDMS TO MOLECULAR BIOLOGY AND
BIOTECHNOLOGY

CDMS can be used to analyze a wide range of heterogeneous and high-mass samples. While
not the main focus of this Review, a considerable amount of work has also been done

on nanoparticles,97-%8 on polymers,29-108 and in the charging of, and charge separation in,
droplets.62:109-115 The main focus here is on applications relevant to molecular biology and
biotechnology, a number of which are discussed below.

3.1. DNA

In solution, DNA is negatively charged because at least some of the backbone phosphate
groups are ionized. When electrosprayed, DNA acquires a substantial number of counterions
that introduce heterogeneity and make it impossible to measure the mass of large DNA
molecules by conventional electrospray MS. Benner and co-workers used CDMS to analyze
single-stranded (ss) and double-stranded (ds) circular DNA in the range of 5.0-15.0 kb
(kilobase).>3 Electrospray can be used to generate both positive and negative ions, although
negative-mode electrospray is considerably more difficult to perform because it is more
susceptible to electric discharge. Negative-mode electrospray of plasmid pBR322 was found
to result in a peak at close to the sequence (2.695 MDa).>3 However, the charge distribution
showed two peaks at around 980 and 2 220 e (elementary charges) that could be due to
different three-dimensional structures. Large ions generated by electrospray are thought to
be produced by the charge-residue mechanism, 116117 where a water droplet deposits its
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charge on the analyte as it evaporates away. The maximum charge deposited on a spherical
ion can be predicted from the Rayleigh charge limit for a water droplet!18 with the same
diameter as the analyte. When assuming that a spherical ion has the same density as water,
the Rayleigh charge limit is given by zg = 0.0778 m1/2.10 For a spherical ion with a mass

of 2.7 MDa, the charge is expected to be ~130 e, which is much lower than those for

both charge populations (980 and 2220 e) found in the experiments, indicating that for both
populations the ions are far from spherical. The more highly charged population has roughly
one net negative charge for every two base pairs.

For positively charged DNA ions, enough charge must be added during the electrospray
process to neutralize the negative charge of the DNA in solution and provide a net positive
charge. lons generated by the positive-mode electrospray of pBR322 showed a single
population with a charge of ~760 e. pBR322 is 4 361 bp. If all the backbone phosphate
groups are ionized, the number of counterions should be (2 x 4 362) + 760 (for the charge)
=9 484. If the counterions are Na*, this would add 209 kDa to the mass of the positive

ion, and for NH,4*, 161 kDa would be added. The mass measured for the positively charged
pBR322 ions is 2.76 MDa, which is 65 kDa (2.4%) higher than the sequence (2.695 MDa).
An excess mass of 65 kDa is smaller than that anticipated, which suggests that many of the
backbone phosphate groups are un-ionized.

Antoine and co-workers have reported several studies using CDMS to investigate the
multiphoton dissociation of DNA ions. In these studies, the ions were trapped in an ELIT
and irradiated with a CO, laser.119-121 |n principle, this approach allows one to follow the
fragmentation pathways at a single-molecule level. Three different processes were identified:
sudden loss of the signal due to the trapped ion, a gradual loss of signal, and a multistep
process where the signal disappears in steps. Finally, Antoine and co-workers have recently
used CDMS to measure the MW distribution of calf thymus DNA.122 They found two broad
distributions centered around 3 and 10 MDa. The lower mass component was thought to be
degradation products.

3.2. Glycosylated Proteins

Glycosylation is one of the most common forms of protein post-translational modification,
and around half of cellular proteins are glycosylated. Glycosylation affects protein structural
stability and plays an important role in recognition. Hence, it plays a central role in

almost all biological processes. Glycosylation increases diversity in the proteome. At

any given glycosylation site, a variety of glycans can be attached, and when there are
multiple glycosylation sites, the number of different glycoforms increases exponentially.
For example, if a protein has 20 glycosylation sites that can be randomly populated with

3 different glycans, the number of glycoforms is 320 or 3.5 x 10°. Protein glycosylation

is usually studied using a bottom-up approach where the glycoprotein is enzymatically
digested and the fragments are analyzed by LC-MS.123 Using this approach, it is possible
to determine the glycan population at specific sites within the protein. However, it is

not possible to measure the MW distribution of the intact glycoprotein by conventional
MS if there are a significant number of glycosylation sites because of heterogeneity. For
example, the spike protein trimer of SARS-CoV-2 has 66 N-glycosylation sites (22 per
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spike protein). SARS-CoV-2 is responsible for the COVID-19 pandemic that emerged in
2020.124-128 Trimers of the spike protein decorate the virus surface and are the primary
target for vaccine development.129130 The glycans provide a shield that frustrates the
immune response. Bottom-up glycoproteomics studies have been used to determine the
glycan composition at the N-glycan sites; high mannose, hybrid, and complex glycans were
found.131.132 The blue line in Figure 5 shows the mass distribution measured for the spike
protein trimer by CDMS.133 The orange inset is the measured charge distribution, which
shows good resolution of the charge states (RMSD = 0.191 e). The gray line shows the mass
distribution measured for B-galactosidase under identical conditions. The measured mass
(467.6 kDa) is <0.5% larger than the expected mass (465.4 kDa). The difference, attributed
to counterions, salt adducts, and trapped solvent, is in line with deviations usually found

for protein complexes electrosprayed from volatile salt solutions. The dashed vertical line
indicates the expected mass of unglycosylated spike protein trimer (414.2 kDa) calculated
from its sequence. The red line shows the mass distribution expected for the N-glycosylated
trimer assuming the glycoforms are populated randomly according to the glycan distribution
determined in the glycoproteomics studies.13! This means that glycans populating each site
are unaffected by the glycans populating other sites (i.e., the sites are uncorrelated). The
average glycoprotein mass determined from the CDMS measurement of the intact mass
(145.3 kDa) is substantially larger than the average from the bottom-up glycoproteomics
studies (107.5 kDa). One possible explanation for this difference is that the glycoproteomics
studies underestimate the abundances of larger, more complex glycoforms. The measured
glycan distribution is also much broader than expected for a random glycan distribution. It
has been reported that the S protein is mannosylated before it assembles into trimers in the
ER and acquires complex N-glycans in the Golgi.13* The broad glycan mass distribution
observed in the experiments suggests that glycan processing in the Golgi is correlated, so
that, for some trimers, many of the glycan sites are lightly processed, while for others, many
are heavily processed. A random distribution would lead to a narrower mass distribution.

3.3. Protein Complexes

A number of CDMS measurements have been performed for protein complexes with masses
in the half megadalton range, such as pyruvate kinase,13% g-galactosidase,87:133 and RuBis-
C0.80.79 However, these studies were directed at using the complexes to characterize CDMS
rather than learning new information about the complexes. Accurate MWSs determined by
CDMS can provide information about the stoichiometry of protein complexes. A good
illustration is provided by studies performed on the yeast nuclear pore complex (NPC).136
The NPC mediates transport between the cytoplasm and the nucleus and consequently

plays an important regulatory role. The dynamic nature of the NPC makes it difficult to
characterize. The structure was deduced through a combination of cross-linking studies
using MS and cryogenic electron microscopy (cryo-EM) measurements. The NPC contains
~550 copies of ~30 different proteins. The expected mass of the native NPC is 52 MDa,
which increases to ~87 MDa when the membrane, cargo, and nuclear transport factors are
included. The CDMS mass distribution showed a broad peak centered on ~80 MDa, which
confirmed the overall stoichiometry of the NPC.136
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3.4. Protein Aggregation

Protein aggregation is associated with several diseases,137 and it is a significant issue with
high-MW therapeutics such as antibody formulations. 1gG oligomers up to the hexamer
and IgM oligomers containing 4-6 monomers have been resolved using Orbitrap 12MS.%
Pyruvate kinase (PK) oligomers containing up to 10 PK tetramers have been detected by
CDMS.135 |t is usually possible to track the early stages of protein aggregation using
conventional MS,138-140 and the end point can be determined using a variety of particle-
analysis methods such as dynamic light scattering or multiangle light scattering. CDMS
offers the advantage of being able to cover a size range from monomers to aggregates with
MWs into the gigadalton range. Thus, it should be possible to track aggregation over the
entire size range of interest using CDMS.

MW distributions have been measured for amyloid fibers from several different sources

by single-pass CDMS.141-143 |n the case of fibers generated from a-lactalbumin,14! the
average MW of the fibers was found to be 395 MDa. The average length of the fibers

from EM images was 2.01 gym. Both the MW distributions and the length distributions were
log-normal. Polydispersity indices for both distributions were similar (1.62 for mass and
1.65 for length), suggesting that the main feature driving the MW distribution was the length
distribution and not heterogeneity in the number of filaments in each fiber. The average
charge on the fibers is ~1 180 e. This is almost the same as the charge found for adenovirus,
which has an MW of ~150 MDa and a roughly spherical shape with diameter of ~165 nm
(see below). It is surprising that the much larger fibers have such a low charge relative to that
of adenovirus. This suggests that the fibers are wrapped up tightly during the electrospray
process; a much higher charge would be expected for an elongated structure.

Assembly of HET-s (a fungal prion protein) yielded such long fibers that it was difficult to
determine the length distribution from atomic force microscopy (AFM) and EM images.14
The mean mass determined by CDMS was 112 MDa. The mass distribution was again
log-normal, although the polydispersity index (1.19) was smaller than that found for a-
lactalbumin fibers (see earlier). In the AFM and EM images, the fibers had a uniform
diameter of ~3 nm. This value for the diameter, an assumed density, and the average mass
provided an estimate of the average length of the fibers of 12.2 y/m. The average charge
carried by the fibers was 650 e, which was around half the value for the a-lactalbumin
fibers, while the HET-s fibers were ~6 times longer. The low charge was not consistent with
an elongated conformation in the gas phase.

For fibers generated from two polypeptides involved in neurodegenerative diseases, AS1-42
and tau, two coexisting species were detected in the CDMS measurements.143 Results for
the tau amyloid fibers are shown in Figure 6. Two populations are evident in the CDMS
mass distribution (Figure 6a) and charge versus mass heat map (Figure 6b). The low-mass
population was attributed to the spherical oligomers indicated by the white arrows in the EM
image (Figure 6¢). The low-mass population was ~5% of the total. In the charge versus mass
plot, the charge increases much more rapidly with mass for the lower-mass population than
for the higher-mass one (see dashed lines in Figure 6b).
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3.5. Viruses

A capsid, the protein shell that surrounds the genetic material of a virus, is assembled from
many, often hundreds, capsid proteins. Around half of known virus families have icosahedral
capsids. The structures of icosahedral capsids are defined by a triangulation number (7)
where 60 T'is the number of capsid proteins present.144 The capsid proteins are arranged into
12 pentamers plus 10( 7— 1) hexamers. The allowed 7 values can be obtained from 7= /2 +
hk + k2, where hand kare positive integers. The first few allowed 7valuesare 1,3, 4,7, 9,
12, etc. The 7= 3 capsid has the same basic geometry as a soccer ball, with the pentagons
separated by a single hexagon. Some viruses are enveloped, where the capsid is encased in

a lipid membrane derived from the host cells. In addition to providing a remarkable example
of self-assembly, there is also the possibility of exploiting capsid assembly to develop novel
viromimetic particles that could act as nanocontainers and templates. 145146

3.5.1. Hepatitis B Virus Capsid Assembly.—Hepatitis B virus (HBV) has emerged
as a model system to study virus capsid assembly. It is also a destructive pathogen;
worldwide, ~250 million people suffer from chronic HBV infection and ~900 000 die
annually. The virion consists of an outer lipid envelope with an icosahedral nucleocapsid
core. The assembly of the HBV nucleocapsid is an attractive target for the development

of assembly-directed antivirals,47-151 making information about HBV capsid assembly
particularly pertinent. HBV self-assembly is usually studied with the core protein assembly
domain (Cp149), a 149-residue protein that lacks the arginine-rich, C-terminal DNA-binding
domain. The building block is the Cp149 dimer, and it spontaneously assembles into
icosahedral capsids with 90 dimers (in a 7= 3 structure) and 120 dimers (ina 7=

4 structure).152:153 The assembly reaction, which can be triggered by raising the ionic
strength, is thought to occur through a series of coupled equilibria, with each one
corresponding to the addition of a dimer in a bimolecular reaction.134-156 The equilibrium
constant for the overall reaction,

120 dimer < capsid

©)

for the 7=4 capsid is

[capsid]

K= 120

[dimer]

©

The extraordinarily high dependence on the dimer concentration leads to pseudocritical
behavior if we define the total dimer concentration as the sum of the free dimer and the
dimer in capsids. For total dimer concentrations below the pseudocritical concentration,
the amount of capsid present is vanishingly small; for those above the pseudocritical
concentration, the capsid concentration increases linearly, while the dimer concentration
remains fixed at the pseudocritical value.156 Reversibility during assembly is thought

to be critical because it provides a mechanism for error correction.1®” Accelerating
assembly provides a way to overwhelm self-correction, leading to defective capsids. The

Chem Rev. Author manuscript; available in PMC 2024 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jarrold

Page 18

concentrations of intermediates are expected to be low during assembly.156 CDMS has

been used to investigate HBV assembly in several studies. In the first study,158 the
assembly reaction was performed in sodium chloride, and then the products were dialyzed
into ammonium acetate solution before electrospray. Kinetically trapped, late-assembly
intermediates were observed. While the mass resolution used in these early studies was
insufficient to resolve specific intermediates, a prominent feature was observed with ~104—
105 dimers (i.e., missing 15-16 dimers). Cryo-EM studies performed in tandem suggested
that the trapped intermediates were incomplete capsids with a single hole due to the missing
dimers.158

By performing the assembly reactions in ammonium acetate, the dialysis step could be
avoided, and the assembly reactions could be monitored in real time.159.160 Examples of
time-resolved CDMS spectra are shown in Figure 7. With a dimer concentration of 5 ¢M and
a salt concentration of 210 mM, the assembly reaction is slow enough that the 7= 4 capsid
grows in during the 90 min time period that was monitored (Figure 7a). Increasing the dimer
concentration to 10 zM causes the reaction rate to increase so that the bulk of the assembly
occurs in the first-time window (Figure 7b). Note that the concentration of the intermediates
is relatively low for assembly in 210 mM ammonium acetate. However, when the salt
concentration is increased to 510 mM (Figure 7c), trapped intermediates are observed
between 3 and 4 MDa. These intermediates are thought to be off-pathway—the result of
assembly errors that prevent completion of an icosahedral structure and require partial
disassembly to correct. The higher salt concentration strengthens dimer—dimer interactions
and reduces the rate of disassembly. Note that the intermediates first appear around 3 MDa,
close to the expected mass of the 7= 3 capsid with 90 dimers. An intermediate with a

mass of ~3 MDa is also observed in the disassembly of 7= 4 capsids. However, the 3

MDa intermediate is not thought to be the 7= 3 capsid. Instead, it was proposed that the
intermediates result from hole collapse, 16 where the hole in an intermediate on the road to
a 7= 4 capsid closes up to form a strained nonspherical shell. Hole collapse is favorable

if the energy gained by the additional dimer—dimer contacts exceeds the strain energy for
distorting to a closed structure.

The final step in the assembly reaction is thought to be insertion of the last capsid building
block to complete the icosahedron. It is accepted that the rate of subunit addition should
decrease as the capsid nears completion,162 and it has been suggested that the stiffening
of the capsid that occurs on completion could even make completion thermodynamically
unfavorable.163 CDMS studies of HBV 7= 4 capsid assembly have shown that some of
the capsids formed in the initial assembly reaction have slightly more than the expected
number of dimers (120). The overgrown capsids slowly relax back to the mass expected
for the perfect 7= 4 icosahedron.1® This provides a proof-reading mechanism where the
accumulation of a few imperfections during assembly leads to defective and overgrown
particles that are more labile than perfect capsids and subsequently self-correct over time.

Woodchuck hepatitis virus (WHV) has been used as a model for HBV infection in humans.
Sequence alignments of the WHV and HBV assembly domains show 65% identity. The

T =4 capsids are structurally similar; however, 7= 3 capsids are much less abundant

for WHYV than for HBV.164 There have been several studies of WHV assembly that have
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utilized CDMS.164.165 \While overgrowth and self-correction were observed for HBV, for
WHYV the overgrowth was much more extensive and mostly does not self-correct to the 7
=4 icosahedron. In particular, there are prominent peaks for capsids with ~132 dimers and
150 dimers.16% The peak at 150 dimers can be attributed to elongation of a 7= 4 capsid
along its 5-fold axis by the addition of a ring of hexamers. Such a geometry has precedent;
prolate capsids such at bacteriophage T4 and rice tungro bacilliform virus have capsids that
are elongated along the 5-fold axis in discrete steps of hexamers,166-172

During infection, mature cores (the HBV 7= 4 capsid with a packaged dsDNA genome)
are transported to the nucleus through the nuclear pore complex. Transport is mediated by
a nuclear transport receptor (a complex of importin a and importin g) that binds to the
C-terminal domain (CTD) of the HBV capsid protein.1”3 The CTD is a basic, 34-residue,
nucleic acid binding domain that is localized to the capsid interior in mature cores but has
at least transient external exposure. While binding between the nuclear transport receptor
and the mature cores occurs through importin a, CDMS studies indicate that importin g
can also bind directly to empty capsids.1’# Cryo-EM image reconstruction show that the
C-terminal domains of empty capsids can extrude through holes in the capsid surface near
the quasi-6-fold vertices. The importin g density in the vicinity suggests a maximum of 30
importin B per capsid. However, CDMS measurements indicate that up to 90 importin g
molecules bind to some capsids. Cryo-EM images for HBV incubated in excess importin g8
show that importin g had been internalized, suggesting that the capsids transiently open and
close, possibly because they are destabilized by importin g.

3.5.2. Brome Mosaic Virus Assembly and Disassembly.—The viral genome plays
an active role in the assembly of small, nonenveloped, icosahedral RNA viruses.17:162,175,176
It recruits capsid proteins to form a complex that self-organizes to give a protective protein
shell around the genome. The capsid proteins can also self-assemble around nongenomic
cargo (including nanoparticles), forming capsids identical to those formed around genomic
RNA.L7 In the host-cell cytoplasm, assembly leads overwhelmingly to the packaging of
viral RNA, even though there are many other polyanionic species present. Brome mosaic
virus (BMV) assembly around the wt (wild-type) genome leads to an icosahedral capsid
with 7=3 symmetry. BMV is a plant virus that has emerged as a useful model for sSSRNA
virus replication.1”® Studies of the assembly of brome mosaic virus capsid proteins around
ssDNA oligomers using a combination of CDMS and cryo-EM showed that assembly
resulted in protein shells with nonicosahedral structures.17?

Figure 8 shows the CDMS spectrum measured for BMV capsid proteins assembled with 52
nt polyadenine oligonucleotides. There are prominent peaks at 2.5, 3.0, and 3.4 MDa. An
empty 7= 3 capsid has an expected mass of 3.65 MDa. The N-terminus of the BMV capsid
protein has a basic arginine-rich motif with 9 positive charges that interact with RNA,180
For a ratio of ~1 nucleotide/coat protein arginine, 181 a 7= 3 particle mass of ~4.15 MDa is
expected. A ratio closer to 1.6 is usually observed with wt viruses.182 EM studies showed
particles with two distinct sizes (22 and 25 nm) with the smaller particles being dominant.
The smaller particles have previously been attributed to pseudo- 7= 2 symmetry.183-185
However, this would lead to an expected mass of at least 2.75 MDa, considerably higher
than the most prominent peak in the CDMS mass spectrum at ~2.5 MDa (Figure 8). The
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only peak that could be due to a pseudo- 7= 2 particle is the one at ~3.0 MDa, leaving

the peak at ~2.5 MDa unassigned. Structural characterization of cryo-EM images using
unbiased 2D classification revealed that many of the 22 and 25 nm particles showed 4-fold
rotational symmetry, indicating a structural organization that is not icosahedral. Further
analysis revealed the geometries labeled H8 and H15 in the insets to Figure 8. H8 is a

D6 hexagonal barrel containing 12 pentameric and 8 hexameric capsomers. It contains
108 capsid proteins and has a total protein mass of 2.19 MDa. Nineteen polyadenine
oligonucleotides are needed to attain a nucleotide/arginine ratio of ~1, which gives a total
mass of 2.5 MDa, in good agreement with the main peak in the CDMS spectrum (Figure
8). H15 has a geometry consisting of 12 pentameric and 15 hexameric capsomeres. It has
150 capsid proteins and a protein mass of 3.05 MDa. Twenty-six oligomers are needed to
achieve a nucleotide/arginine ratio of ~1, leading to a total mass of 3.46 MDa, in good
agreement with the CDMS peak at 3.4 MDa (see Figure 8). As noted earlier, the larger (25
nm) particles are in the minority and the smaller (22 nm) particles were dominant in the EM
images, which is consistent with the relative abundances in Figure 8.

Capsid disassembly and genome release are critical steps in the lifecycle of a virus. The
capsid must be stable enough to persist in the cellular and extracellular environments and
then dissociate to allow release of the viral genome at the right time during infection. How
this happens is poorly understood. CDMS and EM were used to investigate the disassembly
of BMV under two situations: a pH jump to a basic environment at low ionic strength

and under slow buffer exchange to remove magnesium cations that stabilize interactions

at capsid protein interfaces.186 In the case of a pH jump, disassembly occurred through

a global cleavage event to give broad mass distributions at around 3.33 and 1.42 MDa.

The sum of these masses is close to the mass of the intact virion (4.71 MDa). The higher
mass fragment was attributed to an almost-intact empty capsid (the expected mass of an
intact empty capsid is 3.65 MDa), and the lower mass fragment was attributed to the RNA
associated with some capsid proteins. In the case of disassembly by removal of magnesium
ions, low-mass capsid fragments (<1 MDa) were found to accumulate over time, and at the
same time the peak attributed to the virion broadened and shifted to higher mass. When the
magnesium ions were removed at neutral pH, ionized glutamic acid side chains at the capsid
protein—protein interfaces repelled each other, causing the BMV capsid to swell, which in
turn opened pores that exposed the RNA to the surrounding solution.18” The RNA could
recruit more capsid proteins, causing the observed increase in the mass. It is likely that
this disassembly pathway is more closely related to what happens in vivo. It matches the
cotranslational disassembly model originally proposed by Wilson and co-workers where
capsid proteins are not stripped from the RNA but continue to protect it as the host
machinery binds to the RNA to begin translation.188.189

3.5.3. Bacteriophage P22 Assembly.—P22 is a tailed dsSDNA bacteriophage that
infects Salmonella. Assembly begins with the formation of an icosahedral precursor (called
a procapsid) from capsid and scaffolding proteins. P22 normally assembles into procapsids
with 7=7 symmetry that contain 420 copies of the capsid protein. The scaffolding protein
is an assembly chaperone that facilitates assembly of procapsids with the correct structure,
and after assembly some remain trapped inside and leave later in the lifecycle.1%0 CDMS
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measurements of procapsids produced in £. colishowed a prominent peak at ~23.60 MDa
and a smaller peak at 19.84 M Da.19! The lower-mass peak was 1.3% above the mass
expected for a procapsid without a scaffolding protein. The higher-mass peak could be
accounted for by the addition of ~112 scaffolding proteins. Procapsids could assemble in
the absence of scaffolding proteins, but that process is very slow and leads to the formation
of both 7= 4 and 7= 7 particles.192.193 Thus, the procapsids without scaffolding protein
detected in the CDMS measurements (the peak at 19.84 MDa) are presumably due to
procapsids that have lost the scaffolding protein after assembly.

Single amino acid substitutions can dramatically affect procapsid assembly. Substitutions at
A285 are known to lead to “petite” particles.1%* The assembly products of variants A285Y
and A285T were analyzed by CDMS. In both cases, broad mass distributions extending
from 5 to 15 MDa were observed. The charge of the ions was found to be valuable in
distinguishing between hollow-shell structures (i.e., capsids) and more compact protein
aggregates; the hollow capsids acquire a higher charge than the compact aggregates. For
the A285T variant, 7=4 and 7= 7 capsids were found. A285Y made 7=3and 7=4
capsids.19°

During maturation, the dsDNA genome of P22 is packaged through a portal complex that

occupies a single vertex on the icosahedral capsid, replacing five capsid proteins. How the
portal complex is incorporated into the icosahedral lattice is not fully understood. CDMS

measurements showed that the portal proteins assembled exclusively into a dodecamer.196
Further studies suggested that the scaffolding protein played a role in triggering the portal
ring formation and helped to recruit them into the growing procapsid.

The main components of mature P22 are shown in Figure 9a.197:198 |t js believed to contain
521 copies of 9 different proteins and a 42 724 bp genome. Summing the masses of all of
the components197-200 (see Table 1) leads to an expected mass of 51.614 MDa. The CDMS
mass distribution for mature P22 shows a single Gaussian peak centered on 52.18 MDa
(Figure 9b).198 The measured peak is at a mass 1.1% larger than the expected mass. The
difference is attributable to counterions, salt adducts, and trapped solvent. The peak is 1.33
MDa wide (fwhm). After accounting for the instrumental resolution, the underlying peak
width is ~750 kDa. This heterogeneity can be entirely accounted for by the distribution of
packaged DNA. The DNA is packaged by the headful mechanism,197:201 where DNA is
actively spooled into the capsid through the tail machine until the capsid is full and then

the DNA is cleaved. Around 1600 bp more than a full genome is packaged, so the ends

are redundant. In addition, headful packaging leads to a distribution in the length of the
packaged DNA, which accounts for the underlying peak width.198 Because the width can

be accounted for by the heterogeneity in the DNA, there can be little heterogeneity in the
copy numbers of the protein constituents. The average charge on mature P22 is 490 e. For
the procapsid, the average charge is lower, ~425 e. The increase in charge on going from the
procapsid to the mature virion probably results from two structural changes. First, the capsid
is known to expand slightly when the DNA is packaged, and second, the procapsids studied
earlier do not incorporate the tail machine that protrudes from the capsid surface (see Figure
9a).
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3.5.4. Sindbis.—Sindbis virus (SINV) is an enveloped, single-stranded RNA virus, ~70
nm in diameter.202.203 |t consists of a nucleocapsid core surrounded by a lipid bilayer.

The particle surface has 80 trimeric glycoprotein spikes arranged with 7 = 4 icosahedral
symmetry. SINV is an alphavirus with arthropod (primarily mosquito) and vertebrate hosts.
There is a large difference in the infectivity of SINV particles from different hosts: those
produced in mosquito cells are >1 order of magnitude more infectious than those produced
in mammalian cells.204.205 CDMS measurements of SINV from mammalian (BHK) and
insect (C6/36) cell lines were performed to shed light on the infectivity difference.206
BHK-derived SINV was found to have a substantially higher mass than SINV from C6/36
cells, 52.88 versus 50.69 MDa. From an MS analysis of the lipids extracted from the lipid
bilayer, it was found that the mass difference was due to differences in the nature of the
lipids. BHK-derived SINV had a higher proportion of lipids with longer-chain fatty acids.
The difference in the lipid composition may affect the organization of the lipid bilayer,
which could affect multiple phases of the viral lifecycle and thus influence the infectivity.
The peaks in the CDMS mass distributions were ~2 MDa wide fwhm. This is broader

than those measured for other viruses of a similar size. There are two potential sources of
heterogeneity that deserve mention: heterogeneity in the glycans on the glycoprotein spikes
and, probably more important, heterogeneity in the lipid bilayer.

3.6. Analysis of Gene-Therapy Vectors

Gene therapy (where genetic material is introduced into cells to correct defective genes)

has had some notable successes in the last 5 years. Luxturna (which treats RPE65 mutation-
induced retinal dystrophy) was approved by the FDA in 2017, and Zolgensma (which treats
SMN1 mutation-induced spinal muscular atrophy, the most common genetic cause of infant
death) was approved in 2019. Both drugs use recombinant adeno-associated virus (rAAV)

to transport a DNA payload.207:208 AAV is a small, nonenveloped, single-stranded DNA
virus, ~25 nm in diameter (see inset in Figure 10a).299:210 The AAV capsid contains three
proteins (VP1-3). All three share the VVP3 sequence, VP2 adds an N-terminal domain, and
VP1 adds another N-terminal domain to VVP2.211 The AAV capsid has a total of 60 copies of
VP1-3 arranged in quasi-icosahedral symmetry.212-214 However, the number of VP1, VP2,
and VVP3 in each capsid is random. For capsids derived from HEK293 cells, the average
ratios are around 1:1:10,215-218 which yields an expected mass of ~3.732 MDa (for serotype
8). Wild-type AAV packages ~4.7 kilobases (kb),21! which has a mass of ~1.4 MDa. So, a
fully loaded AAV is expected to have a mass of ~5.1 MDa.

Characterizing rAAV vectors is challenging. Along with capsids that have packaged

the full genome of interest, empty capsids are generated,?1% and some capsids package

a partial genome.220-222 The encapsidation of DNA impurities, such as heterogeneous
fragments of host cellular, helper, or plasmid DNAs, also occurs.?23:224 Finally, aggregation
can reduce bioavailability and influence biodistribution and may also cause an immune
response.225 CDMS has emerged as a valuable tool to analyze the DNA content of rAAV
vectors.222:226 |t can go beyond characterization of the empty/full ratios and provide
information about particle heterogeneity including packaging of heterogeneous DNA.227
Figure 10a shows a CDMS mass distribution measured for empty AAV8 particles separated
by ultracentrifugation with a CsCl gradient. The red dashed line shows the expected peak for
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AAV8 with a 1:1:10 ratio of VP1-3, accounting for the experimental resolution. There is a
high-mass tail that was attributed to packaging of small DNA fragments from the host cells.
A CDMS mass distribution recorded for the ATCC AAVS reference standard is shown in
Figure 10b. The main peak at ~5.25 MDa is assigned to AAV8 particles that have packaged
a full genome. The charge carried by the ions that make up the peak at 5.25 MDa (~170

e) is very similar to the charge carried by the peak due to empty particles in Figure 10a.
This indicates that the DNA is packaged inside the capsid. If the DNA was external, a
substantially higher charge would be expected.

The dashed red line in Figure 10b shows the expected mass distribution calculated for

the full particle considering sample heterogeneity and instrument resolution. The yellow
line shows the counts x 10 and offset vertically. The red arrow shows the expected mass

of empty particles. Only a few ions were detected with masses in the range expected for
empty AAVS, reflecting expectations that this was a highly purified sample. However, ~14%
of the ions had masses that fell below the mass of the main peak and were attributed to
particles that packaged less than the full genome.222 The difference between the masses of
empty and full particles can be used to determine the genome mass. This difference was
determined as a function of the genome length, and a plot of the measured difference against
the DNA sequence mass yielded a straight line with an intercept of 0.016 MDa and a slope
of 1.041.227 The non-zero intercept and the reason the slope is not exactly 1.000 are both
attributed to counterions. ssDNA and ssRNA viruses often have basic sites inside the capsid
to neutralize some of the charge associated with the backbone phosphates of the packaged
genome.182:228 \When no genome is present, these basic sites will have counterions that are
lost when the genome is packaged. The negative intercept is attributed to these counterions.
Its small size (0.016 MDa) indicates that the number of excess basic sites per capsid protein
is small (~3), which is consistent with the known structure of the AAVS8 capsid.?2? The slope
(1.041) is attributed to the packaging of counterions along with the negatively charged DNA.
A slope of 1.075 is expected if all the counterions are Na*, 1.059 for NH,*, 1.039 for Mg?*,
and 1.003 for H* (i.e., unionized). While it is not possible to draw a conclusion about the
nature of the counterions, the measured slope (1.041) is in the expected range.

One of the main limitations of AAV as a gene-therapy vector is its small packaging capacity
(~5 kb).230.231 Adenovirus is much larger than AAV and overcomes this limitation; human
adenovirus 5 (HAdV5) has a 36 kbp dsDNA genome. Recombinant adenovirus (AdV) has
been used as a gene-therapy vector and as a vaccine vector. Its use as a vaccine vector

has come to the fore recently as it has been employed in some COVID-19 vaccines (for
example, Oxford/AstraZeneca, Sputnick 5, and Johnson & Johnson). AdV has a pseudo- 7=
25 icosahedral capsid made of 720 copies of the hexon protein and 60 copies of the penton
protein. Groups of five penton proteins, arranged into pentagons, occupy the 12 vertices

of the capsid. The pentons are decorated with fibers that are trimers of the fiber protein

(see inset in Figure 11a). There are 36 copies of the fiber proteins, so with the hexon and
penton proteins there are 816 structural proteins in the adenovirus capsid. The capsid is
stabilized by four cement proteins that are located inside and outside of the capsid. There

is some uncertainty in their copy numbers, but in HAdV5 there are thought to be ~785
copies altogether.232 Finally, there are another 6 proteins in mature AdV located in the

core. Together there are ~998 copies of the core proteins in HAdV5.233.234 One important
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function of the core proteins is condensation of the genomic DNA, and the three proteins
involved in this task have basic domains and are closely associated with the genome.
Including the structural proteins (816 copies), the cement proteins (~785 copies), and the
core proteins (~998 copies), there are expected to be ~2 599 proteins in HAdV5. From the
sequences and copy numbers, the expected mass of HAdV5 is 142.5 MDa, including the
dsDNA genome.235

CDMS measurements of HAdV5 show a sharp peak at 156.1 MDa that is attributed to the
mature virus and a smaller peak at 129.6 MDa (see Figure 11a).235 The 129.6 MDa peak is
due to empty or light particles that do not contain the genome but may contain packaging
and capsid-assembly proteins that are not present in the mature virion.236:237 |_jght and
heavy particles are separable by gradient centrifugation. Figure 11b shows a heat map of
charge versus mass for the data in Figure 11a. The ions that make up the 129.6 MDa peak
have a significantly lower charge than the ions in the 156.1 MDa peak (930 versus 1120 e).
The lower charge may result because the light particles lack some or all of the fibers that
decorate the surface of the mature virion.23¢ The fibers that protrude from the pentagonal
vertices of the icosahedral capsid (see inset in Figure 11a) significantly increase the size of
the virus, allowing it to carry much more charge.

The peak attributed to mature HAdV5 at 156.1 MDa is at a significantly higher mass than
expected from sequence masses and copy numbers of the constituents (142.5 MDa). A
possible explanation is that HAdVS5 is so large that it is poorly desolvated. To test this
hypothesis, measurements were made as a function of the dc voltage across the FUNPET.
Lowering this voltage increases the time that the ions spend in the FUNPET, allowing more
time for desolvation. The measured MW decreased by a fraction of a percent as the voltage
was lowered to the point where the signal was significantly diminished. Another indication
that the ions are desolvated was obtained from how their oscillation frequencies change
with time. As noted earlier, the oscillation frequencies change systematically for several
reasons, including the loss of small molecules.”® The average frequency shift found for AdV
is similar to that found for AAV. If the AdV frequency shift is attributed entirely to the loss
of small molecules, it would be equivalent to the loss of ~1 kDa (i.e., ~50 water molecules)
during the 100 ms trapping time. Finally, poorly desolvated ions would be expected to
yield broad peaks in the mass spectrum, while the measured peaks are relatively narrow.
Taken together, these results indicate that complexes as large as adenovirus are effectively
desolvated in the FUNPET, and the relative excess mass is comparable to that found for
smaller ions. Thus, the large difference between the measured and expected masses for
HAdVS5 is not due to poor desolvation.

The copy numbers for the structural proteins in AdV are fixed by symmetry. However,

an underestimate of copy numbers for the core or cement proteins could provide an
explanation for the discrepancy between the expected and measured MWs. To investigate
this hypothesis, CDMS measurements were performed for recombinant AdV vectors with
a range of genome lengths. A plot of the vector mass against genome mass had a slope

of 2.3 and an intercept of 105 MDa. The intercept is close to the expected mass of an
HAdV5 empty particle with just structural and cement proteins. The slope indicates that
the vector mass increases by 2.3 MDa for every 1 MDa of genome mass. The additional
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1.3 MDa increase in the vector mass is attributed to core condensation proteins that are
copackaged with the genome. The genome mass for HAdV5 is 22.2 MDa, so the core
condensation proteins should weigh in at ~28.9 MDa, which is much greater than the 17.4
MDa determined from the published copy numbers. Thus, the copy numbers for the core
condensation proteins may be underestimated. If a value of 28.9 MDa is used for the mass
of the core condensation proteins, the expected mass of the mature capsid increases to 154.0
MDa, which is much closer to the measured value of 156.1 MDa.

3.7. Vaccines

Vaccines are one of the most effective means of improving public health.238 Since the
emergence of the novel coronavirus in 2019, vaccination has taken center stage as the

best hope for ending the COVID-19 pandemic caused by SARS-CoV-2. The vaccines

that have received emergency-use authorization by the FDA use novel approaches: the
Pfizer-BioNTech and Moderna vaccines are mRNA vaccines employing lipid nanoparticles
for delivery. Johnson & Johnson’s Janssen vaccine is a viral vector vaccine that employs
adenovirus (AdV26) to transport and deliver a DNA payload. In both cases, genetic
instructions direct the production of the SARS-CoV-2 spike protein, which then induces

an immune response. CDMS analysis of adenovirus vectors was described earlier.

Classical vaccination approaches fall into four main groups: whole-inactivated viruses,
live-attenuated viruses, virus-like particles (\VLPs), and protein subunits. The analysis of
protein subunits can be challenging if they are heterogeneous, for example, the heavily
glycosylated SARS-CoV-2 spike protein discussed earlier.133 The other three main groups
involve virus-sized molecules that lack fast and robust analytical tools. CDMS has been
used to characterize IPOL, RotaTeq, and Gardasil-9 directly from commercial sources.239
In addition to the antigen, vaccine formulations often include preservatives, adjuvants,
stabilizers, and bulking agents. In the case of IPOL and RotaTeq, a simple buffer
exchange into 200 mM ammonium acetate was enough to enable electrospray and CDMS
measurements. For Gardasil-9 it was necessary to remove an aluminum adjuvant via a
displacement reaction before buffer exchange.

IPOL is a whole-inactivated virus vaccine used to prevent poliomyelitis, which is caused by
poliovirus. Poliovirus is a 30 nm nonenveloped ssRNA virus with a capsid that contains

60 copies each of four viral proteins, VP1-4, arranged in icosahedral symmetry. The
poliovirus in IPOL is deactivated by formaldehyde cross-linking. Each cross-link contributes
12 Da. Figure 12a shows the CDMS mass distribution measured for IPOL. There are two
peaks at around 5.94 and 8.58 MDa, which are attributed to the C-antigen and D-antigen,
respectively. The vertical lines show the expected MWs (5.89 and 8.43 MDa). The C-antigen
is an empty capsid, and the D-antigen has packaged a full genome. The mass of the peak
attributed to the D-antigen is ~150 kDa larger than the expected MW. The excess mass

is attributed mainly to the cross-links; thus, each poliovirus has ~12 500 cross-links. The
number of cross-links for the empty particle (detected as a minor peak at 5.94 MDa in
Figure 12a) is much less (<2 500), suggesting that the bulk of the cross-links involve RNA
bases in either RNA-RNA or RNA-protein cross-links. The charge distribution for IPOL
(black line in Figure 12b) is broad with well-defined maxima at around 220 and 250 e. The
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red line in Figure 12b shows, for comparison, the charge distribution measured for the AAV8
reference standard (discussed earlier). Poliovirus is slightly larger than AAV8 (30 versus 25
nm), and so it is expected to acquire a slightly higher charge. The charge is expected to scale
as 732 according to the Rayleigh limit,118 so a charge of 165 e for 25 nm AAVS8 would be
expected to translate to 215 e for 30 nm poliovirus. This is close to the maximum at 220 e in
Figure 12b, suggesting that the maximum at 250 e is due to a structure with a larger average
diameter. One possibility is that this is due to the externalization of the N-terminus of VP1.
This structural change is induced by receptor binding and heating in a low-salt buffer.240-242

RotaTeq vaccine is a live-attenuated vaccine that offers broad immunity using a reassortant
combination of five human-bovine rotavirus strains. Rotavirus causes severe gastroenteritis
in young children. The rotavirus is a triple-layered dsRNA virus with a segmented
genome.243.244 Shedding the outer-layer proteins (VP4 and VP7) creates a double-layer
particle (DLP). The middle layer (the outer layer of the DLP) is a 7= 13 icosahedron

with 780 copies of VVP6, and the core consists of a capsid of 120 copies of VP2
surrounding the genome and 11-12 copies of VP1 (viral polymerase) and VP3 (viral
capping enzyme).243-246 Taking all of the constituents into account, the expected MWs

of the DLP and the triple-layer particle (TLP) are 62.16 and 106.77 MDa, respectively.23°
The CDMS mass spectrum for RotaTeq is shown in Figure 12c. The TLP was not detected.
The blue line in Figure 12c shows the expected MW of the DLP, and the green line

shows the expected MW of the DLP minus its genome. The main peak in the spectrum

is below the expected MW of the DLP (61.06 versus 62.16 MDa). This suggests that

some of the components included in the summation for the expected MW are missing. The
pentonal trimers have been found to dissociate from the transcriptionally active DLP in Wa
strains.247:248 |f 10 of the 60 pentonal trimers are lost, the expected mass would be 60.81
MDa, which is 0.4% less than the measured value. This discrepancy is within the range
normally found for counterions, salt adducts, and trapped solvent. The main species detected
here is the DLP, which is not infectious and has a small antigenic response. The main
antigen in RotaTeq is the TLP, which has a concentration of 5-80 x 106 infectious units/mL.
This is below the current limit of detection for CDMS (which is ~330 x 10 particle/mL).”3
The concentration of the DLP is not specified, but it is clearly much larger than the TLP’s.

Norovirus is the leading cause of foodborne illness in the United States. Currently there is
no FDA-approved vaccine. Norovirus is a nonenveloped ssSRNA virus. The capsid has 7=
3 icosahedral symmetry with 90 dimers of the major capsid protein VP1. VLPs assembled
from VP1 are one focus of vaccine-development efforts. While a 7= 3 icosahedron is

the expected VLP structure, the Gl1.4 variant of VVP1 has been shown to adopta 7=4
structure, and a truncated version of GI.1 VP1 has been shown to form a 7= 1 VLP.249-251
CDMS mass distributions measured for G1.1 VLPs buffer-exchanged into ammonium
acetate showed three main peaks at 13.7, 17.1, and 23.9 MDa, but no peak near 10.18
MDa, the expected MW of the 7= 3. The peaks at 13.7 and 23.9 MDa were attributed to
7=4and 7=7 icosahedra consisting of 120 and 210 dimers, respectively. The peak at
17.1 MDa did not match the expected MW for any icosahedron following the Caspar-Klug
rules.244 It had a mass close to that expected for 150 dimers, and thus it was attributed to
prolate geometry generated by elongating a 7 = 4 capsid along its 5-fold axis by insertion
of a band of 10 hexamers, similar to the structure described earlier for woodchuck hepatitis
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virus.165 These results showed that the norovirus VLPs are promiscuous and can adopt many
different icosahedral geometries in solution.

3.8. Antibody Binding to Viruses and VLPs

Neutralizing antibodies mediate host immunity. Quantitative information about antibody
binding to individual viral particles may provide the key to understanding neutralizing
efficiency and vaccine efficacy. Most methods for monitoring ligand-binding interactions
such as isothermal titration calorimetry,252 surface plasmon resonance,2°3:254 and enzyme-
linked immunosorbent assays (ELISAs)25° are ensemble measurements that provide
association constants and, in some cases, average stoichiometry. They cannot provide
information about the distribution of the bound ligands. The distribution, which is available
from CDMS measurements, can provide valuable information about heterogeneity. For
example, a situation where there are two virion subpopulations with different affinities
would be revealed, under the right conditions, as two components in the mass distribution.

The binding of antigen-binding fragments (Fabs) to canine parvovirus (CPV) was
investigated by measuring CDMS mass distributions for CPV—Fab complexes as a function
of Fab concentration.256 This study was performed with empty CPV particles. Figure 13a
shows mass distributions measured for the binding of Fab E to CPV. To provide a starting
point, the top spectrum shows the mass distribution for CPV without Fab E. The peak at
4.063 MDa is attributed to the CPV capsid. The capsid, a 7= 1 icosahedron, has a stochastic
distribution of two capsid proteins (VP1 and VP2), and this contributes to the peak width.
The middle spectrum in Figure 13 was recorded with a Fab E concentration of 1.5 4M.

Fab binding caused the peak to shift to higher mass than in the top spectrum, and the peak

is much broader. Peaks due to the addition of individual Fabs are not resolved because of
the heterogeneity in the mass of the empty capsid. However, the large peak width reflects
the broad distribution of bound Fabs. The bottom spectrum in Figure 13a shows the mass
distribution measured with a Fab E concentration of 10 ¢M. The peak has shifted to a
slightly higher mass than in the middle spectrum, and it has become narrower. Increasing the
Fab E concentration further did not shift the peak to higher mass, indicating that all Fab E
sites on the CPV capsid were saturated.

Figure 13b shows the Fab E binding curve, a plot of the average number of Fab E bound

as a function of the Fab E concentration. The points are the experimental measurements,
and the red line is a fit of the standard (Langmuir) model for noncooperative ligand binding
to nidentical sites. Values for the dissociation constant (Kp) and the number of sites (7)

can be obtained from the fit. In this case, Kp was found to be 4.20 x 107, and /7was 60.
This is consistent with cryo-EM studies, which indicate that there are 60 Fab E binding sites
roughly equidistant from the 2-, 3-, and 5-fold axes of CPV.257:258 Figure 13c shows the
binding curve for Fab F. The noncooperative binding model (red line) again fits the results
well, yielding Kp = 7.75 x 10~7. The Kp values found here indicate interaction strengths at
the weak end of the expected range for antibody binding. This could be partly due to the fact
that antibodies have bivalent interactions versus monovalent interactions for Fabs.259

The distribution of Fabs bound at each Fab concentration can be obtained from the mass
distributions. Figure 13d shows the RMSDs of the Fab E distributions plotted against
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Fab E concentration. The distribution initially broadens and then narrows at high Fab E
concentrations where all of the sites are populated. This behavior is also evident in Figure
13a. The red line shows the prediction of the noncooperative binding model, which provides
a reasonably good fit to the measurements except at the lowest concentrations. Figure 13e
shows a similar plot of the distribution RMSDs for Fab F. In this case, the results are in

poor agreement with the prediction of the standard model (red line). The poor fit occurs even
though the standard model provides a good fit to the binding curve (Figure 13c). The blue
line in Figure 13e is a good fit to the measured RMSDs. The model used to generate the
blue line incorporates two CPV subpopulations with different binding affinities. The binding
curves for this model cannot be distinguished from the red lines in Figure 13b and c. Thus,
the heterogeneity in the affinities of the CPV particles is not revealed through the binding
curve. Information on the heterogeneity can only be obtained from the distribution of bound
Fabs, which is available from CDMS measurements but not available for other methods
usually used to investigate ligand binding.

VLP conjugates are being developed for a variety of biomedical applications including
imaging and drug delivery.260.261 As these systems become increasingly complex, their
heterogeneity presents a major challenge to characterizing their composition. CDMS has
been used to determine the antibody population distributions for VLP-antibody conjugates
where antibodies have been covalently linked to the surface of a bacteriophage MS2
surface.2%2 Initial CDMS analysis of unconjugated MS2 particles suggested that they had
packaged a broad distribution of extraneous genomic material. Procedures were developed
to remove the unwanted genomic material, leading to a more homogeneous starting
material. The most effective procedure involved disassembly, nucleic acid precipitation,
and reassembly around yeast RNA, followed by high-pH treatment to remove the RNA.
Using a much more homogeneous starting material led to a factor of 2 improvement in the
antibody-coupling efficiency, illustrating the benefit of improved analytical characterization.

Exosomes

Exosomes are extracellular vesicles, ~30-120 nm in size, that are secreted by

eukaryotic cells and appear in many bodily fluids.263 They have a lipid bilayer that
surrounds a core containing proteins, RNAs, and lipids. Exosomes play a key role in
intracellular communication, and they have been implicated in inflammationZ6# and tumor
progression.26% There is a growing interest in potential clinical applications as biomarkers
and therapies. CDMS analysis of exosomes derived from bovine milk shows two broad
peaks: a low-mass distribution from ~2—10 MDa and a high-mass distribution from ~10-
45 MDa.2%6 Exosomes are expected to have masses in the 10-1 200 MDa range, so the
low-mass component is too small to be assigned to exosomes. However, the higher-mass
peak falls within the expected range. The high-mass peak has two clearly separated

low- and high-charge components in a scatter plot of charge versus mass. The exosome
size distribution determined by EM imaging and by CDMS (assuming the particles were
spherical) both have maxima at ~40 nm. However, the distributions determined by EM
extend to larger diameters, around 70 versus 50 nm in the CDMS measurements. This
could result from flattening of the particles in the EM images (leading to an overestimate
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of their sizes) or to discrimination against the larger particles in the CDMS measurements.
Dehydration of the exosomes could also affect the size determinations.

3.10. Lipoproteins

Lipoproteins are nanometer-sized particles found in plasma. They have a broad size
distribution and are challenging to characterize because of their heterogeneity. Lipoproteins
are nature’s solution to the problem of transporting hydrophobic lipids through an aqueous
medium. They have a micelle-like structure with a lipid core (primarily cholesterol

esters and triglycerides) surrounded by a shell of phospholipid, free cholesterol, and
apolipoproteins. They are usually divided into classes based on their density. The three
major classes present in fasting plasma are high-density lipoproteins (HDL), which are

the smallest (5-15 nm), followed by low-density lipoproteins (LDL) (18-28 nm), and
finally very-low-density lipoproteins (VLDL) (30-80 nm). Each density class can be further
separated into subclasses with different sizes, compositions, and metabolic properties. This
is particularly opportune for HDL particles, which have many biological effects beyond
lipid transport, and there is great interest in resolving and characterizing HDL subclasses.287
CDMS measurements have been performed for HDL, LDL, and VLDL.2%8 The CDMS
spectrum for HDL (Figure 14a) shows a broad peak at ~230 kDa with a lower-intensity and
poorly resolved second component at ~750 kDa. The broad peak at 230 kDa is in line with
the expected HDL mass range of 50-600 kDa.

For LDL, the CDMS mass spectrum (Figure 14b) shows a broad feature at 2.2 MDa and a
prominent peak at 230 kDa. Apolipoprotein B100 (Apo B100) is a key structural protein for
LDL and VLDL, and each particle contains one copy. Apo B100 has an MW of ~515 kDa,
so the peak at 230 kDa in the LDL spectrum (Figure 14b) cannot be due to LDL. It has the
same MW as the main peak in the HDL spectrum, and so it is probably an HDL impurity.
The expected mass range for LDL is 2-7 MDa. The 2.2 MDa peak in the LDL spectrum
falls within this range, but the peak is broad, extending from 1 to 3 MDa.

The peak at 750 kDa in the HDL spectrum (Figure 14a) lies above the expected range for
HDL. A proteomics study of the HDL sample revealed the presence of Apo B100, indicating
that at least some high-mass component in the HDL sample is due to an LDL impurity.
However, it is difficult to imagine that the 750 kDa peak is due to LDL because Apo B100
has a mass of 515 kDa, leaving little room for any other components. Thus, this feature lacks
an assignment at this point. Charge and mass scatter plots for the HDL samples revealed
streaks that were attributed to HDL subgroups with different numbers of structural proteins.
Finally, Figure 14c shows the CDMS spectrum measured for a VLDL sample. The mass
distribution is very broad, extending from ~4 up to 40 MDa and beyond. The expected mass
range (based on the 30-80 nm diameters determined by EM) is 8-160 MDa.

4. CONCLUSIONS AND OUTLOOK

CDMS opens the door to accurate MW measurements for large and heterogeneous samples
that cannot be analyzed by conventional MS. While there are many powerful techniques

to characterize small molecules and bulk materials, the 10-100 nm size range falls in the
gap where there are fewer analytical techniques available. CDMS helps to fill this void.
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Currently, CDMS is only available in a handful of laboratories using homemade instruments;
however, it is being commercialized. Orbitrap 12MS is expected to become available as a
software upgrade. At present, Orbitrap 12MS is too new to have been employed in many
applications. Table 2 provides a summary of the main performance metrics of the two types
of CDMS presently in use (single-pass and ion-trap-based) and Orbitrap 12MS. Both CDMS
and 12MS are still in the development phase, and further performance upgrades can be
expected. In the case of ion-trap CDMS, more accurate charge measurements (due to lower
noise amplifiers) and a major upgrade in the mass resolution (due to better-optimized ELIT
designs) are anticipated. The coupling of CDMS to other MS-based methods (ion mobility
and surface-induced dissociation, for example) will extend its reach.

The applications summarized here show that CDMS can make important contributions to
solving a wide range of complex problems in molecular biology and biotechnology. Several
of the applications described here highlight the synergistic relationship between CDMS and
cryo-EM. CDMS provides stoichiometry information and can be used to rapidly screen
samples to find conditions that are optimum for cryo-EM analysis. In addition to solving
research problems, there are applications for CDMS in biotechnology such as the analytical
characterization of gene-therapy products and vaccines.
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How CDMS measurements are performed. (a) Schematic diagram showing the main
components of a state-of-the-art ion-trap CDMS instrument. (b) Cross section through the
ELIT showing the detection cylinder between the two end-caps. The white line shows the
trajectory of a trapped ion oscillating on the trap axis. (c) Time sequence of the potentials
applied to the end-caps to trap ions. (d) Time domain signal resulting from a 0.1 s trapping
event for a single ion. The inset shows an expanded view of the signal between 0.041 and
0.042 s (represented by the two closely spaced black vertical lines near the center of the
plot). Oscillations in the signal due to the ion passing back and forth through the detection
cylinder are apparent. (e) FFT of the full trapping event. The fundamental is at ~10 kHz, and
the sequence of higher-frequency peaks is due to harmonics. The odd-numbered harmonics
have much larger magnitudes than the even-numbered ones. (a) Adapted with permission

from ref 73. Copyright 2019 American Chemical Society.
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Figure 2.

Charge-state resolution in CDMS. (a) Simulated charge spectra for three different charge
RMSDs. The top spectrum has an RMSD of 0.1 e, the middle spectrum is 0.2 e, and the
bottom spectrum is 0.4 e. The black line in the bottom spectrum is the sum. An RMSD of
~0.2 e is needed for good charge-state resolution. (b) RMSD after charge quantization (i.e.,
after assigning each ion to the nearest charge state) plotted against the RMSD of the initial
distribution (red line). The black line is a guide showing the situation where the two RMSDs
are equal. (c) Fraction of ions assigned to the wrong charge state plotted against the initial
RMSD (red line). The blue line shows the reduction in the fraction misassigned when ions
with charges near the midpoints between two integer charge states are discarded. In this
case, ions within +£0.15 e of the midpoints were culled. (d) Schematic of a charge-sensitive
amplifier configured for low charge signals. (e) Charge RMSD plotted against /77/z. Results
are shown for an Amptek A250 charge-sensitive amplifier with a 2SK152 JFET at the input
(black line) and for an implementation of the Bertuccio design where the feedback resistor is
removed (blue line). The input JFETSs for both amplifiers were cryogenically cooled to 130-
140 K, and in both cases the measurement time was 1.5 s. (b, ¢) Adapted with permission
from ref 74. Copyright 2015 American Chemical Society. (d) Reproduced with permission
from ref 72. Copyright 2020 American Chemical Society. (e) Adapted with permission from
ref 72. Copyright 2020 American Chemical Society.
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Figure 3.

CDMS measurements for HBV capsids. (a) Mass distribution showing prominent peaks for
icosahedral capsids with 90 Cp dimers (7= 3) at ~3 MDa and with 120 Cp dimers (7=

4) at ~4 MDa. The insets show the icosahedral geometries of the 7=3 and 7= 4 capsids.
(b) Charge spectrum measured for the 7= 4 capsid showing good charge-state resolution.
(c) Mass distribution for an HBV assembly reaction that stalled, leaving many trapped
intermediates. (a, ¢) Adapted with permission from ref 78. Copyright 2020 American
Chemical Society.
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Figure 4.
Resolution of charge states in both charge and //z dimensions by CDMS allowing for

deconstruction of the m/z spectrum. (a) m/z spectrum for the mass distribution in Figure 3c.
The inset shows an expanded view of the resonance at an /m/z of ~16 750 Da. (b) Charge
versus /m/ z scatter plot for the ions in the //z spectrum in (a). Each ion is represented by

a point. The points are clustered into groups where ions with the same charge states are
resolved in both the /m/zand charge dimensions. The inset shows an expanded view of a
portion of the scatter plot that shows the groups more clearly, and the green circle shows an
expanded view of a portion of the inset. Two of the groups of ions are encompassed by red
circles (see text). The red lines are lines of constant mass (1.412 MDa) that correspond to the
mass of the (dimer),, oligomer. The groups of points falling on the red line make up the m/z
envelope for this oligomer mass. The red arrow in (b) shows the location in the inset of the
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resonance in (a) at an m/z of ~16 750. Adapted with permission from ref 78. Copyright 2020
American Chemical Society.
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Figure5.
CDMS spectrum measured for the heavily glycosylated SARS-CoV-2 S protein trimer (blue

line). The gray line shows the mass distribution measured for g-galactosidase under identical
conditions. The dashed vertical line shows the sequence mass of the unglycosylated trimer
(414.2 kDa). The red line shows the mass distribution predicted for a statistical distribution
using the glycan populations determined from glycoproteomic measurements (see text). The
orange inset shows the measured charge distribution, which shows good resolution of the
charge states (RMSD = 0.191 e). Adapted with permission from ref 133. Copyright 2021
American Chemical Society.
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Tau amyloid fibers. (a) CDMS mass distribution for tau amyloid fibers plotted using 5 MDa
bins. Low-mass and high-mass populations are distinguished by dark and light shading,
respectively. (b) Charge versus mass heat map for tau amyloid fibers. The dashed lines are
guides indicating how the charge depends on mass for the two populations. (¢) Transmission
electron microscopy (TEM) image of tau amyloid fibers. Scale bar: 200 nm. Features
assigned to spherical oligomers are shown with white arrows. Adapted with permission from
ref 143. Copyright 2018 Royal Society of Chemistry under Creative Commons Attribution
3.0 Unported License (CC By 3.0), https://creativecommons.org/licenses/by/3.0/legalcode.
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Figure7.
Time-resolved CDMS spectra showing the progression of HBV capsid assembly over the

first 90 min: (a) for a reaction mixture containing an initial dimer concentration of 5 t/M in
210 mM ammonium acetate; (b) for a 10 M dimer in 2120 mM ammonium acetate; and (c)
for a 10 ¢M dimer in 510 mM ammonium acetate. The earliest time interval (0-10 min) is
at the front. The spectra were generated using 20 kDa bins. Each spectrum is normalized by
the sum of all ions measured for each time point. Adapted with permission from ref 159.
Copyright 2017 American Chemical Society.
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Figure 8.
CDMS spectrum measured for BMV capsid proteins assembled with 52 nt polyadenine

oligonucleotides. The insets show the H8 and H15 geometries determined from the CDMS
and cryo-EM studies. The peak at 2.5 MDa is assigned to the H8 structure, and the one at
3.4 MDa is assigned to the H15. Adapted with permission from ref 179. Copyright 2020
John Wiley and Sons.
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Figure.
CDMS measurements for mature bacteriophage P22. (a) Main components of P22. (b)

CDMS mass distribution. The inset shows an expanded view of the main peak in the
spectrum. Adapted with permission from ref 198. Copyright 2016 John Wiley and Sons.
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Figure 10.
CDMS mass distribution for AAV gene-therapy vectors. () CDMS mass distribution

measured for a sample of empty AAV8 particles. The red dashed line shows the calculated
mass distribution. An external view of the 25 nm AAV8 capsid is shown in the inset. (b)
CDMS mass spectrum for the ATCC AAV8 Reference Standard (blue line). The yellow line
shows the spectrum x 10 and offset vertically. The dashed red line shows the distribution
expected when the sample heterogeneity and experimental resolution are included. The red
arrow shows the location of the empty AAVS particle. Adapted with permission from ref
227. Copyright 2021 Elsevier under Creative Commons Attribution 4.0 International Public
License (CC BY 4.0) http://creativecommons.org/licenses/by/4.0/legalcode.
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Figure 11.
CDMS measurements for adenovirus. (a) CDMS mass spectrum measured for HAdV5. An

external view of HAdV5 is shown in the inset. The hexons are purple, the pentons are

blue, and the fibers are green. (b) Charge versus mass heat map for the data in (a). Warmer
colors indicate higher intensity. Adapted with permission ref 235. Copyright 2021 American
Chemical Society.
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Figure 12.

CDMS analysis of classical vaccines. (a) Mass spectrum measured by CDMS for IPOL
vaccine. The expected masses of the C- and D-antigen particles (see text) are shown by the
purple and green lines, respectively. The bin size is 20 kDa. (b) Charge spectra of IPOL
(black) and the AAVS reference standard (red). The bin size is 1 e. (c) Structure of the
triple-layered rotavirus. (d) Mass spectrum measured by CDMS for the RotaTeq vaccine.
Colored vertical lines show expected masses of the DLP with all pentonal trimers (blue)
and the DLP with all pentonal trimers but missing the genome (green). The bin size is 100

kDa.

(a, b, d) Adapted with permission from ref 239. Copyright 2021 American Chemical

Society. (c) Adapted with permission from ref 244. Copyright 2014 Elsevier under Creative
Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License (CC By-NC-ND
3.0) https://creativecommons.org/licenses/by-nc-nd/3.0/legalcode.
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Figure 13.

Fab binding to CPV capsids. (a) Mass distributions measured for CPV at FAB E
concentrations of 0, 1.5, and 10 £M. The average mass shift provides information on the
average number of Fabs bound, and the peak width provides information on the distribution
of bound Fabs. The insets show cryo-EM images of CPV without Fabs (top) and saturated
with 60 Fabs (bottom). (b) Plot of the average number of Fab E bound to CPV as a function
of Fab E concentration. (c) Similar plot for Fab F. The black points are the measured

values determined by CDMS. (d) Width of the Fab E distribution plotted against the Fab E
concentration. (e) Similar plot for Fab F. The red lines show the predictions of the standard
(Langmuir) model for ligand binding, where all sites have the same intrinsic affinity. The
blue lines show the prediction of a model where there are CPV subpopulations with different
affinities. In (b) and (c) the red and blue lines are coincident. Adapted with permission from
ref 256. Copyright 2018 American Chemical Society.
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Figure 14.
CDMS mass spectra measured for lipoproteins. (a) Mass distribution measured for HDL.

(b) Mass distribution for LDL. The peak in the LDL spectrum at 230 kDa is probably an
HDL impurity. (c) Mass distribution measured for VLDL. The insets show structures of
the lipoprotein particles. Adapted with permission from ref 268. Copyright 2018 American
Chemical Society.
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Components of Bacteriophage P22 and Their Masses?

Table 1.

component mass (Da)

dsDNA genome + 1600 bp 26 768 698
capsid coat protein, gp5 46 621
tail machine portal protein, gpl 82612
plug protein, gp4 18 025

tailspike protein, gp9 71857

plug protein, gp10 52 457

tail needle protein, gp26 24 603

ejection proteins  gp7 21093
gp16 64 358

gp20 50 101

total mass of intact virion (Da)

copies

1
415
12
12
18
6

3
11)
(12)
(32)

total mass (Da)
26 768 698

19 347 715
2889 621

2607 551

51613 585

aReproduced with permission from ref 198. Copyright 2016 John Wiley and Sons.
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Table 2.

Summary of Current Performance Metrics of Single-Pass CDMS, lon-Trap CDMS, and Orbitrap 12MS

singlepassCDMS ion-trap CDMS  Orbitrap I2MS

charge uncertainty 50 ed 0.2ed 490

lowest charge 250e le 10e

mass resolution <10 300€ 250

trapping time 0.1-155€ 2s

time to collect a spectrum <1 min 15-60 min” not known

mass range 1MDato 1 TDa lkDatol1GDa 10 kDato 10 MDa

aLimited by electrical noise; almost independent of charge.

bLimited mainly by ion trajectory.

DResoIving power is limited by the /m/z resolution.

dResoIving power is limited by the accuracy of the charge measurement.

eThe 1.5 s trapping is required to obtain a charge RMSD of 0.2 e. With 0.1 s trapping, the RMSD is 0.8 e.

fFor 0.1 s single-ion trapping. It is reduced for multiple-ion trapping and increased for longer trapping times.
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