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Resolving heterogeneous macromolecular
assemblies by Orbitrap-based single-particle
charge detection mass spectrometry
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We demonstrate single-particle charge detection mass spec-
trometry on an Orbitrap for the analysis of megadalton biomo-
lecular assemblies. We establish that the signal amplitudes
of individual ions scale linearly with their charge, which can
be used to resolve mixed ion populations, determine charge
states and thus also determine the masses of individual ions.
This enables the ultrasensitive analysis of heterogeneous
protein assemblies including immunoglobulin oligomers, ribo-
somes, proteinaceous nanocontainers and genome-packed
adeno-associated viruses.

Native mass spectrometry (MS) is a powerful tool, enabling
mass analysis of intact macromolecular assemblies in the mega-
dalton range'. The exact mass of the intact macromolecular com-
plex is then used to infer its composition and the stoichiometry
of subunits, post-translational modifications and ligands bound
to the complex’. Various mass analyzers, including quadru-
pole time-of-flight, Fourier-transform ion cyclotron resonance
and, most recently, Orbitraps, have all been adapted for native
MS experiments®.

Notably, masses are not measured directly in most MS
approaches, but need to be inferred from the mass-to-charge (1/z)
ratios of the detected ions. As pioneered by Mann and Fenn’, the
charge states from a population of multiply charged ions generated
by electrospray ionization (ESI) can be determined from the m/z
values by matching consecutive peaks in the charge state distribu-
tion to calculate accurate masses. A general limitation in native MS
studies then stems from the fact that the charge state, and thus also
the mass, can only be accurately measured when multiple charge
states of the same molecular species can be resolved and assigned.
This hampers the analysis of larger heterogeneous protein assem-
blies, such as highly glycosylated proteins, amyloid fibrils, genome-
packed viruses and membrane protein complexes decorated with
multiple lipid molecules.

Even small variabilities in the monomeric building blocks can
result in wide distributions of masses in their larger assemblies.
In combination with the often poor desolvation, these broadened
mass distributions result in overlapping signals between consecu-
tive charge states, leading to inaccurate mass assignments. A pos-
sible solution to these problems is to measure one particle (or ion)
at a time, thereby avoiding the convolution of signals that stem from
insufficient resolving power>®. When such single-particle detection
approaches can be combined with an independent measure of the
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charge of ions, this opens up the door to bona fide single-particle
MS measurements.

Several techniques for single-particle MS capable of determining
masses in the megadalton range have emerged, most notably nano
electro-mechanical system-MS (NEMS-MS)”* and charge detec-
tion-MS (CD-MS)*’. Both NEMS-MS and CD-MS approaches
have demonstrated their capability in the analysis of large biomo-
lecular complexes, especially of viruses in the 1-100 MDa range'*-"2.

The Orbitrap mass analyzer is sensitive enough to detect single
(multiply charged) ions, opening up the possibility for Orbitrap-
based single-particle mass analysis'*-°. It should be noted that
single-ion detection was demonstrated much earlier on Fourier-
transform ion cyclotron resonance instruments'®. Following up the
early work by Makarov et al. on myoglobin sprayed under denatur-
ing conditions', we demonstrated single-ion detection in native MS
for the 800kDa GroEL complex with approximately 70 charges".
More recently, Kafader et al.”” reported that, by stringent filtering of
single-ion signals, it is possible to enhance the Orbitrap’s resolution
by an order of magnitude. Here, we demonstrate that the intensity of
a single ion detected in an Orbitrap can be directly used to infer its
charge state, enabling Orbitrap-based single-particle MS.

In an Orbitrap (Fig. 1a), the number of charges on an ion deter-
mine the amplitude of the induced image current and thereby the
intensity of the signal for the corresponding frequency in the mass
spectrum recorded. The signal amplitude of a single ion should
therefore be a useful proxy to estimate the number of charges it car-
ries, independent of the frequency (that is, m/z) of the signal. If the
scaling of the absolute signal intensities with the number of charges
can be determined, this opens the door to single-particle CD-MS
on an Orbitrap mass analyzer, as both m/z and charge can be esti-
mated for every individual ion.

To achieve experimentally the storage and thus subsequent
detection of single jons in an Orbitrap, we diluted analytes to the
nanomolar range, shortened the time during which ions are sam-
pled from the continuous beam produced by ESI to the order of mil-
liseconds, and/or down-tuned the ion-optics to further reduce ion
transmission (Supplementary Notes). This is illustrated in Fig. 1b,
displaying a single scan recorded for Flock house virus (FHV) par-
ticles. Many ions are detected simultaneously, although most ions
have a unique m/z in the region around 41,000 m/z, with approxi-
mately 220 charges (Fig. 1c). With such a relatively high number of
charges, the single-ion signals can be easily distinguished against
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Fig. 1| Single-ion detection and charge dependent intensity scaling with the Orbitrap mass analyzer. a, Schematic of the injection of ions from the C-trap
into the Orbitrap, where they oscillate along the central electrode, inducing an image current, which is recorded and converted into a final m/z spectrum
by Fourier transformation. b, A single scan showing several dozens of individual multiply charged ions of the FHV with discrete intensities around 3 x 103,
highlighted by the bottom red bar. Two instances are visible where two and three ions coincide at the same frequency (m/z), yielding two- and threefold
intensities of the single ions, highlighted by the middle and top red bars, respectively. ¢, Two-dimensional histogram of filtered single-ion signals collected
over several minutes of acquisition time. The bottom x axis indicates the m/z, whereas the top x axis indicates the charge states. Note that the signal
intensity of single FHV particles decreases with decreasing charge over the entire displayed region. d, Composite native MS spectra of protein assemblies
measured to evaluate the scaling of single-ion intensity with charge state. Each protein assembly was analyzed with and without the addition of the

charge-reducing agent triethyl ammonium acetate in the electrospray solution,

resulting for each species in two mass spectra at lower and higher m/z,

respectively. The average charge state is indicated above each spectrum; Ab, antibody. e, A linear regression model was fitted to 200 sampled single-ion

intensities per charge state (n=15,600): Intensity = 12.521x charge, with an r?

noise (signal to noise ratio of ~250). The small spread of single-ion
intensities for individual charges confirms that most ions survive
until the end of the transient. This survival rate of the ions requires a
sufficiently low operating pressure of the Orbitrap (Supplementary
Fig. 1). Of note, the resolution on the single-ion peaks closely fol-
lows the theoretical resolution limit of the Orbitrap (Supplementary
Fig. 2). Whereas a multitude of ions is detected in every scan, almost
all ions in the sample have a unique m/z and are thus detected and
resolved as single ions. The multiplicity of ions in all scans sub-
stantially improves the duty cycle compared to measurements of a
single ion at a time, as has been noted in other single-particle MS
approaches’.

To determine quantitatively how single-ion intensities scale with
the number of charges, we conducted single-ion measurements on
a larger set of protein complexes with well-defined masses, ranging
from 150 kDa to 9.4 MDa (Fig. 1d). Each sample was sprayed from
aqueous ammonium acetate, with and without the addition of the
charge-reducing agent triethyl ammonium acetate's. The assigned
charge states were compared to the single-ion intensities at the cor-
responding m/z to build a calibration curve (Supplementary Fig. 3).
Figure le shows 200 randomly sampled ions per charge state and
a linear regression model describing the single-ion intensity as a
function of charge with an 1 of 0.997. Using this linear relationship

396

of 0.997.

to predict the charge state of individual ions yields an r.m.s.d. of 3.5
charges (Supplementary Notes).

Next, we tested how the Orbitrap mass analyzer is capable of
resolving more complex mixtures in the intensity domain. Based on
single-ion intensities, we could resolve 3MDa AaLS$ protein cages
from 1.5MDa ribosomal subunits that co-occur at the same m/z
in an artificial mixture (Supplementary Fig. 4). Similarly, we were
able to resolve overlapping charge states in complex mixtures of IgG
oligomers (Supplementary Fig. 5). We estimate the dynamic range
of our CD-MS method to be at least ~150, based on a comparison of
the highest and lowest signals observed in the spectra of IgG oligo-
mers (Supplementary Fig. 6 and Supplementary Notes).

To illustrate the benefit from the added dimension of single-
ion intensity, we next analyzed IgM, which is thought to naturally
exist in co-occurring variants (pentamer and hexamer)”. When
we measured an IgM sample, recombinantly expressed without the
J-chain, the Orbitrap-based CD-MS spectra clearly revealed signals
from three distinct co-occurring oligomeric species. The multiple
occupied glycosylation sites on IgM introduce a high grade of het-
erogeneity, causing broad peaks for each individual charge state,
which normally cannot be resolved. Additionally, the three charge
state distributions overlap extensively, resulting in a poorly resolved
complex spectrum preventing charge state assignment (Fig. 2).
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Fig. 2 | Resolving a complex mixture of IgM oligomers using single-

ion intensities. a, Single-particle CD-MS of IgM oligomers. Tetrameric,
pentameric and hexameric species are colored in green, cyan and red,
respectively. Dotted lines indicate the margins used for the filtered
subsets shown in b. b, m/z histogram of single-particle centroids showing
the extensively overlapping charge state distributions for the three IgM
oligomeric states (top). Below are shown the filtered subsets used for

the charge state assignments. Dotted lines indicate top positions used
for assignment and illustrate overlapping charge state series (masses

are reported as mean +s.d.). ¢, Mass histograms, calculated from ion
intensities, revealing the distribution and masses of the three co-occurring
species. The most abundant masses are indicated with vertical lines
(same color code as in a,b) and are in close agreement with the masses
determined by using conventional charge assignments as depicted in b.

Adding the intensity dimension, signals for each species could
be separated and intensity thresholds were used to filter for each
oligomeric species. The resulting m/z histograms shown in Fig. 2b
can now be used for charge assignment and quantification based
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Fig. 3 | Single-particle CD-MS of co-occurring empty and genome-loaded
AAVS particles. a, Individual scan of single particles for a mixture of
empty and genome-loaded AAVS8 capsids. b, Two-dimensional histogram
of filtered single-particle centroids collected over several minutes. ¢, Mass
histogram for AAV8 particles directly calculated from single-ion intensities.
Blue lines indicate top masses of the empty AAV8 (dotted) and the loaded
AAV8 (solid) particle.

on ion counts. The resulting determined molecular masses of 759,
948 and 1,133 kDa correspond to the 4-mer, 5-mer and 6-mer, and
a monomer IgM mass of 189 kDa. Predicting charge and mass solely
on the basis of single-particle intensity yields very similar masses
for the 4-mer, 5-mer and 6-mer and a monomer mass of 185kDa
(Fig. 2¢). Both monomer masses are in accordance with the IgM
monomer backbone mass of 173kDa decorated with various
glycans on the six putative glycosylation sites.

The paramount application for single-particle CD-MS is in the
analysis of heterogeneous complexes of which charge states cannot
be resolved in conventional native MS. Similar to Pierson et al.'!,
we used adeno-associated virus (AAV) as a test case as its capsid
is composed of 60 copies of three different building blocks (that is,
VP1, VP2 and VP3), assembled in varying stoichiometries, yielding
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a wide distribution of capsid masses®. Genome-loaded AAV par-
ticles are even more heterogeneous, as the capsids pack a mixture
of sense and antisense single-stranded DNA. To illustrate the chal-
lenges of native MS on AAV and the gains from single-particle
CD-MS, we measured AAV serotype 8 (AAV8) particles with a
reported average 1:1:10 (VP1:VP2:VP3) ratio and loaded with a
3.8kB genome encoding green fluorescent protein. The large het-
erogeneity of these AAV particles hamper charge state assignment
in conventional native MS (Supplementary Fig. 7).

A single-particle CD-MS analysis of AAV8 is presented in Fig. 3,
whereby distinct distributions for empty and packaged AAVS par-
ticles could be resolved. This analysis revealed that the empty and
packaged AAV particles obtain a very similar number of charges
during native ESI, despite the filled particles having a 25% higher
mass. The mass of the empty particle determined by CD-MS is
3,740kDa, deviating by just 0.3% of the expected mass. The mass
of the genome-loaded particles was 4,910kDa, yielding a genome
mass of 1,170kDa compared to the expected mass of 1,243kDa,
confirming the packaging of the complete genome without sub-
stantial defects or degradation. The reported mass deviations
are well within the error margin of ~1% for megadalton particles
(Supplementary Table 1) and the average mass and full width at
half maximum (FWHM) (3,740 and 230kDa, respectively) for the
empty capsid are in agreement with literature'".

In conclusion, we demonstrate the capabilities of an Orbitrap
mass analyzer to directly derive the charge state of particles based
on single-ion measurements. This overcomes a major bottleneck
in native MS, which requires charge state resolved signals to assign
charges and thus masses from m/z spectra. The current Orbitrap-
based instruments are sufficiently sensitive enough to measure
thousands of single particles in a matter of minutes, whereby
the relative uncertainty on the estimated charge decreases with
increasing charge state, making the technique especially suited
to the analysis of large macromolecular assemblies. Moreover,
Orbitrap-based single-particle CD-MS is fully compatible with
all its existing tandem MS and fragmentation capabilities. We
foresee a thriving and broad range of applications, especially in
analyzing heterogeneous mixtures including amyloid fibrils, gene
delivery vectors, highly glycosylated biotherapeutics and mem-
brane protein complexes.
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Methods

Native MS. Purified proteins were supplied from various sources: E. coli 70 S
ribosome particles were purchased from New England Biolabs, trastuzumab

and IgG1-RGY samples were provided by the team of J. Schuurman at Genmab
(Utrecht), the IgM sample was provided by S. Rooijakkers (Medical Microbiology,
UMCU), the AaLS-neg nanocontainer sample was provided by the group of D.
Hilvert (ETH Zurich) and the AAV8 particles were provided by M. Agbandje-
McKenna (University of Florida).

The FHV and ribosomes samples were prepared and buffer exchanged as
described previously'. All other purified protein samples were buffer exchanged to
aqueous ammonium acetate (150 mM, pH 7.5) with several concentration/dilution
rounds using Vivaspin Centrifugal concentrators (9,000g, 4 °C). An aliquot of
1-2 pl was loaded into gold-coated borosilicate capillaries 467 (prepared in-house)
for nano-ESI. Samples were analyzed on a standard commercial Q Exactive-UHMR
instrument (Thermo Fisher Scientific)”**. The described experiments should work
in principle with any Orbitrap mass analyzer with extended mass range (branded
as Exactive Plus EMR and Q Exactive-UHMR).

Instrument setting for native MS. The instrument setting required for the analysis
of large assemblies such as ribosomes and FHV have been described in detail
previously*"**. In short, ion transfer target m/z and detector optimization was set to
‘high m/z’ for all samples expect IgG monomers, where radio frequency amplitudes
for the injection flatapole, bent flatapole, transfer multipole and higher-energy
collisional dissociation (HCD) cell were set to 700, 600 and 600 V; respectively, and
detector optimization was set to low m/z’ In-source trapping was enabled with
desolvation voltages ranging between —50 and —200 V. The ion transfer optics
(injection flatapole, inter-flatapole lens, bent flatapole and transfer multipole)

were set to 10, 10, 4 and 4, except for immunoglobulins where 7, 7, 7 and 7 were
used, respectively. In general, larger assemblies require higher pressure settings to
allow sufficient collisional focusing in the C-trap as well as higher HCD voltages
for efficient solvent adduct removal. Using xenon as a collision gas turned out to

be beneficial for the analysis of high-mass ions due to the higher center-of-mass
energies on collision. To maximize ion transmission, for conventional native MS
experiments, pressure settings were considerably higher than for single-particle
experiments. Exemplary values for ultrahigh vacuum (UHV) pressure readouts and
HCD energies for xenon were 7 x 10" mbar and 50 V HCD for IgG, 1.5X 10~ mbar
and 100V HCD for IgG1-RGY hexamers, 1.5x 10~ mbar and 80 V HCD for
GroEL, 7.5x 10~ mbar and 70 V HCD for AaLS-neg and 1.5 10~ mbar and 200V
HCD for FHV. Spectra were recorded at set transient times between 16 and 128 ms.

Single-particle native MS data acquisition. For single-particle acquisitions,
most of the tuning parameters were kept as for conventional native MS. However,
pressure settings were reduced to reduce the occurrence of transient instabilities
resulting in split peaks (see Supplementary Fig. 1) but had to be kept high enough
to allow collisional focusing of ions in the C-trap and HCD cell. Exemplary
readouts for the UHV pressure with xenon as collision gas were 3 X 10~ mbar

for IgG, 5.5% 107" mbar for GroEL and ribosomes, 9 10~" mbar for AaLS-neg,

1 X 107" mbar for IgM and IgG1-RGY hexamers, 3 10~*mbar for AAV and
4x107"*mbar for FHV. With nitrogen as a collision gas, exemplary UHV pressure
readouts were 3 X 107" mbar for IgG, 4 x 10" mbar for GroEl, 8.5x 10~ mbar
for IgG1-RGY hexamers and 1.5 10~ mbar for AaLS-neg. Ion transmission was
further attenuated by diluting the sample and reducing the injection time until
spectra with singly resolved ions were acquired. Single-particle datasets were
recorded with a noise level parameter set to 0, using either 512 or 1,024 ms set
transients, and accumulated for 10-60 min.

Single-particle data preprocessing. Single-particle data were first converted to
mzXML files using the vendor peak picking algorithm (MSConvert)*. To get
comparable intensity values throughout different experiments all ion intensities
were multiplied by their injection times in seconds. Instable transients from
dephased ion signals were removed by applying an m/z threshold for adjacent
centroids above a certain absolute intensity value of 50.The applied m/z threshold
depended on the m/z region the ions populated, whereby we typically used five
times the FWHM of the single-particle peaks. See Supplementary Fig. 8 for an
overview of this workflow. A python class and an exemplary script for single-
particle data processing are available as Supplementary Software.

Charge versus intensity regression model. Preprocessed single-ion datasets were
filtered in the m/z and intensity dimension for the regions of interest. Centroid
m/z positions were then binned to obtain conventional mass spectra, which were
used for conventional charge assignment. Single-particle centroids were selected
for each charge state based on their m/z position from the charge assignment. For
each charge, a kernel density estimation was performed in the intensity domain
and peak intensity as well as FWHM of the distribution were extracted. From each
set of intensities assigned to a certain charge, 200 samples were drawn randomly
within two times the FWHM of the top intensity. All sampled ion intensities and
their charges were subjected to linear regression. See Supplementary Fig. 3 for an
overview of the workflow.
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Intensity-based charge and mass prediction. Preprocessed and filtered centroid
intensities were converted into charges with the previously established regression
model allowing noninteger values. Masses were then calculated from their m/z
position using the equation m = (m/z) X z - z. Masses were subjected to a kernel
density estimation and most abundant masses were extracted.

Mass prediction of AAV based on m/z position. To estimate the mass from the
m/z position, we fitted 76 empirical determined masses and their corresponding
m/z positions to the equation mass (kDa) =A X (m/z)" as reported in previous
publications**. The resulting formula of mass (kDa) =1.63x 10~°X (m/z)*!* was
used to estimate the mass based on the peak m/z position for the unresolved empty
and genome-loaded AAVS particle from a spectrum recorded on a quadrupole
time of flight instrument.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

For each of the figures and supplementary figures, the underlying centroided and
filtered data are available in Supplementary Data. On request, the raw data are
available from the corresponding author.

Code availability
A python class and an exemplary script for single-particle data processing are
available as Supplementary Software.
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